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CONFERENCE PROCEEDINGS FROM THE INTERNATIONAL SEEDS 
CONFERENCE 2017: 

 
SUSTAINABLE ECOLOGICAL ENGINEERING DESIGN FOR SOCIETY 

 
2017 Conference Theme: Healthy Environments, Buildings and Spaces 

The built environment has a greater impact on natural resources and produces more waste 
than any other industry.  However, beyond the green rhetoric, research is being applied on 
the ground to address the balance between the built and natural environment.  The 
International SEEDS Conference brings together experts from around the world focussing 
on the changes that are taking place and the benefits or consequences that are being 
predicted and measured regarding the built environment’s impacts.  As well as addressing 
technical issues, measuring energy efficiency and modelling energy performance, emphasis 
is placed on the health and wellbeing of the users of spaces occupied and enclosed.  As 
guardians of nature and the environment, the Conference will also explore the areas we 
protect and preserve for greater natural environmental influence.  Understanding how 
buildings and spaces are designed and nurtured to obtain the optimal outcome will be a 
focus of much discussion and debate.  To embrace the knowledge, we also open up the 
conference for dialogue and research on education and training. This holistic approach 
draws together the research themes of energy, building performance and physics while 
placing health, wellbeing, ecology and education at the heart of the conference.   

Through research and proven practice, the aim of the SEEDS Conference is to foster ideas 
on how to reduce negative impacts on the environment while providing for the health and 
wellbeing of the society. The professions and fields of research required to ensure buildings 
meet user demands and provide healthy enclosures are many and diverse.  The SEEDS 
Conference addresses the interdependence of people, the built and natural environments, 
and recognises the interdisciplinary and international themes required to assemble the 
knowledge required for positive change.    
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The themes and topics covered by the papers include: 

 

Protecting nature and the natural 
environment 
Building and environment design 
Energy efficient modelling, simulation and 
BIM 
Integrating urban and natural environment  
Building performance, analysis and 
evaluation 
Thermal comfort, air quality and 
overheating 
Green spaces, enclosures and buildings 
Green technologies and IT 
Renewable energy 
Energy flexibility  
Energy behaviour and lifestyle 
Dampness, water damage and flooding 
 

Planning and sculpturing positive change 
Reducing consumption and waste 
Sustainability, ethics and responsibility  
Behaviour change 
Community building and masterplanning 
Health benefits of alternative and natural 
materials 
Urban heat island and mitigation 
Building resilience 
Sustainable cities 
Zero energy and energy plus buildings 
Local producers and urban environments 
Trees and green city landscape 
Edible urban landscape 
Biomimicry and Biophilic Design 
Building surveys, thermography, building 
pathology 
Water and air quality Education & Training 
 
 
 

Conference Chair – Professor Chris Gorse 
 

  



5 
 

 

SEEDS Scientific Committee 2017 
 

Dr Emmanuel Abogye-Nimo, University of Brighton, UK 
Martin Adlington, University of Derby, UK 
Professor Rajendra Akerka, Western Norway Research Institute, Norway 
Associate Professor Patricia Aloise-Young, Colorado State University, USA 
Associate Professor Karl Andersson, Lulea University of Technology, Sweden 
Professor Paul Bowen, University of Cape Town, South Africa 
Associate Professor Martine Buser, Chalmers University of Technology, Sweden 
Professor Jean Carassus, Ecole Nationale des Ponts et Chaussees, France 
Dr Pedro-Pablo Cardoso-Castro, Leeds Beckett University, UK 
John Cavanagh, University of Aberdeen, UK 
Professor Anita Ceric, University of Zagreb, Croatia 
Dr Nicholas Chileshe, University of South Australia 
Dr Ang Mei Choo, Universitii Kebangsaan Malaysia 
Dr Alex Copping, University of Bath, UK 
Professor Richard Cozzens, Southern Utah University, USA 
Professor Mohammad Dastbaz, University of Suffolk, UK 
Professor Jan de Wit, University of Applied Sciences, Netherlands 
Professor Olaf Droegehorn, Harz, Germany 
Professor Charles Egbu, London South Bank University, UK 
Dr Aitor Erkoreka, University of the Basque Country 
Professor Emuze Fidelis, Central University of Technology, Free State, South Africa 
Professor Leslie Firbank, The University of Leeds, UK 
Dr Richard Fitton, University of Salford, UK 
Dr Jean-Phillipe Georges, University of Lorraine, France 
Professor Jacqui Glass, Loughborough University, UK 
Professor Barry Gledson, Northumbria University, UK 
Dr David Glew, Leeds Beckett University, UK 
Professor Anatoliy Gorbenko, Khal National Aerospace University, Ukraine 
Professor Christopher Gorse, Leeds Beckett University, UK 
Professor Rajat Gupta, Oxford Brookes University, UK 
Dr Anthony Higham, University of Salford, UK 
Professor Arnold Janssens, Uiversiteit Gent, Belgium 
Dr Carlos Jimenez Bescos, Anglia Ruskin University, UK 
Dr Eric Johansen, Northumbria University, UK 
Professor David Johnston, Leeds Beckett University, UK 
Dr Chung-Chin Kao, The CIOB, UK 
Dr Andrew King, Nottingham Trent University, UK 
Dr Alexandra Klimova, ITMO University, Russia 
Dr Ah-Lian Kor, Leeds Beckett University, UK 
Dr Mikkel Kragh, Dansk Arkitektur Center, Denmark 
Professor Tim Lang, City University, London, UK 
Professor Richard Laing, Robert Gordon University, UK 
Dr Guillaume Lethe, Belgian Building Research Institute, Belgium 
Dr John Littlewood, Cardiff Metropolitan University, UK 



6 
 

Professor Martin Loosemore, University of New South Wales, New Zealand 
Professor Peter Love, Curtin University, Australia 
Dr Shu-Ling Lu, University of Reading, UK 
Professor Phebe Mann, University of East London, UK 
Dr Roberto Garay Martinez, Technalia Research and Innovation 
Dr Wilfred Masuwa Matipa, Liverpool John Moores University, UK 
Dr Angela Maye-Banbury, Sheffield Hallam University, UK 
Chrissi McCarthy, Constructing Equality Ltd, UK 
Dr Henrik Medsen, University of Reading, UK 
Darryl Newport, University of East London, UK 
Dr Sunny Nwaubani, Anglia Ruskin University, UK 
Dr Edward Ochieng, Cranfield University, UK 
Dr Adabayo Oladapo, University of Central Lancashire, UK 
Emeka Osaji, Energy Globe, UK 
Dr Mohamed Osmani, Loughborough University, UK 
Dr Alice Owen, The University of Leeds, UK 
Dr James Parker, Leeds Beckett University, UK 
Professor Colin Pattinson, Leeds Beckett University, UK 
Dr Poorang Piroozfar, University of Brighton, UK 
Dr Fancesco Pomponi, Edinburgh Napier University, UK 
Professor Jari Porras, Lappeeranta University of Technology, Finland 
Dr Martin Pritchard, Leeds Beckett University, UK 
Professor David Proverbs, Birmingham City University, UK 
Dr Ani Raiden, Nottingham Trent University, UK 
Professor Christine Raisanen, Chalmers University of Technology, Sweden 
Professor Gustaaf Roels, University of Leuven, Belgium 
Professor Eric Rondeau, University of Lorraine, France 
Professor Andrew Ross, Liverpool John Moores University, UK 
Associate Professor Dirk Saelens, University of Leuven, Belgium 
Professor Hose Maria Sala Lizarraraga, University of the Basque Country 
Professor Martin Samy, Leeds Beckett University, UK 
Dr Lloyd Scott, Dublin Institute of Technology, Eire 
Dr Fred Sherratt, Anglia Ruskin University, UK 
Professor Alan Simson, Leeds Beckett University, UK 
Professor John Smallwood, Nelson Mandela Metropolitan University, South Africa 
Dr Robby Soetanto, Loughborough University, UK 
Dr Lisa Stansbie, Leeds Beckett University, UK 
Professor Paul Stephenson, Sheffield Hallam University, UK 
Dr Christian Stuck, University of Applied Sciences, Netherlands 
Professor Andrew Sumner, CBRE Cost Management, UK 
Dr Andrew Swan, Leeds Beckett University, UK 
Professor Will Swan, University of Salford, UK 
Dr Kevin Thomas, Leeds Beckett University, UK 
Dr Craig Thomson, Glasgow Caledonian University, UK 
Professor David Thorpe, University of Southern Queensland, Australia 
Professor Robert Tregay, LDA Design, UK 
Associate Professor Apollo Tutesigensi, The University of Leeds, UK 
Professor Andre Viljoen, University of Brighton, UK 



7 
 

Dr Phil Webber, The University of Leeds, UK 
Dr Stephen Wilkinson, Leeds Beckett University, UK 
Dr Hannah Wood, University of Brighton, UK 
Dr Hong Xiao, Birmingham City University, UK 
Professor Peter Young, Colorado State University, USA 
Professor Arkady Zaslavsky, CSIRO, Australia 

 
SEEDS Technical Review Committee 2017 
 

Tom Bliss, Leeds Beckett University, UK 
Dr Quintin Bradley, Leeds Beckett University, UK 
Talib Butt, University of Wales Trinity Saint David, UK 
David Farmer, Leeds Beckett University, UK 
Martin Fletcher, Leeds Beckett University, UK 
Dr Fiona Fylan, Leeds Beckett University, UK 
Dr Martin Green, Leeds Beckett University, UK 
Dr Adam Hardy, Leeds Beckett University, UK 
Dr John Heathcote, Leeds Beckett University, UK 
Dr Allan Jones, Leeds Beckett University, UK 
Karl Redmond, Enable By Design, UK 
Annmarie Sanderson, Sanderson-Mark Associates Ltd., UK 
Shariful Shikder, Leeds Beckett University, UK 
Gary Shuckford, Enable By Design, UK 
Anthony Smith, Leeds Beckett University, UK 
Melanie Smith, Leeds Beckett University, UK 
Tim South, Leeds Beckett University, UK 
Professor John Sturges, Leeds Beckett University, UK 
Dr Kevin Thomas, Leeds Beckett University, UK 
Felix Thomas, Leeds Beckett University, UK 
Roy Whitaker, Leeds Beckett University, UK 
Michael White, Leeds Beckett University, UK 
Mark Wilson, Leeds Beckett University, UK 
Dr Sam Zulu, Leeds Beckett University, UK 
 
 

 
  



8 
 

 
TABLE OF CONTENTS 

Theme: Healthy Environments 

Healthy Environments: Getting it more right this time (Guest Editorial)  
– Peter Skipworth 

13 

 

Analytics, Education and Sustainability 

Examining vignettes in AEC research - how are they used, and what are they good 
for?  
– Barry J. Gledson; Maddy Downs 

16 

Understanding the factors contributing to the adoption of sustainability in Sub-
Saharan Africa - A Scoping Study Review  
– Maria Unuigbe; Sam Zulu; David Johnston 

27 

Examining the Efficacy of Agile Methodologies for Product Development 
 – Malgorzata Lobacz; John Heathcote 

45 

 

Building Performance, Assessment and Evaluation 

Life cycle costs associated with Buildings Failure in Coastal Areas  
 – Alolote Amadi; Anthony Higham 

72 

Community energy strategies for registered social landlords in Wales: an 
introduction to the research  
– Adam West; John Littlewood; P. Wilgeroth 

89 

A Study on Usability: Using Conventional Remotes to Promote Home Automation  
– Carlos Alberto Martinez Licona; Olaf Droegehorn 

96 

Improving Heating Efficiency of Residential Building Automation System through 
Smartphones - German Use Case  
– Henrique Sarmento; Olaf Droegehorn; Jari Porras 

108 

An assessment of the QUB method for predicting the whole building thermal 
performance under actual operating conditions 
– Valileios Sougkakis; Johann Meulemans; Florent Alzetto; Chris Wood; Mark 
Gillott; Tom Cox 

123 

The thermal assessment of historic sash windows: A case study of a historic 
building in the North of England  
- E. Mapfumo; Chris Gorse 

136 

Viable Options for Providing Low Carbon Heating and Hot Water in New Housing  
– Matthew Hill 

148 

Energy Aspects of Default Heating Programmer Settings  
– Richard Nicholls 

158 

 

Design, Planning and Urban Heat Islands 

Mapping socio-economic barriers to the implementation of energy efficiency 
policies in the UK building sector – Rajat Gupta; Matt Gregg 

168 



9 
 

 

Energy, Environment and Sustainability 

Economic Comparison of Domestic Renewable Energy Technologies  
– Ashley Sanderson; David Woolley; Melanie Smith 

182 

Human Impact on the Earth and Sustainability  
– John Sturges 

195 

Let there be darkness – LED Security Lights Effects on trees and green city 
landscape: Human and wildlife circadian rhythms, mental well-being, road safety 
and the view of our night sky  
– David Garlovsky 

209 

 

Green Digital Infrastructure, Networks and Technology 

Grid metrics for monitoring Green network  
– Geraldine Villers; Eric Rondeau; Jean-Philippe Georges 

220 

An SDN Perspective to Mitigate the Energy Consumption of Core Networks – 
GÉANT2  
– A. Maleki; M. Hossain; J. P. Georges; E Rondeau; T Divoux 

233 

Energy Consumption in Smartphones: An Investigation of Battery and Energy 
Consumption of Media Related Applications on Android Smartphones  
– John Elliot; Ah-Lian Kor; Oluwafemi Ashola Omotosho 

245 

Promoting Green Transportation via Persuasive Games  
– Emil Hedemalm; Josef Hallberg; Ah-Lian Kor; Karl Andersson; Colin Pattinson 

259 

Developing a model for evaluation of sustainability perspectives and effects in ICT 
projects  
– Jari Porras; Maria Palacin-Silva; Olaf Drogehorn; Birgit Penzenstadler 

268 

Gamified Participatory Sensing for Sustainability: An ICT Tool for Lakes Monitoring 
– Chandara Chea; Maria Palacin-Silva; Jari Porras 

280 

GreenMed: A sustainable physical activity tracking application  
– Thi Yen Nhi Vo; Ah-Lian Kor; Colin Pattinson 

292 

Front-End Development for Home Automation Systems - a design approach using 
JavaScript Frameworks  
– Olaf Droegehorn; Marie Leslie Melanie Pittumbur; Jari Porras 

303 

How modern microcontrollers can aid the heating of remote rural dwellings, using 
sustainable resources  
– Stephen Wilkinson 

317 

 

Health Behaviour, Safety and Wellbeing 

Incentivisation: How motivational theory might reveal the flaws in contracting 
practice  
– Bethany Piggott; John Heathcote; Peter Guy 

328 

An Overview of Factors Affecting End-users' Housing Energy Efficiency Image  
– Javad Asad Poor; David Thorpe 

337 

  



10 
 

Understanding Perceptions of noise pollution on health and wellbeing in urban 
environments  
– Michael James Wood 

351 

The Role of Interior Designers in Construction Health and Safety  
– John Smallwood 

364 

Integrating Cultural Ecosystem Services (CUES) in Green Infrastructure (GI) 
development for enabling well-being in urban environment  
– Dr Rajendran; Lakshmi Priya 

376 

Perceptions of Disabilities and the Effect in the Design on Inclusive Environments  
– Tahira Hamid 

384 

How Art Povera can use recycled packaging to create usable every day products 
and objects of art  
– Stephen Wilkinson; David Wilkinson 

395 

 

Managing Water and Waste 

Enhancing UK Flood mitigation measures through Local Communities' Flood 
Knowledge  
– Gihan Badi 

404 

The barriers and opportunities to the retrofit of sustainable urban drainage 
systems (SUDS) towards improving flood risk mitigation in urban areas in the UK  
– Oluwayemi Oladunjoye; Beck Collins; David Proverbs 

420 

Stakeholders' Structural Factors Affecting the Implementation of Rainwater 
Systems in the Amazon. The Case of Belem  
– Pedro Pablo Cardoso; Andrew Swan; Ronaldo Mendes 

432 

The Long Term Life of Recycled Plastic in Construction Projects Represents a More 
Beneficial Use of a Valuable Resource than Either the Original Product or Closed 
Loop Recycling  
– Howard Waghorn; Paul Sapsford; Christopher Gorse; Anthony Smith 

444 

 

Planning for Sustainability 

Neighbourhood planning and sustainability: the new normal or the place of place  
– Quintin Bradley 

458 

How well does our Acute NHS Hospital Estate perform - and what can we learn 
from that  
– Gary Shuckford; Karl Redmond; Christopher Gorse 

474 

Proposed Framework for Green Building Construction Projects Delivery using BIM 
toolkit within digital plan of work  
– Rana Ayman; Zaid Alwan; Mohamed Marzouk 

484 

 

Retrofitting for Sustainability 

Energy retrofit approach towards a multi-performance renovation of existing 
buildings – Ornella Iuorio; Elvira Romano 

493 

Developing a Taxonomy for Discontinuities in Internal Wall Insulation  
– Felix Thomas; Fiona Fylan; David Glew; Christopher Gorse 

506 



11 
 

Sustainability and Control 

Low carbon building: Implementation Strategies Utilized in South Africa  
– Chikezirim Okorafor; Fidelis Emuze; Dillip Kumar Das 

516 

SSS.infra - Beyond the Traditional: A New Quantitative Method for Assessing 
Sustainable Infrastructure Design  
– Jonathan Buckley; Matteo Cont 

525 

Do Display Energy Certificates (DECs) Work?  
– Emeka Efe Osaji; David Glew; David Johnston 

532 

Development of a values-based framework for predicting project sustainability 
performance  
– Mohammad Rickaby; Jacqueline Glass 

554 

 

Sustainability and Project Management 

‘Value Management’: the importance of whole team representation, stakeholder 
positioning and facilitation, to successful Value workshop outcomes  
– John Heathcote; Michael Brayston 

566 

Developing an End-user Data Capture Methodology  
- Roy Whitaker; Sam Zulu; Christopher Gorse 

574 

Measuring the impact of key Planning principles on 'Gross Margin'  
– Andrew Coates; John Heathcote 

584 

Testing 'Value Management' team work assumptions  
– Emmanuel Ayim; John Heathcote; Mark Wilson 

595 

 

Sustainability: Buildings, Materials and Systems 

Are Green Construction Materials influencing Work in South Africa 
– Lebohang Moloi; Fidelis Emuze 

603 

A more sustainable solution to geosynthetic products for short-term reinforcing 
applications  
– Martin Pritchard; Dave Allen 

612 

The Engineering Application of Nigerian Soils for the Construction of Low Cost 
Housing: A Survey of the Acceptability of Bricks  
– Alolote Amadi; Anthony Higham 

628 

 

Simulation, Models and Methodology 

The Implementation of the Biophilic Construction Site Model (BCSM) in 
Construction  
– Rita Obiozo; John Smallwood 

643 

Existing building retrofit: Assessing gaps and needs for building performance 
simulation  
– Cormac Flood; Lloyd Scott; William Gleeson 

652 

Visualizing captured user activities in relation to energy usage - An approach for 
motivating and aiding people to change their behavior to be more sustainable  
– Thi Thu Giang Tran; Saguna Saguna; Olaf Droegehorn; Jari Porras 

665 



12 
 

Thermal Comfort and Control 

Impact of a Tariff Based Heating Load Control on Energy, Comfort and 
Environment: A Parametric Study in Residential and Office Buildings  
– Sergei Agapoff; Mireille Jandon; Thierry Guiot 

678 

 

Thermal Comfort, Air Quality, Health, Behaviour and Wellbeing 

Resilience to overheating in homes in southern England: householders' awareness 
and preparedness  
– Niamh Murtagh; Birgitta Gaterslebe; Chris Fife-Schaw 

691 

Assessment of Indoor Environment Quality at the Rose Bowl, Leeds Beckett 
University  
– Paul Ajiboye; Vyt Garnys; David Hemming 

704 

Understanding Factors Influencing Overheating Risk in the UK’s First Large Scale 
Domestic Passivhaus Retrofit  
– Dean Myers 

717 

 

List of Papers in Alphabetical Order by Lead Author’s last name 728 
 

 

 

 

 

  



13 
 

Healthy Environments: Getting it more right this time 

Guest Editorial by Peter Skipworth 

Our built environment is the result of historical thinking. As thinking and knowledge 

develops we adapt the spaces we have, and think differently about the spaces we create. 

Our approaches mitigate the uncertainties of the future - this mitigation includes knowledge 

sharing and thought leadership. 

The Contemporary Approach 

The contemporary approach to the creation of occupied space and facilities is to think first. 

Contemplating a range of different factors, this careful thinking is done on behalf of users 

and the environment at the very beginning of the development process.  

The thinking takes in macro and micro considerations. Climate change, the need for 

sustainable energy use and minimum ecological impact influences the design of buildings. 

Along with this, there is the efficient utilisation of space and comfort of the users which 

influences how we arrange the internal space down to the chairs and the windows. We have 

a lot to think about. 

Increased awareness of environmental issues has shifted the design of artificial 

environments to incorporate more, well-thought out ‘green’ and ‘sustainable’ practice.  

Environmental impact assessments have become wide-ranging, considering ecology and 

hydrology, through to air quality, noise and the impact on heritage assets to cite but a few. 

When you consider the factors that have adverse impact to human health, the actual 

building design does not generally come to mind.  As we are spending increasingly more 

time within artificial environments and engineered structures, health and wellbeing is being 

impacted. Human health is consequently becoming an important consideration in the 

thinking process behind design and development. 

A broad definition of “healthy building” was first termed by Levin (1995) “A healthy building 

is one that adversely affects neither the health of its occupants nor the larger environment.” 

A building cannot be deemed healthy unless its impact on people and the surrounding 

environment are benign. 

The contemporary, holistic, think-first approach to design stems from a more complete 

understanding of the requirements for ‘healthy’ building.  

Historically 

However, this hasn’t always been the case.  Going back to the industrial revolution, the 

environment came a poor fourth behind profit, profit and profit - ranking alongside the 

wellbeing of workers.  

Advances in the printing press, and the sharp increase in literacy increased education and 

learning. An understanding of the link between economic growth and the quality of people’s 

lives developed, although this is now seen as lacking and has a closer correlation with the 

level of waste production than people’s happiness. 



14 
 

Building safe, ‘healthy’ places must have been an aim for our early ancestors, creating 

shelter to protect themselves from the harshest of elements (Frumkin et al. 2012). This 

shelter not only played a key role in survival of humankind, but also in building and 

advancing civilisation. As we have developed better materials and techniques, creating 

simple shelter transformed into creating buildings with specific functions, such as defence, 

worship and beauty. 

As humans, we will always have a need for the built environment. Modern needs and deeper 

understanding has given way to a larger array of requirements, extending far beyond simply 

the need for shelter. 

In an evolving technological world, sustainable design combined with innovative technology 

has the potential to help fulfil social, environmental and economic requirements (Loftness 

et al.2007). As we recognise the need for reducing our natural resource consumption and 

also how influential the built environment is upon our senses, it has become more important 

than ever to educate ourselves on the best approach to sustainably develop optimal artificial 

spaces. 

Plotting a Course 

We know where we’ve been and know, or have opinions on, how we’ve arrived here. 

Naturally, we don’t know fully where we’re going. Even though we have a clear and present 

danger from climate change, and even though the printing press has been surpassed by 

much more efficient means of conveying information, we are still battling ignorance. And 

though we can have some cautious certainty that the combusting of fossil resources to 

service our energy needs will be largely a thing of the past by 2050, we still don’t know 

exactly where we’re heading or how to get there.  

Good choices for the courses we take are better than course-corrections. People often talk 

about three industrial revolutions; the first using water and steam [fossil fuel] power to 

mechanise; the second using electricity [fossil fuel] to create mass production; the third 

using electronics and IT to automate production. The cleantech revolution is arguably 

correcting the errors of the first two revolutions. However, we didn’t know what we didn’t 

know back then, but we don’t know what we don’t know now. 

As well as the environmental impacts of early industrialisation, the social impacts have 

begun to be better understood. Andre Norton (1983) thought the human race made a big 

mistake at the beginning of the industrial revolution, leaping for the mechanical things and 

missing that people need the use of their hands to feel creative. The “knowledge economy” 

addresses this with minds being substituted for hands in feeling creative. 
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Thought Leadership 

The future is uncertain and will likely be challenging, however with increasing technological 

advances and education there is chance to improve.  

The uncertainty, the knowledge gaps, and the opportunity that we have to do it better this 

time underline the importance of thought leadership. Furthering understanding of the 

interdependence of people, the built and natural environments in the spaces we create and 

inhabit is made better sharing our intellects, experiences and learning. 
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Examining vignettes in AEC research – how are they used, and what are they 
good for? 

Barry J. Gledson1 and Maddy Downs2 

1, Faculty of Engineering and Environment, Northumbria University, Newcastle upon Tyne, NE1 8ST 

Keywords: Research Methods, Sustainability, Vignettes. 

Abstract  

Prominent concerns of the SEEDS research community revolve around the intentions, ethics, 

behaviours and standards of designers, constructors and users of our built assets. One way 

of examining such ‘approaches’ is through the application of well-considered vignette type 

questions embedded within appropriate research instruments. The vignette technique 

presents research participants with a credibly constructed ‘hypothetical’ scenario that 

facilitates reflection, and can potentially reveal normative behaviours, specifically ‘how’ 

participants would react in such circumstances. An appraisal of the typical research methods 

used in the Architecture, Engineering and Construction (AEC) literature reveals an apparent 

underuse of such a data collection technique, and a systematic type literature review reveals 

several other uses of the term. The aims of this work are to explore the use of vignettes 

across the wider AEC literature, introduce the usefulness of vignettes as a data collection 

tool, and consider their suitability for the purposes of the agenda of the SEEDS community. 

The work concludes with the inclusion of an exemplar ‘ethical dilemma’ vignette to 

demonstrate the technique and a call for greater use of more ‘sustainability focused’ 

vignettes, in future empirical research work. 

INTRODUCTION 

Research is undertaken to address specifically formulated research aims, questions or 
hypotheses (Smith, 2014), and Fellows and Liu (2008) refer to research as being a “voyage 
of discovery”. The research efforts of the Leeds Sustainability Institute (LSI), and its academic 

network, particularly the annual Sustainable Ecological Engineering Design for Society 
(SEEDS) conference, are aimed at discovering, constructing, and then disseminating 
knowledge around the environmental impacts of the built environment. The mission of 
these learned bodies is also largely aligned with the goals of several leading, peer-reviewed 
building and construction journals, whose key concerns are illustrated in Figure 1. 
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Figure 1: Word cloud created from the scope of selected, leading 2017 Building, 

Construction and Engineering journals. 

The above word cloud was created after using a leading journal ranking website, to perform 

a search for leading journals listed as ‘Building and Construction’ category within 

‘Engineering’ subject area. From these, a random selection of several journals from within 
the top 50 journals results was taken. The text advising of the journal scope, from all these 
publications were fed into a word cloud web tool. These journals included: 

 Energy and Buildings 
 Buildings and Environment 
 Automation in Construction 
 Building Research & Information 
 Construction Innovation: Information, Process, Management 
 Engineering, Construction and Architectural Management 

The usual strategies of undertaking research include ‘Action’, ‘Ethnography’, ‘Survey’, ‘Case 

Study’ and ‘Experimental’ approaches (Fellows and Liu, 2008; Yin, 2009), with Saunders et 
al., (2009) also listing ‘Archival’, and ‘Grounded Theory’ research styles. Use of such 
strategies are very evident in these built environment research journals, but an apparently 
overlooked and underused research tool in the Architecture, Engineering and Construction 
(AEC) domain(s) involves the use of ‘vignettes’. The aim of this work is therefore to explore 
the extent of, and potential greater use for, vignette techniques. This is done to see if, and 
how, they can assist the efforts of the academic network which engages in the LSI, and 
contributes toward the type of research activity presented at the SEEDS conferences. 

Vignette Techniques  

Vignette techniques, as a means of data collection, are used, albeit relatively infrequently, 
in Survey Research methods. Survey research is used to solicit and measure attitudes, 
opinions, and values, about some ‘thing’ of importance or relevance that is highly related to 
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the focus of the research enquiry. Typical survey research instruments include 

questionnaires or interviews. Criticisms of survey research revolve around the fact that such 
tools are generally not used to directly observe or measure actions, but instead data are 
obtained which has been ‘filtered’ by actors, and is therefore somewhat untrustworthy. This 
is explained by Leiringer and Dainty (2017) thus: “we have seen a proliferation of papers 
where the research is seeking the opinions of respondents, typically through surveys or 
interviews. And so what we know about construction is largely framed by what practitioners 
tell us about it, and not what we observe in and through our engagements”.  Bryman (2015) 
identifies several problems with using survey research to investigate behaviours, that: 

 respondents interpret different meanings from questions; 
 there is omission of key terms when reading questions; 

 there is a reliance on people’s memories of their behaviour; 
 the ‘Social desirability effect’ manifests; 
 threatening questions produce invalid answers; 
 there is interviewer bias, and; 
 there are ‘gaps’ between stated and actual behaviours. 

To counteract some of these problems, researchers can make use of vignette techniques. 
These present research participants with credibly designed scenarios, and are believed to 
help reveal more normative behaviours. As such, they are particularly appropriate for use 
when broaching difficult or sensitive issues. Atzmüller and Steiner (2010), define a vignette 
as, “a short, carefully constructed description of a person, object, or situation, representing 

a systematic combination of characteristics”. Sandri et al., (2016) distinguishes between 
‘vignettes’ and ‘situations’, to wit, vignettes are often presented as impersonal narratives 
(i.e. where the focus of the narrative is on hypothetical actors), rather than the more 
personal narratives, sometimes known as ‘situations’ (where the narrative instead positions 
the respondent into such a hypothetical situation). Here however, ‘vignettes’ are used to 
cover both construction types, as such a distinction is not necessary for the purposes of this 
work. When used as part of survey research, vignettes are presented, questions are then 
asked, and responses can potentially reveal how participants would ‘actually’ react in such 
circumstances. Qualitative data can be captured, but survey design can also make use of 
closed-, rather than open-ended responses, to generate quantitative data for purposes of 
statistical analysis. A good example of the technique in use is provided by Loo (2002), who 

investigated ethical dilemmas in project management practice. He constructed several 
vignettes that participants could readily identify with, as happening during project delivery, 
and then measured participant responses quantitatively using a Likert-type scale to facilitate 
data analysis. One example which focused on ‘honesty’ and ‘transparency’, is reproduced 
below: 

‘‘About half-way through a major project, a project manager becomes anxious about the 
schedule because the project has been falling behind schedule for some- time and a formal 
project review with the client is set for four weeks from today. The project manager discusses 
the situation with several senior members of the project team and there is much heated 
discussion. At the end of the meeting, the manager decides not to mention the schedule 

problem to the client or to senior management in the hope that the project might get back 
on schedule by the time the project review is held in four weeks.’’ 
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Despite their apparent suitability for AEC research however, the present research team 

believed the technique to be under-used. This perception prompted a structured literature 
search to be undertaken, the process and results of which are now discussed, then 
accompanied with a discussion of the literature sourced. 

STRUCTURED LITERATURE SEARCH: EXPLORING THE USE OF “VIGNETTES”. 

To locate examples of vignettes used as a method of data collection in the field of 
‘Construction’, or in general ‘Survey Research’, the lead researcher1 collaborated with an 
Information Science and Data Analytics MSc distance-learning student2 who ensured a 
highly structured search was performed. This collaborative opportunity came about because 
of an innovative coursework assessment at Northumbria University, that required the MSc 

student to act as an ‘information provider’ to help resolve an ‘information need’ from an 
informed ‘client’ (the lead researcher). The student and researcher were ‘matched’ by the 
programme leader of the Information Science and Data Analytics MSc degree who originally 
had circulated an ‘expressions of interest’ message about such information sourcing and 
retrieval project opportunities. Because both researcher and student were based in 
different locations, several discussions about the scope of the project were held, making use 
of collaborative video conferencing technology to plan the search, and assess the results. It 
was ensured that: 

1. A list of online databases potentially holding information relevant to information 
needs was compiled. These initially included: SCOPUS, Web of Science, and Google 

Scholar. 
2. A systematic -type keyword search was performed on databases to identify relevant 

items. 
3. Citation analysis was performed where necessary to identify further items.  
4. Relevant results were pooled.  
5. An evaluation occurred to assess how relevant each item was to the information 

need. 

Initially the search term was phrased as vignette AND (“Construction Project Management” 
OR “Built Environment” OR “Architecture Engineering and Construction”). These were soon 
widened to also include “Construction”, because of the difficulties in generating relevant 

results which mentioned vignette in the required context of vignette survey/question 
design. Even then, after subsequent filtering, evaluation, and analysis occurred, only 35 
relevant sources were located, with most results employing the term to mean something 
different. Because of this low yield, the lead researcher then performed a keyword search 
of the abstracts database within a known, further relevant database, the Association of 
Researchers in Construction Management (ARCOM) abstracts web-portal and was able to 
retrieve 5 additional sources. Table 1 summarises the use of the term Vignette in each 
document from the search results in relation to ‘Examples of vignettes within construction’: 
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Table 1: Reviewing the meaning and application of vignettes in initial pool of 40 documents  

Perceived meaning and use of ‘vignettes’ in document Number of sources 

Vignette question design (i.e. for the purposes of data 
collection) 

3 

Presenting of data (i.e. constructing narratives from any 
primary data collected)  

23 

Illustrative vignettes (i.e. constructing scenarios not for the 
purposes of data collection, but to establish a narrative to assist 
understanding. The distinction here is that such vignettes have 
not been constructed through any primary data collection, but 
instead are either hypothetical, or grounded in reality but have 

been constructed using existing materials or artefacts such as 
case study materials). 

9 

Other (1 – Vignette is considered as a research technique; 1 – 

‘Vignette’ software referred to; 2 – 0 counts of vignettes in 
document itself; 1 – Book review) 

5 

As would be expected, much more success was had in relation to a more general the 
Survey/Social Research search. For example, the search for: vignette AND TOPIC: (“social 
research OR “research methodology” OR “survey research”) presented a greater number of 
relevant results, although again after the necessary filtering, evaluation, and analysis had 
been undertaken, these results were not that much larger than the ‘construction’ search 
(n=47 in Web of Science, and n=74 in SCOPUS). From these searches, the most relevant were 
evaluated by the lead researcher, and an overview of these are discussed below, starting 
briefly with the wider social research literature, before narrowing on construction related-
literature. 

REVIEWED LITERATURE: DISCUSSION OF THE USES OF ‘VIGNETTES’ WITHIN THE 
LITERATURE ‘YIELD’. 

Martin (2004), recounts how the use of vignettes can be attributed back to Jean Piaget’s use 
of “story situations” in his research into the educational research of children. The wider 
Survey/Social Research search reveals that Alexander and Becker (1978), Rossi and Nock 
(1982) and Finch (1987) were all enthusiastic early proponents of the vignette within survey 
research, and appear to be the most highly cited gathering (at the time of the research) 993, 
510, and 819 citations respectively. Alexander and Becker (1978) noted that because of the 
vivid descriptions produced in vignette questions, can produce more “valid and reliable 
measures of respondent opinion”, a point supported by Martin (2004). Although Finch (1987) 
argued that there was increasing interest in their use, this was not readily apparent across 
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the literature sourced, with several different representations of the term being apparent. 
Indeed, in a review of 25 years of ‘factorial surveys’ in sociology, Wallander (2009), first cites 
Rossi, stating: “it will be some time before the vignette technique becomes entrenched as a 
common tool in social research” (Rossi, 1979), before herself adding: “Hopefully, this 
moment is approaching”. 

However, within the AEC-related research, and as identified in Table 1, ‘vignette’ is used in 
several different ways. For data collection, which is the primary concern of this work, only 
the work of Loo (2002), described above, Adams (2006), and Nejat et al., (2016) can be 
referred to. Adams (2006), employed the vignette technique to elicit subjective ‘open-
ended’ responses from ‘experts’ around the risk of facing adverse ground conditions on 
construction sites. To do this, he produced a descriptive account of a hypothetical 
construction project then constructed several questions aiming to generate responses 
containing: “the experts’ estimates of the relative likelihood of occurrences of risk of adverse 
ground conditions on a set of projects similar to the one described in the vignette” (Adams, 
2006, p86). Also employing survey research Nejat et al., (2016), incorporated the use of a 
hypothetical family in their vignette questions which enabled them to collect data for a study 
explaining how ‘family bonds’ affect any relocating or rebuilding decisions made by 
individuals who experienced property destruction from Hurricane Sandy in the United 
States. 

As also identified within Table 1, other efforts have employed the term ‘vignette’ in 
alternative ways, either for ‘illustrative’ purposes, or for the presentation of any primary 
data collected. For example, in a study investigating how practitioners were adapting to 
newer ways of working using ‘design-authoring’, and ‘management’, innovations, Harty and 
Whyte (2010) constructed a number of vignettes based upon studies involving the 
implementation of such tools on large scale construction projects. However, these vignettes 
were used to (richly) describe and illustrate issues of practice, rather than for the collection 
of data. Similarly, both Barrett and Barrett (2006), and Monson et al., (2015), use the term 
‘vignettes’, to instead describe the production and dissemination of illustrative case-study 
materials, with the latter describing their usefulness when issued as part of teaching 
instructions, presenting problems for students to engage with, and learn from. 

The most frequent use of the term ‘vignettes’ within the AEC-related literature sourced 
instead refers to the presentation (rather than collection) of highly relevant, qualitative 
data, and was found principally in ethnographic, or survey research efforts. For example, in 
an article that contains 24 instances of the term, Shipton et al., (2014), identifies that 
“ethnographic findings are frequently presented within vignettes which describe particular 
events within the fieldwork that highlight certain issues and patterns of practices”. Use of 
vignettes to present ethnographic findings, was performed by Orstavik and Dainty (2016) as 
well as Shipton et al., (2014) themselves, whose solitary vignette of 1,544 words contains a 
good example of such practice, describing the workings of a site meeting, and presents in-
depth, and rich qualitative data. In contrast Rawlinson and Farrell (2009), incorporated a 
series of much shorter (approximately 222 words each) personalised ‘point-of-view’ 
vignettes, constructed from first hand interview notes (i.e. Survey research), into their 
investigation of the attitudes and other underlying drivers behind risk-taking behaviour in 
site workers. Also categorised as survey research, the work of Saunders et al., (2016), is 
noteworthy for how, in their investigating of uncertainty in major, ‘safety-critical’ projects, 
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the researchers instead present the term ‘vignettes’, as a kind of shorthand for the series of 
qualitative accounts obtained directly from their participants.  

It seems therefore, that understanding and usage of ‘Vignettes’ across the research 
community appears to be inconsistent, with differing interpretations being held by various 
research actors. Because of such variability, and in an attempt to better understand the 
wider use of Vignettes across the broader research community (i.e. not just AEC research) it 
was decided to attempt to ‘crowd-source’ this issue via some first-hand research. 

FURTHER EXPLORATION 

Use was made of the academic social networking site (ASNS) well used by researchers and 
scientists, ‘ResearchGate’, which advertises its purpose as allowing such actors to ‘to share 
papers, ask and answer questions, and find collaborators’. As such, an open question was 
posed under the title of ‘The use of Vignettes as a research method within Project 
Management?’ (see Gledson, 2016), the question (slightly amended for clarity) was:  

“I am interested in exploring the use of Vignettes in this (AEC) area either for teaching or 
research purposes. [are you aware of] any notable examples of well-constructed or 
prominent vignettes within project management or related fields?”  

Some qualitative data were received, but only from a handful of respondents (n=2), which 
again potentially indicates low-levels of understanding and use of the term. Comments 
included how valuable a tool vignettes can be in business and teaching arenas, and how the 
construction of the vignette is generally not as important as the ‘issues’ within the presented 
scenarios. Regarding practical (rather than data gathering) applications, it was discussed 
how these could be used in: staff recruitment (when used in job interviews) and staff 
development (e.g. to enhance decision making skills); and for the teaching of students. It 
was stated by Respondent A, that “[the] application of the vignette can be to a simple or 
complex point … It is an amazing tool with an almost unlimited application”. This respondent 
also advised that a range of areas in which vignette scenarios could focus on could include 
areas of: “ethics, process, legal, practical, interpersonal development and impact, 
internal/external perceptions, and more”, all of which can be related to areas of specific 
SEEDS research interests. Additionally, this respondent was also able to offer some practical 
guidance which would be of use for any researcher interested in applying the technique: 
“The source of the vignette generally comes from three areas: a situation already 
encountered and solved, a situation encountered and not solved, or a situation expected - 
but not yet encountered and not solved.” 

Rather than focus on data gathering Respondent B focused on their benefits in the analysis 
and presentation of data, and offered some practical and ‘positioning’ advice: 

“Vignettes can be an excellent tool for research. It enables researchers to make use of the 
subject's own voice and produce a rich narrative, rather than simply presenting analysis of 
dry data. Thus, it is more interesting to the end reader. Within a positivist research paradigm, 
such an instrument would probably be regarded as lacking rigour but could still be useful in 
generating discussion and developing research background and questions/hypotheses. 
Within an interpretive or critical paradigm, vignettes can provide rich, anecdotal evidence 
for reflection”. Indeed, within the structured literature search, the use of vignettes to 
present data was found to be much more frequent than any use in data gathering 
opportunities, as previously identified in Table 1. 
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AN ETHICAL DILEMMA VIGNETTE  

Through exploration of the suitability of using vignettes for data collection techniques, and 
to develop further competence in the technique, the lead researcher has constructed the 
following ‘ethical dilemma’ vignette, to be piloted, refined as necessary, then embedded 
into a suitable future research instrument: 

“Yohan recently joined a large international contracting organization as project manager 
and is overseeing the construction of a UK hospital for the NHS. He had previously worked 
for a small organization that had far fewer specialist resources, such as Ben, the specialist 
regional ‘environmental manager’, responsible for assessing sustainability issues, and 
determining their impact on project performance. Over the course of his first year in the job, 
Yohan begins to suspect that Ben, is both under-reporting ‘bad’ metrics (e.g. levels of waste 
arising; energy used) and over-reporting ‘good’ metrics (e.g. levels of public transport use). 
Around this time, Yohan is advised by his director, Catherine, that at the upcoming 
stakeholder engagement (public forum) meeting, the client wishes to specifically focus upon 
the enviable environmental performance as one of the key project successes. This is being 
done to appease members of the local community who have always opposed the location of 
the project.” 

Such a vignette could then be used in survey research, to collect either qualitative or 
quantitative data.  

For qualitative research efforts: ‘open’ responses could be allowed for the following types 
of questions: “What should Yohan do?”.  

This type of question keeps the scenario impersonal and helps assess the ‘intentions’ and 
‘standards’ of the participants. Alternatively, to personalize it (i.e. a ‘scenario’), the 
interviewee could be asked: “Have you encountered any similar situation before?”  

If the response is ‘no’, the interviewee could then be asked: “What would you do?” Again, 
this may only help assess the ‘intentions’ and ‘standards’ of the participants, however if the 
response is ‘yes’, then the interviewee could then be asked: “What did you do?”, as this 
instead helps assess the ‘ethics’ and ‘behaviors’ of the participants. 

For quantitative research efforts: such a vignette could be accompanied with various 
‘closed response’ options that would assist in statistical analysis, through the collection of 
ordinal or categorical data to be able to perform subsequent standardized statistical tests: 

Via ordinal data - by using Likert-type scale responses, e.g.: 

“Please provide your level of agreement to each of the following statements using either 1 – 
Strongly disagree; 2 – disagree; 3 – Unsure; 4 – Agree; 5 - Strongly agree” 

Statements 

A. Yohan should discuss his suspicions with Ben in private: ___ 
B. Yohan should share his suspicions with Hazel: ___ 
C. Yohan should present the positive results provided by his colleague, ‘as is’, at the 

stakeholder engagement (public forum) meeting: ___ 
 



24 
 

Via categorical data – by using the following type of question/response option combination, 
to try to assess ‘intentions’ and ‘standards’, research respondents could be asked to either 
‘select one’, or, ‘rank in order’, the response options to the following question: 

 

“What should Yohan do next?  

 Yohan should discuss his suspicions with Ben in private. 
 Yohan should share his suspicions with Hazel. 
 Yohan should present the positive results provided by his team, ‘as is’, at the 

stakeholder engagement (public forum) meeting. 
 

A suitable follow up question could be: “Have you encountered any similar situation before?”  
with Yes/No closed response options being provided, and then depending upon each 
response, the questions: “What would you do?” (could be asked for assessing ‘intentions’ 
and ‘standards’) OR “What did you do?” (could be asked for assessing ‘ethics’ and 
‘behaviors’):  

 Discuss my suspicions with the individual in question. 
 Shared my suspicions with my superior. 
 Present the results provided by my team member when required (progress report; 

stakeholder meeting etc.). 
 

It is hoped that the strength and flexibility of the vignette technique is apparent from the 
content outlined above.  

CONCLUSION 

In AEC research, there are several different uses of the term ‘vignette’ in circulation. The 
‘vignette technique’ when used for the purposes of data collection, seems to be an ideal 
mechanism for helping understand the intentions, ethics, behaviours and standards of 
designers, constructors and users of our built assets. However, its use appears limited within 
wider survey research, and certainly within AEC related research, efforts related to the 
obtaining of data were scarce. Although each of the different aspects referred to as vignettes 
were of value, having several different uses of the term in circulation does not help 
researchers establish the type of ‘common language’ useful for greater application of 
research techniques. Despite such concerns, this work has helped to increase understanding 
about the potential of the technique for data collection purposes, as well as evidence 
existing levels of use for other purposes. The work now concludes with a simple challenge 
to the SEEDS community to make greater use of ‘sustainability focused’ vignettes, in their 
future data collection efforts, so that such ‘intentions, ethics, behaviours and standards’ of 
AEC actors and stakeholders can be better understood, and therefore, influenced.   

Limitations 

Although described above as a highly ‘structured’ literature search, the lead researcher 
cannot absolutely state if a full ‘systematic’ literature search occurred by the Information 
Science and Data Analytics MSc distance-learning student2, although it can be confirmed 
that a sufficient level of sorting, evaluation, and analysis of the literature was performed. 
However, because of this approach, it may be possible that, as evidenced through the 
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ARCOM keyword search performed by the lead researcher1, some other valuable sources 
were not collected, though in several subsequent checks made by the lead researcher, any 
such sources from the construction domain were not readily apparent.  
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ABSTRACT 

Sustainability in the built environment is a key topic of discussion due to the adverse 
impact buildings have on the environment. This has propelled many countries to put 
in place sustainable development measures. This has however, been met with 
challenges in developing countries, primarily in Sub-Saharan Africa (SSA). SSA has a 
history of endemic energy crisis, despite its abundance of renewable energy 
resources. Reflecting this is the heavy reliance on fossil fuels for power generation in 
SSA countries. The findings reported in this paper form part of a wider study on the 
perceived barriers to sustainability by built environment professionals in SSA, with 
specific focus on use of renewable energy source (RES) for power generation in 
buildings. This paper focuses on the identification of a suitable methodology, which 
takes into consideration the distinctive characteristics of the SSA context for enquiry 
through the adoption of a scoping study review. The study addresses the concerns 
of methodology selection and application by reviewing strategies and methods 
adopted by past and current enquiry in SSA, which have primarily been aligned with 
theories, frameworks and research in developed countries. This is of importance due 
to the impact contextual, subjective and other factors can have on the outcome of 
enquiry as evidenced by previous research in literature.  
 
The purpose of this scoping study review was to provide a comprehensive overview 
of the available relevant research on barriers to sustainability in SSA, which focused 
on study designs with empirical evidence, which would aid in informing the selection 
of a methodology suited for studies specific to the context of SSA. The scoping review 
is underpinned by the five-stage framework of Arksey and O’Malley (2005). The 
results indicate that there is a need to view SSA as a distinctive case based on its 
context and other characteristics, which will influence its research outcomes. Based 
on the review, it is suggested that grounded theory method is a suitable approach 
because it will take into consideration the wider context. 

INTRODUCTION 

Sustainability in the built environment is a key topic of discussion due to the adverse impact 
buildings have on the environment (International Energy Agency (IEA), 2016; 
Intergovernmental Panel on Climate Change (IPCC), 2014; United Nations Environmental 
Programme (UNEP), 2009), caused by high energy consumption, overreliance on fossil-fuels 
and subsequent greenhouse gas emissions (GHG). This has propelled many countries to put 
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in place sustainable development measures. This has however, been met with challenges in 
developing countries, primarily in SSA (Kebede and Mitsufuji, 2014). SSA has a history of 
endemic energy crisis, despite its abundance of renewable energy resources (Ganda and 
Ngwakwe, 2014; Kebede and Mitsufuji, 2014). Reflecting this, is the heavy reliance on fossil 
fuels and the rise of self-power generation (Africa Progress Panel, 2015; IRENA, 2016). 
 
A review of the literature provides an extensive bibliography on research on sustainability 
in the built environment, which has been described as multi-faceted and complex in nature 
(Amaratunga et al., 2002; Zuofa and Ochieng, 2016).  This is due to the varied concepts and 
meanings associated with sustainability, and equally the varied disciplines and specialisms, 
which make up the built environment. In addition, this is due to the change in thinking and 
practices it recommends for implementation by stakeholders in the building industry. Also 
identified in the literature are the perceived barriers to the complex situation and the 
various methodological approaches employed in identifying the barriers. The barriers have 
been defined by geographical setting and predefined theoretical framework aligned with 
developed countries/Organisation for Economic Co-operation and Development (OECD) 
countries, which have been adopted by most research. In addition, much of the research 
has focused on technological and economic aspects of sustainability and much less on social, 
cultural and psychological aspects, with limited research in Africa (Murtagh et al., 2016; 
Ugulu, 2016). The above suggests that barriers are contextual and subject specific, and as 
such will be primarily applicable to the country under investigation. In the study by Long et 
al. (2004) on construction projects in developing countries, the need for comprehensive 
studies is identified, as problems are contextual and there is a need to focus on specifics as 
opposed to adoption of general and common problems. Thus, barriers identified in a country 
cannot simply be applied as a blanket to the rest of the world.  

This is reflected in various comparative studies in natural and social science fields, including 
studies in the built environment (Biggs, 1991; Rupf et al., 2015). For example Rupf et al., 
(2015) identify geography, socio-culture, economy and governance/the political context as 
key considerations for SSA in comparison with Asia, which influences perception of users for 
biogas dissemination. In other studies such as Biggs's (1991) on education, which looks at 
student perception of  success and their performance in schools between Asia and Australia 
(western world in general), and refers to the socio-cultural context as a key consideration in 
selection of teaching methods. This paper takes a similar approach to the aforementioned 
studies in literature and suggests the need to take into consideration the context and other 
factors, as they will have a role to play in influencing the view and perceptions on 
sustainability and ultimately the approach to it (adoption or lack of it). While there have 
been a number of studies on barriers in SSA, this study seeks to identify a suitable 
methodology for future enquiry that takes into consideration the unique contextual 
characteristics of SSA as opposed to a blanket approach. It is important that the appropriate 
tool for enquiry is used to obtain the required outcome.  

SUSTAINABILITY STUDIES IN SSA 

There is significant literature on barriers to sustainability and related aspects, which utilise 
various methodologies to identify barriers (Ahlborg and Hammar, 2014; Alsanad, 2015; 
Zhang  et al., 2012). For example, in the study by Alsanad (2015), a quantitative research 
methodology was used, which employed questionnaires. A quantitative method was used 
due to the requirement for quantifiable data from a large population (648 questionnaires 
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distributed). The approach allowed for a uniformity and quick data collection process. 
However, depth of study was limited due to its snapshot approach with the use of closed-
ended questions. Thus, limiting the amount and level of detail of data collected as a result 
of the few options provided for the participant to select from (Likert scale), and the lack of 
allowance made for elaboration by participants. 
  
In the study by Ahlborg and Hammar (2014), a qualitative research methodology was used, 
employing semi-structured interviews and a site visit. A qualitative methodology was used 
due to the nature of the study, which required direct interaction with stakeholders. The 
interviews fostered rapport and trust between the researcher and participants, which was 
vital for data collection as it was dependent on the openness and honesty of the 
participants. The use of open-ended questions enabled the participants to reflect and 
elaborate on their answers and provide additional information. The site visits enabled 
discussion with involved actors, providing validation and corroboration. However, this 
presented the opportunity for possible misunderstanding and researcher bias. In the study 
by Zhang et al. (2012), a mixed method research methodology was used, which employed 
questionnaire, interview and case study methods. A mixed-method methodology was used 
due to the dual nature of the study, requiring both generalised (large sample) and detailed 
(in-depth) information for broader study perspective. The approach provided a variety of 
data collection methods and diverse ways for presenting the data collected. Due to its 
amalgamation of qualitative and quantitative elements, it mitigated the weaknesses and 
enhanced the strengths of each approach.  
 
As illustrated by the studies, all methodologies are chosen for a specific purpose and have 
advantages and disadvantages. A mixed-method methodology however, offers the 
complimentary use of quantitative and qualitative methodologies, allowing for a broader 
perspective; robust approach to data collection; flexibility in approaches used to obtain data 
and representation; it counteracts negatives and enhances strengths; tests and resolves 
issues; and allows for corroboration and validation of any findings. In addition, Amaratunga 
et al. (2002) refer to built environment research as consisting of natural, social and applied 
sciences due to its different disciplines. As such, a mixed-method methodology would 
provide the rationale, framework and support required for theory testing and generation 
(Fielding, 2012). The findings above are important for this study, as it seeks to identify a 
research methodology suitable to investigate and understand the perceived barrier to 
sustainability in SSA, using a grass roots approach for future studies, specific to the context 
and aspects intrinsic to SSA. The choice of research methodology cannot be an arbitrary 
decision or simply based on preference, as there is no perfect situation (Silverman, 2013). 
Silverman (2013) explains it would be silly to reject an approach because it seemed too 
qualitative or quantitative, when it actually meets the needs of the research. It should also 
be noted that a significant amount of studies in literature adopt existing theoretical 
frameworks recommended for developed countries and barriers identified in literature as 
the basis for research. In addition, studies are primarily driven by technical and economic 
factors and there is a limited amount of studies with empirical research and available 
information on SSA. 
 
Ugulu (2016), notes that barriers vary from country to country and most barriers are 
associated with more advanced/industrialised countries. Thus, the barriers will be specific 
to the countries under investigation. This provides a rationale for empirical studies to be 
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conducted in SSA based on theory generation, as opposed to the adoption of pre-formed 
theories and generalised application of barriers identified in other studies and countries. 
Soon and Ahmad (2015) advocate the use of grounded theory because of the limited 
availability of empirical research and literature in Africa. In addition, defining issues and 
concepts associated/representative of the majority of SSA countries such as, the lack of 
access to electricity, self-power generation, these cultural influences are not experienced by 
developed/OECD countries (Ugulu, 2016). Thus, these are not taken cognisance of in 
research, which further provides justification for empirical enquiry in SSA, informed by its 
peculiarities and norms for output of information, which would be beneficial in providing 
insight and knowledge to fill gaps in literature and also aid in promoting development. 

As previously discussed in the preceding paragraphs, sustainability is multi-faceted and 
complex in nature particularly when put within the context of SSA, which is equally complex. 
This presents a special case and the need for a review of the status quo. Sustainability in SSA 
cannot simply be treated as any other case or ordinary situation in comparison to developed 
countries. Developed countries do not lack the infrastructure and services required to meet 
the basic needs of its population (Ugulu, 2016), such as access to stable and reliable 
electricity, access to clean water, sanitisation, health care, security etc. Developing countries 
however, do not share this privilege. Thus, it is only wise that any research, conducted within 
the context of SSA, takes into consideration its peculiarities to ensure accurate and valid 
empirical findings and knowledge.  

RESEARCH METHOD 

Introduction               
Considerable emphasis is placed on the choice of research methodology in a study to enable 
collection of relevant data. Thus, methodology selection should be driven by the research 
topic (field of research) and research question (Amaratunga et al., 2002). To achieve the aim 
of the study, a critical review of the literature, as advocated by Mathews and Ross (2010), 
was required to examine the situation in the field of interest, allowing for comparison of 
different sources and expert opinions. Literature reviews are widely used in research to 
identify research gaps; advancing knowledge or creating new knowledge on specific subject 
areas and/or fields (Darko et al., 2017). The research is based on a scoping study review of 
past and current relevant studies on sustainability in SSA, with focus on study designs with 
empirical evidence. It will compare and contrast the methodology adopted for different 
studies based on limitations and strengths to aid in informing the appropriate selection of 
methodology suited for future studies specific to the context of SSA. The scoping review is 
underpinned by the five-stage framework of Arksey and O’Malley (2005), which has been 
widely used in different fields (Davis et al., 2009; Forsman and Vinnerljung, 2012; Kajewski 
et al., 2003; O’Flaherty and Phillips, 2015). In addition to being regarded as providing a 
comprehensive, in-depth and rigorous approach to literature review, enabling transparency, 
replication and validity of finding (Abraham et al., 2010; Johnston et al ., 2010) 

Scoping Study Review 
The five stages of Arksey and O ’Malley (2005); (1) identifying the research question, (2) 
identifying relevant studies, (3) study selection, (4) charting the data collating, and (5) 
summarising and reporting the results, were utilised in the review. 
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Identifying research question 
The focus of the review was the exploration of literature to identify the methodology and 
methods used in providing empirical evidence to the perceived barriers to sustainability in 
SSA. To ensure a comprehensive review, capturing a substantial range of literature relating 
to the area and topic of interest, the following questions was used to guide the research: 

 What methodologies and methods are being used to identify the perceived 
barriers to sustainability in SSA? 

 What considerations are taken pertaining to the type of information required? 

 What are the strengths and limitations of the research designs used?  
 

Identifying relevant studies 
According to Arksey and O’Malley (2005), there is a need for the adoption of a 
comprehensive search strategy for a literature review from varied sources to identify and 
review studies to be found. Key search terms were developed as shown in Table 1, to capture 
literature related to sustainability in SSA. The search terms are not intended to be exhaustive 
but to limit the search to mitigate against a very large size of literature due to the broad field 
of sustainability. As noted by Darko and Chan (2016) only so many search terms can be 
employed in a study. It should be noted, that although a comprehensive strategy was 
conducted, it is impractical to search all databases and more so all literature identified taking 
into consideration time and resources constraints, etc. Therefore, there was a need for a 
search criterion to be developed. Due to the rapidly evolving nature of sustainability 
(Margolis and Zuboy, 2006), the search was based on the last 10 years, with a start date of 
2000. Studies conducted outside SSA were excluded, as they were not within the study 
focus.  

For the study, electronic databases and a reference list (from relevant identified studies) 
were used. Leeds Beckett University electronic database; ‘discover’ was utilised to identify 
peer-reviewed literature. Discover houses all the university’s databases (journals, books, 
etc.) in the same place on a single platform, allowing for a broad range search of a 
topic/subject at the same time. The British Library thesis search engine, e-theses online 
service (EThOS) was also utilised to search for doctoral research. In addition, a hand-search 
of reference lists from literature identified and Google Scholar was used to identify other 
sources of literature. The search using the key search terms/descriptors generated a 
significant amount of studies. This further emphasised the need and importance of search 
criteria to define the coverage of literature to be reviewed, eliminating studies not relevant 
to address the study focus and research question. A search criteria based on an inclusion 
and exclusion criterion was developed (Badger et al., 2000), as detailed in Table 2. 

Table 1. Search Strategy – Key search terms 

Search Strategy – Key search terms  

1 (Sustainability or renewable energy) AND (sub Saharan Africa or Africa) AND 
barriers 

2 (Sustainability or renewable energy) AND (sustainable construction or sustainable 
buildings) AND (sub- Saharan Africa or Africa) AND barriers 

3 (Sustainable construction or sustainable buildings) AND (construction practitioners 
or design professionals or stakeholders) AND (sub-Saharan Africa or Africa) AND 
(perception or perspectives) AND barriers 
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Study selection 
An initial search using the key search terms/descriptors in Discover, EThOS and Google 
Scholar generated 134,468 articles. Due to the significant amount of studies generated and 
the fact that it was impractical to review all studies based on time and resource constraints, 
a two-phase inclusion and exclusion criteria was employed. The first phase used the 
following criterion: time-period, language, type of article, geography and literature focus, 
which significantly reduced the number of studies. Additional studies were removed 
because of duplication. A review of the abstracts revealed that albeit the restrictions of the 
search criteria, there were still a large number of the studies not within the geographical 
focus, in addition to studies relating to medical. These studies were deemed irrelevant and 
excluded. Guided by the second and final phase of the inclusion and exclusion criteria, 12 
studies were identified as been relevant to the research. For a detailed review, full text 
versions were obtained and confirmed as suitable. Figure 1, outlines the process followed 
for article selection. 
 
Table 2. Inclusion and Exclusion Criteria 

Inclusion and Exclusion Criteria 

Criterion Inclusion Exclusion 

Time period 2007 – 2017 – due to the evolving 
nature and development of the field 

Studies before 2007 

Language English Non-English (Foreign language  
studies) 

Type of article Published peer-reviewed (scholarly) 
journal and Doctorial research 

Articles that are not academic 
journals or Doctorial research 

Geographic 
focus  

Studies carried out on sub-Saharan 
African countries or which include 
sub-Saharan African countries 

Studies related to other 
countries outside this group (e.g. 
developed/OECD group) 
 

Literature 
focus 

Studies with overwhelming themes 
that relate to perceived barriers to 
sustainability in sub-Saharan Africa 

Studies which make a passing 
reference to barriers to 
sustainability 
 

Study focus Studies which provide empirical 
arguments/evidence of perceived 
barriers by stakeholders  

Studies on list of barriers based 
on literature review or on 
country accounts 
 

Charting the data collating 
This stage required the recording of key facts/aspects of information obtained from the 
studies reviewed. Arksey and O ’Malley (2005) note that this stage is about ‘synthesizing and 
interpreting qualitative data by sifting, charting and sorting material according to key issues 
and themes’ (p.26). For this purpose, each study was analysed and interpreted according to 
the results of the study using similar heading/aspects such as, author’s details, methodology 
choice, theoretical framework, identification of barriers, strengths and limitations as 
detailed in Table 3, to allow for standard charting framework/table. It is important to note 
that whilst conducting the charting exercise, information required was not always presented 
in an easily accessible format.   
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Collating, summarising and reporting the results 
The fifth and final stage of the methodological framework is intended to present an account 
of the findings. 
 

 
 
Figure 1. Flowchart of scoping review process  

RESEARCH FINDINGS 

The scoping study review produced 12 articles on studies conducted in SSA.  

What methodologies and methods are being used to identify the perceived barriers to 
sustainability in sub-Saharan Africa? 
 
Only one article adopted a quantitative mono-method, using a survey research strategy with 
a questionnaire. It was descriptive in nature and utilised a self-completed structured 
questionnaire, employing closed-ended questions (1). Two articles adopted a qualitative 
mono-method, using semi-structured interviews (2, 3), whilst two articles adopted a multi-
method design using a combination of interview and site visit, and focus group and 
participant observation (4, 5). The majority (over half) of the articles adopted a mixed 
method approach, using both qualitative and quantitative research designs, which were 
primarily a combination of questionnaires and interviews (6-12). Additional methods used 
as a combination in articles included; observation (9, 10), focus group discussions (11) and 
a case study (12). Only one study adopted a grounded theory strategy for the qualitative 
research (12).  
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Figure 2. Types of methodologies and methods 

What considerations are taken or not pertaining to the type of information required? 
 
Most articles in the scoping study review adopted existing frameworks and barriers 
identified in literature and did not appear to consider country specifics. For example, one of 
the articles chose to use the barriers identified in literature as the basis for the study, which 
had the effect of predefining the questionnaires and directing data collection along specific 
categories. Thus, this had the effect of limiting the identification of barriers based on existing 
categories and equally the potential to identify perceived barriers specific to the study due 
to the use of closed-ended questions (6). Exiting theoretical frameworks and barriers were 
also used in other articles (2, 4, 6 - 11). 
 
Only one article (12) appeared to take into consideration social, cultural, institutional and 
other elements inherent to the country under investigation, as this would have an impact 
on the type of information collected. It used a grounded theory strategy, which was useful 
in ensuring data generation was a true representation of the situation, and not 
predetermined by existing barriers or theoretical frameworks, thus allowing for a natural 
process for enquiry, driven and shaped by participants within their context. 
 
What are the strengths and limitations and characteristics of the research designs used? 
 
Quantitative Research Method 
This method was aimed at obtaining a true representation of perceived barriers. It allowed 
a structured collection of data from a large pool, which could be measured. It however 
limited the understanding of situations, especially as it related to human perceptions, as it 
did not delve into detail and provided a snapshot overview of perceptions. In addition, the 
use of closed-ended questions, limited the scope and level of detail of the information 
collected. It also presented somewhat of a detached approach to data collection because of 
the researchers limited, and in some ways lack of, involvement in the process. However, this 
provided the opportunity to limit researcher’s bias and ensure validity of findings. 
 
Qualitative Research Method 
Articles which adopted a qualitative research methodology sought for meaning and a deeper 
understanding of the rationale behind the barriers. A qualitative research method presented 
an interactive approach to data collection through a natural approach. Thus, it allowed for 
building of rapport and trust between the researcher and the participants, which was critical 
to access information and facilitated openness and engagement, encouraging the 
participant to speak freely and elaborate on their views/answers. However, due to the use 
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of existing theoretical frameworks by most of the studies, this had the effect of imposing 
restrictions on the type of data generated and counteracting the natural process. This led to 
data which was not specific to the study focus, as it was based on predefined categories and 
foreign barriers identified in other studies. Thus, the studies did not take into consideration 
the contextual and subjective elements, such as the socio-cultural factors of the country 
under study, which would have generated data inherently specific to the study and provided 
the opportunity for additional insight. By adopting this approach, there is the possibility of 
misunderstanding and researcher bias, which could question the validity of the findings. This 
was mitigated against by gaining expert advice and utilising additional qualitative methods, 
such as site visits and observations by some of the studies for verification. 
 
Mixed-Method Research Method 
Articles which adopted a mixed-method were aimed at providing a broader perspective of 
findings. However, all articles apart from one (12) adopted existing theoretical frameworks 
either in their quantitative or qualitative aspects. This however, limited the potential for 
detailed and specific insight, which could be generated due to pre-formed ideas and thus 
hampered understanding of the situation in context. Despite this, the approach was in 
corroboration and validation of findings.  
 
Grounded Theory 
The article that adopted this strategy was aimed at providing in-depth insight to uncover 
detailed and relevant information to enable better understanding of the situation in context. 
Grounded theory is identified in literature as method, grounded by data, which leads to 
theory formation as opposed to use of pre-defined theories (Charmaz, 2014). This approach 
was effective, due to the limited information and empirical data available on the study. 
Grounded theory method provided a platform for robust theory generation, driven and 
informed by participants’ understanding and perceptions within the study context.  In 
addition, it provided the opportunity to gain insight into other areas due to direct access to 
participants, which may have otherwise been lost. However, this approach is similar to other 
qualitative approaches and as such poses the possibility of researcher bias. 

DISCUSSION 

Twelve studies were incorporated in the scoping study review, covering all three 
methodological approaches (quantitative, qualitative and mixed-method), and utilised a 
range of methods, which suggests that there is no ideal methodological approach (Mcgrath, 
1981). Indeed, there are a range of compromises, which are required to be made, which 
may make a methodology less suitable than the other, depending on the study. However, 
what is evident from the studies in the scoping review and as reiterated by Yin (2009), is that 
the choice of a research design is simply to function as a tool when needed and not intended 
to control the situation. However, the limitations of the mono-method as discussed in 
preceding chapters must be taken into consideration. Three studies used mono-methods 
and two studies used multi-methods, with the latter aiding in the validation of the findings 
(1, 2, 3). 
 
The quantitative mono-method approach provided a generalised overview of perceived 
barriers taken from a large sample, which by all intents and purposes could be said to be 
representative of the population. However, this was mainly superficial, resulting in only a 
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surface representation with no deep insight to provide understanding of the situation. 
Conversely, the qualitative mono-method approach provided insight and deep 
understanding of meanings, participants and situations. However, it was limited in scope 
due to its process. However, a combined approach, as described by Tashakkori and Teddlie 
(2003) ‘enables the researcher to simultaneously answer confirmatory and exploratory 
questions and therefore verify and generate theory in the same study’ (p.15). This viewpoint 
is supported by Malina et al. (2010) who place emphasis on the strength of the outcome of 
the data from the combined approach as opposed to a mono-method. Through a mixed-
method approach, the study achieves rigour and neutralises researcher bias, both of which 
are associated with qualitative methodology, a snapshot generalisation is expanded and in-
depth, which is associated with quantitative methodology, and multiple questions can be 
answered in different ways (Firestone, 1987; Malina et al., 2010). Consequently, rather than 
use a mono-method methodology, it may be prudent to see qualitative and quantitative 
methodologies as complimentary, particularly in studies which aim to provide empirical data 
and evidence (covering and catering to all aspects) to enhance understanding.  
 
Eight out of twelve studies used predefined theoretical frameworks and/or barriers 
identified in literature as the basis for the studies (2, 4, 6 - 11). This imposed pre-formed 
criteria on the studies and had the effect of directing data collection along specific 
categories, as opposed to a systematic methodological process to obtain relevant data 
directed naturally by the study. In addition, the use of pre-formed theoretical frameworks 
restricted the opportunity to gain detailed insight and information specific to the context 
and study focus for understanding, which is beneficial for study developments and filling the 
gaps in literature. A mixed-method study in the scoping study review employed a grounded 
theory strategy, which adopted a grass roots approach for the purpose of generating theory 
from the data, as opposed to using a predefined approach. As stated by Hussein et al. (2014), 
the emphasis of grounded theory is the generation of data that is grounded in a particular 
context, which Hussein et al. further identify, is naturally suited to research in the built 
environment. Grounded theory allowed data to be participant focused and driven based on 
perceptions, providing insight and knowledge in gaps in literature. It allowed for generation 
of rich, relevant and specific data, taking into consideration context, cultural, social, 
economic and individual beliefs which are specific to a population and/or area, which would 
otherwise not have been generated and missed out. Thus, it is only wise that any research, 
conducted within the context of the countries needs to take the countries specifics into 
consideration, to ensure valid and accurate empirical findings and knowledge, which 
grounded theory method provides. 

As is evident in literature, grounded theory has been in existence for a long time (Charmaz, 
2008; Glaser and Strauss, 1967). Engward (2013) describes grounded theory as a method to 
‘explore conceptually how people make sense of social phenomena and importantly, how 
people work best to resolve their dilemma’ (p.38), which it does through theory generation 
driven by data as opposed to testing of theory with data. Grounded theory is a widely used 
where little or no information/knowledge exists in a subject matter or field of study 
(Engward, 2013) It has successfully be used in natural and social sciences studies in addition 
to studies in the built environment (Graham and Thomas, 2008; Trevarthen, 2011). 
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Table 3. Summary of studies included in scoping study review 
Summary of studies included in scoping study review   

(Study No.) 
Arthur details 

Methodology Theoretical 
Framework  

Identification 
of barriers 

Strengths  Limitations 

(1) Abolore, A.A. 
(2012) 
  

Quantitative  
 

No  Questionnaire 
 

Quick & structured process 
Factual & precise data 
Allows large sample size  
Reflection of sample population 
Limits researcher’s bias 

Predefined question set 
Limited amount and detail of 
information collected 
Potential participant assumption 
due to limited question options 

(2) Kebede, K. et 
al., (2014)  

Qualitative 
 

Yes Literature 
review 
Interview 

Depth of study 
Naturalistic approach to enquiry 

Use of pre-formed process 
imposed restrictions 
Limited data specific to study  

(3) Zuofa, T. & 
Ochieng, E. 
(2016) 

Qualitative  No  Interview  Depth of study 
Naturalistic approach to enquiry 
Data specific to the study 

Collection of non-standard data 
Potential for researcher bias 
 

(4) Ahlborg, H. & 
Hammer, L. 
(2014)  

Qualitative Yes  Literature 
review 
Interview 
Site visit 

Depth of study 
Naturalistic approach to enquiry 
Validation of findings through multi-
method approach 

Pre-formed process imposed 
restrictions 
Limited data specific to study  
 

(5) Katikoro, R. 
2016) 

Qualitative No 
 

Focus Group 
Discussion 
Participant 
observation 
 

Depth of study 
Naturalistic approach to enquiry 
Rich data collection 
Validation of findings through multi-
method approach 

Potential for researcher bias 
Collection of non-standard data 
 

(6) Djokoto, S. et 
al., (2014) 

Mixed-
method 
 

Yes  Literature 
review 
Interview 
Questionnaire 
 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach  

Pre-formed process imposed 
restrictions 
Limited data specific to study  
Time consuming and laborious  

(7) Dahiru, D. et 
al., (2014) 

Mixed-
method  
 
 

Yes  Literature 
review 
Interview 
Questionnaire 
 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach 

Pre-formed process imposed 
restrictions 
Limited data specific to study  
Time consuming and laborious 

(8) Ametepey, O. 
et al, (2015)  

Mixed-
method 

Yes  Literature 
review 
Interview 
Questionnaire 
 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach 

Pre-formed process imposed 
restrictions 
Limited data collection specific to 
study focus 
Time consuming and laborious 

(9) Ndau, L. 
(2016) 

Mixed-
method 

Yes Literature 
review 
Interview 
Questionnaire 
Observation 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach 

Pre-formed process imposed 
restrictions 
Limited data specific to study  
Time consuming and laborious 

(10) 
Bawakyillenuo, S. 
(2007) 

Mixed-
method 

Yes  Literature 
review 
Interview 
Questionnaire 
Observation 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach 

Pre-formed process imposed 
restrictions 
Limited data specific to study  
Time consuming and laborious 

(11) Nwokoro, I. 
& Onukwube 
(2011)  

Mixed-
method 

Yes  Literature 
review 
Questionnaire 
Focus group 
discussion 

Broader study perspective 
Corroboration and validation of 
findings  
Flexibility and diversity  
Complementary approach 

Pre-formed process imposed 
restrictions 
Limited data specific to study  
Time consuming and laborious 

(12) Ugulu, A. 
(2016) 
 

Grounded 
Theory 
 

No 
 

Interview 
Questionnaire 
Case study 
 

Detailed insight and uncovering of 
relevant specific to study 
Data generation driven by participant  
Robust platform for theory 
generation 
Consideration of unique contextual 
characteristics of country  
Broader study perspective 

Time consuming and laborious 
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Implications of findings 
It is evident from the review that barriers associated in developed/OECD countries are 
viewed as blanket barriers, automatically applied to enquiries in SSA countries. The 
methodological approaches adopted tend to be reliant on pre-formed theories and 
paradigms instead of systematic approaches used to pursue data generation specific to the 
context. Although barriers identified in different countries may indirectly benefit another 
country, it is understood that as more research is conducted on a particular topic in a 
particular country; it will be able to uncover specific issues and problems and have more 
influence in improving situations, due to the difference in country characteristics (both 
intrinsic and incidental). Sustainability offers the opportunity to influence varied sectors in 
SSA, which include energy access, climate change mitigation, social and economic 
development, etc. Thus, outputs of research carried out on perceived sustainability barriers 
in countries in SSA would have an influence on the level of development and/or change in 
that country. In addition, the diverse concepts associated with sustainability were evident 
from the scoping study review and as such, its diverse meanings and understanding by 
people influenced its level of adoption. This further supports the need for research to be 
contextual (country specific) and further informs the need to consider the use of grounded 
theory in research, which is useful for empirical enquiry for understanding of complex 
situations.  

The scoping study review has identified a number of gaps in the available literature; the 
most pertinent is the dearth of empirical research and literature on barriers to sustainability 
specific to SSA. Others include, lack of research on social and cultural factors, as research 
appears to be primarily driven by technical and economic factors; lack of consideration of 
the psychological factors of architectural designers (professionals involved in designing for 
construction) and the building operators who influence the building outcome as a key to 
achieving sustainability. The findings from the scoping study provided useful information for 
further study of the barriers. However, it should be noted that due to the difference in 
country characteristics, the findings associated with studies in a country cannot simply be 
applied to a study in another country. 

CONCLUSION  

The purpose of the study was to provide a review of the available methodologies that have 
been used to investigate the barriers to sustainability in SSA, to inform the selection of a 
suitable methodology for empirical enquiry on the perceived barriers to adoption of RES in 
buildings as part of an ongoing study. Based on the scoping study, it is evident that the 
methodology required would need to be able to handle the complex and multi-faceted 
nature of sustainability, the built environment and psychology features of human beings as 
the stakeholders. It would need to take into consideration the context and other factors to 
ensure the generation of valid and accurate empirical data and knowledge in an area of 
study with limited information and enhanced understanding. Given this, a mixed-method 
approach employing a grounded theory method is seen to be a suitable methodological 
approach for this. 

As discussed in preceding paragraphs and as shown in literature, SSA has a unique context 
and grounded theory method which is based on empirical inquiry grounded by data; 
representative of the research context (situation), can aid in research in SSA. In addition, a 
benefit of grounded theory is the opportunity for lessons to be learned through its 
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empirically rooted, robust and comprehensive approach, which would otherwise have been 
lost and this is very significant to the context of SSA. 
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Abstract  

Project Management as a profession has developed a plethora of ‘Agile’ approaches 
to project development and implementation.  These tend to involve an iterative 
development using a phased set of prototypes and tend to enjoy uptake in 
Information Technology projects, new product development and are utilised in 
business change projects where benefit outcomes might be less tangible. There is 
much debate in professional project management circles about the value of ‘Agile’ 
project methodologies, and a significant amount of this is bias promotion.  This study 
sought to determine whether Agile methodologies could offer any identifiable 
advantage over ‘waterfall’ methods. (‘Waterfall’ methodologies are so termed to 
identify them as a separate, distinct and preceding class of project methods. 
Waterfall is characterised by a linear stepped approach, with the project being 
developed in stepped phases). 
 
The study utilised a single case study organisation and looked at a set of product 
development projects where an ‘Agile’ methodology had been recently introduced.  
This allowed the researchers to examine how the ‘Agile’ approach had influenced the 
perception of new product development projects.  Structured interviews were used 
in conjunction with a semi-structured questionnaire, this allowing the researchers to 
reach a wide group of project managers. 
 
The research demonstrates the variability and key factors that might be associated 
with ‘Agile’ and reveals to an extent issues with its adoption. Within the case study 
the Agile concept appears beneficial, but what might be revealed is that the iterative, 
recursive and flexibility of thinking across the organisation is what is important, in 
respect of project development, rather than the Agile methodology itself.  
 

Introduction 

Just what a project is, is open to some debate.  A portmanteau term applied widely to a 

concept that continues to broaden.  Morris (1997) attempts to chart its development from 

an engineering background where engineering projects (not then called projects but 

retrospectively identified as being such) necessitated a contracting approach to what would 

be a temporary endeavour.  Modern era ‘Project Management’ as a developing 

management concept appears to borrow much from an earlier management philosophy of 

‘Quality Management’ and the Quality Management idea that all content proceeds from 

process and that processes can be mapped and made available to the organisational 

employees, to continuously improve on (Pascale and Athos, 1981).  Project Management 
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‘Project Methodologies’ became a feature of organisations which carried out projects in an 

attempt to create a quality assured approach to improving success rates (Morris, 1997).  

That project success rates continue to look poor (34% of Public projects deliver no benefit 

NAO, 2016) might reflect the probabilistic nature of many project undertakings, 

compounded further by their complexity.  Project Management methodologies (which 

should more correctly be called ‘methods’) remain a convenient way to school new project 

managers and assist governance and organisational control over their projects.  The 

importance of them to current perspectives on the management of projects cannot be 

mistaken. Bredillet (2010) Calls this the ‘process’ school of thought (Bredillet, 2010).  

 

The U.K. enjoys several well-known proprietary project method[ologies] and chief amongst 

them is PRINCE2 which is described as a ‘waterfall’ method.  In the last 20 years a growing 

interest has developed in ‘Agile’ project methodologies which argue they better represent 

the fluid nature of projects in IT predominantly, and other sectors.  Observed projects do 

not necessarily flow neatly from one phase of the waterfall method to the next, but instead 

develop more iteratively.  ‘Agile’ project methodologies tend to acknowledge this iteration 

(Koskela and Howell, 2002; Scwaber and Beedle, 2002) and provide processes that allow for 

it.  In the DSDM (2017) proprietary agile method, for instance, the approach is based around 

prototyping of ‘functional’ parts of the proposed project, an approach that suits software 

development projects for which it was designed (DSDM, 2017).   

  

This research sought to evaluate the introduction of an Agile methodological approach in a 

manufacturing company for its product development projects.  Additionally, the case study 

provides an opportunity to examine the issues that future project methodology 

development might need to address. 

 
Literature Review 

 

The current markets in which organisations compete are highly influenced by customers and 

their constantly changing demands (Bernardes and Hanna, 2009). Almost every organisation 

feels under pressure ‘not just to introduce the new products but to do so faster than 

competitors’ (Tidd, 2005, p.4). The best tool to cope with market turbulence may be then 

project management (Thamhain, 2014), which is also seen as ‘a way of adding value to the 

bottom line’ (Gardiner, 2005, p.54) when executing an organisational strategy. Maylor says 

‘nowadays, it is hard to imagine an organisation that is not engaged in some kind of project 

activity. Over the past decade, organisations have been turning from operations to project 

management as part of their competitive advantage’ (2006, p.663). That is to say that 

Project Management may be seen as a facilitating technique used to improve an 

organisation’s general performance. Nevertheless, some professionals argue that traditional 

project management is not capable of adopting innovative methods as it simply lacks some 

flexibility (Conforto et al., 2014).  

A review of the project management literature reveals that the rigidity of traditional project 

management creates too much waste and bureaucracy (Spundak, 2014). Also, excessive 

detailed planning, structural complexity, difficulty with defining project goals (Williams, 
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2005) and lack of flexibility (Spundak, 2014) slow down the innovation process (Denning, 

2012) while a quick response to market instability might be desirable. All of these objections 

to the conventional methods of managing projects along with a high demand for continuous 

innovations and popular cost reduction trends (Aguanno, 2004) make organisations look 

beyond cost and quality. This may be due to a requirement for a more effective way to deal 

with those dramatic changes in their business environment (Yusuf et al., 2004). This 

phenomenon was first noticed in the 1980s when companies had been hit with the 

uniqueness of customer needs and markets and the conventional waterfall method could 

not handle project complexity. Therefore, the traditional model was reengineered to 

balance speed and quality (Thamhain, 2014) and a more adaptive way of dealing with 

inevitable and dynamic changes was proposed by software professionals who published a 

set of principles (‘Agile Manifesto’ and then ‘Declaration of Interdependence’). This was 

then promptly perceived as a silver bullet for all the negative experiences with other 

methodologies (Thamhain, 2014). What really stands out from this new concept is its ability 

to respond instantaneously to change, and the ‘recognition of people as the primary drivers 

of project success, coupled with an intense focus on effectiveness and manoeuvrability’ 

which Highsmith et al. (2001, p.122) define as ‘Agility’. In the Project Management context 

and within the triangle of constraints, Benediktsson & Dalcher understand this same method 

as ‘the adoption of incremental development, rapid application development or agile 

methods enables project managers to gain flexibility within the pre-defined boundaries of 

overall time and cost’ (2005, p. 254). All of the above could lead to a final conclusion that 

the core constituents of the Agile philosophy could bring in some values to organisations 

such as: ‘1) reduced risks in implementing projects; 2) significantly reduced overhead costs; 

and 3) improved project success rate’ (Tosic, 2005, p. 1081). By turning into Agile, 

organisations could also benefit from shorter lead times, faster project execution, and 

improved project communication (Highsmith et al., 2001; Spundak, 2014). That would be 

due to the key determinant of successful project delivery, which Agile sees in project teams. 

The Manifesto’s authors see every change as an opportunity to be creative, even though 

changes in software development projects are constant and require an immediate reaction 

to a customer request (Boehm and Turner, 2005). Those self-organised, highly qualified, and 

dedicated project teams who design for the battle, not for the war, rely mainly on trust, and 

shared knowledge (Boehm and Turner, 2005). Hypothetically, ‘if the team members are 

working together in a coordinated fashion, the results of their work will be greater than the 

sum of the parts’ (Reiss, 2007, p.150). However, in the real-world projects are created by 

people (Morris, 2013), and those same people have propensity toward self-delusion. People 

want to believe that they are being rational when they are making decisions; unfortunately, 

the credulous human nature easily falls into the traps of irrationality (such as obedience, 

social conformity or distorting evidence etc.) (Sutherland, 2009). Startlingly, less than 1% of 

the surveyed project managers have technical issues, the rest of them experience problems 

that are caused by people (Pollack, 2007, p.270). The current trend of ‘reflective 

practitioner’ rather than ‘trained technician’ allows traditional project managers to 

eliminate cognitive errors that may stem from rational thinking (Crawford, 2006). Zhou & 

George argue that: ‘leaders, and in particular, the emotional intelligence of leaders plays a 

critical role in enabling and supporting the awaking of creativity’ (2003, p.563). A project 
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leader’s role is then to facilitate the process of creativity by helping individuals think ‘outside 

the box’ which De Bono (1984) prefers to call ‘lateral thinking’. On the other hand, Turner 

says, ‘regardless of how well you define and achieve the tangible deliverables of your project, 

failure to manage stakeholders adequately may cause your project to fail’ (2003, p.99). It is 

worth mentioning here that project teams who are heavily involved in innovation very often 

experience tension and disagreements. Developing high-performance project teams may 

begin then with establishing team identity (Larson & Gray, 2011). In Agile teams, members 

and their skills are exposed to an open forum during their stand-up meetings. This form of 

communication keeps everyone up to date, but it also reveals individuals’ weaknesses and 

brings their deficiencies to light. The results of the case study conducted by Conboy et al. 

indicate that those fears are common in software development teams (2011). The 

interviewed software developers experienced discomfort and hostility and some of them 

left their teams or even their organisations.  

Although Agile is seen as a major breakthrough in management of projects (Conforto et al., 

2014), only a small number of organisations deliberately adapt its concept in pure form. This 

might be due to some ambiguity in “so-called benefits” (Cram and Newell, 2016. To add fuel 

to the fire, some project professionals equate the Agile concept to a management fashion 

rather than a methodology (Cram and Newell, 2016). It was also pointed out that Agile 

practices existed way before the Manifesto was disseminated (Stare, 2014, p.296) e.g. 

iterative models such as: Stage-gate, Lean or Concurrent Engineering. These are change 

driven methods and what they all have in common is ‘the effective, integrated and often 

concurrent multidisciplinary project team effort toward specific deliverables which is the very 

essence of what we define today as Agile’ (Thamhain, 2014, p.2498). The work of Zhang and 

Sharifi (2007) asserts that agility is a new revolutionary concept, but mainly of a speculative 

nature and far from reality. In other words, the characteristics of this new modern 

methodology lacks an internally consistent set of organising principles (Putnik and Putnik, 

2012; Thamhain, 2014). In addition, the absence of theory building with no empirical 

evidence (Zhang and Sharifi, 2007) undermines the successful application of agile methods 

(Spundak, 2014). This may assume that the use of the classic agile techniques such as 

Scrum1, Sprints2 or kanban boards3 differ from project to project (Cram and Newell, 2016). 

It is also stressed that some project professionals find those methods difficult to implement 

especially in the traditional top-down organisation structure (Boehm and Turner, 2005; 

Thamhain, 2014).  

There still might be a danger of using a single approach as it is very rare that a universal 

framework fits the whole project (Cheema and Shahid, 2005). Kerzner (2005) recommends 

aligning project methodology with other business processes, and adopting that 

methodology to individual projects. On the other hand, when project managers use a pick-

and-choose approach (Charvat, 2003, p.4), it can be assumed that the chosen method might 

be limited or more likely it does not meet the project’s needs (Shenhar and Dvir, 2007). The 

                                                           
1 Scrum – a daily stand-up meeting (Cooper, 2014) 
2 Sprint – “Agile breaks the development phase of the project into a series of very short timeboxed iterations 
or sprints, each typically about 2–4 weeks long” (Cooper, 2014, p.168) 
3 Kanban boards – a list of tasks and activities to be executed during each sprint; usually a white board that 
contains the sprint backlog (Cooper, 2014, p.171) 
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Project Management literature is well aware of those limitations; hence the solution is seen 

in the growing trend toward agile activities alongside the classical Project Management 

practices which Spundak (2014) explains as a need to combine both approaches in a single 

project management methodology. Similarly, Conforto et al. (2014) point out that some 

organisations (consciously or not) are moving toward the use of the ‘hybrid’ management 

model as they face limitations of the traditional approach. In the manufacturing 

environment, even though it is not clear if there are any correlations between Lean and 

Agile, Putnik and Putnik (2012) propose a risky mix by combing these two and creating 

Leagile. Their new hypothesis is based on two key determinants, which refer to waste 

reduction and people who make the improvement cycle running. Nevertheless, Agile 

remains a servant for Lean (Putnik and Putnik, 2012). Other authors disagree by saying that 

Agile and Lean are two separate concepts (Hormozi, 2001). That is to say, ‘Lean 

manufacturing is a response to competitive pressures with limited resources. Agile 

manufacturing, on the other hand, is a response to complexity brought about by constant 

change’ (Sanchez and Nagi, 2001). However, Bozdogan argues that Agile ‘borrows heavily 

from lean ideas but lacks an internally consistent set of organising principles derived from 

either experience or the extant literature on effective organisational architectures in 

turbulent environments’ (2010).  

Some academics contend that in order to differentiate or develop a competitive advantage, 

new ways of running product development projects are vital (Belassi et al., 2007; Sommer 

et al., 2013; Gresham et al., 2006). Cooper recognises those needs and converts them into 

the next generation Idea-to-Launch system – ‘a more agile, vibrant, dynamic, flexible gating 

process that is leaner, faster and more adaptive and risk-based’ (2014, p.21). He could not 

agree more with Steve Jobs by saying that people very often do not know what they want, 

and the only way of finding that out is to show it to them (Cooper, 2014). Williams (2005) 

also sees difficulty in defining project deliverables at early stages. Consequently, Cooper 

believes that his new Triple A system (Adaptive and Flexible, Agile, Accelerated) allows 

project teams getting some customer feedback in the pre-development phase to fail fast 

and cheap. As his model highly borrows from Agile Development, the quick response 

approach will result in a revised, improved product. What really stands out from this NPD 

model is the ability to tailor the development process to each, unique project by employing 

a scalable version of the Idea-to-Launch system. This is completely unlike the Standard 

Operation Procedure commonly used in the classical waterfall method called Prince 2. The 

rigidity of this model does not allow a project manager to go to the next gate without an 

official sign off from the project board; whereas the flexible criteria for Go/Kill decisions 

support the project team with executing actions in parallel (Cooper, 2014, p.25). In addition, 

most stage-gate systems heavily rely on financial criteria (Cooper, 2014). However, Cooper 

(2014) says that when developing highly technologically advanced products, the economic 

impact on the project will not be obvious straightaway, hence organisations such as Exxon 

Chemical concentrate on the strategic criteria (competitive advantage or market potential) 

rather than financial (Cooper, 2014).  

When it comes to application, the revolutionary management trend Agile takes over in the 

Information Technology sector (Cram and Newell, 2016). Nevertheless, some academics 
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argue that Agile Project Management can radically transform key processes also in non-

software companies (Conforto et al., 2014), even though the utilisation of Agile 

Development tools “in pure form” is highly questionable (Boehm and Turner, 2005; Cooper, 

2014; Thamhain, 2014). In response to this, Cooper makes his Idea-to-Launch system leaner 

and suggests using other methods alongside Agile tools (product backlog, sprints, burn-down 

charts, and scrum meetings) such as Six Sigma or Lean Manufacturing. The work of Wang et 

al. recognises Design for Six Sigma as the most effective method for developing new 

products. In their opinion, the DMADV (Define, Measure, Analysis, Design, Verify) 

framework successfully meets customer requirements and ‘covers all aspects of product 

design, including product definition, critical requirement definition, design optimization, and, 

principally, quality’ (2016, p. 527). Six Sigma as a continuous improvement cycle eliminates 

waste, improves processes, leads to production cost reductions, and more importantly 

increases customer satisfaction by delivering high quality products (de Mast, 2006). Husby 

believes that: ‘Six Sigma goes beyond solving problems and is a valuable experience for 

developing leaders and changing an organization’s culture’ (2007, p.52). On the other hand, 

as a statistical and data driven methodology, it simply lacks flexibility and ‘can easily digress 

into a bureaucratic exercise’ (Antony, 2004, p. 304). The strong criticism also goes towards 

too much concentration on training and processes rather than people (Kumar et al., 2008). 

According to Bengt et al. (2001), Six Sigma is the same as Total Quality Management (TQM), 

but repackaged. Similarly, Stare contends that some ‘experienced project managers could 

claim that many popular agile practices existed in traditional projects even before the Agile 

manifesto’ (2014, p. 296).  

All of the above leads to the conclusion that market requirements make organisations 

change and develop new products in order to stay competitive. Customer expectations force 

manufacturers to look beyond time, cost and quality; hence, this section also reviewed 

academics’ perception of traditional management methodologies as well as the Agile 

concept and its utilisation in manufacturing. Considering all of the above, it is visible that 

different views on those methods do not provide a clear answer as to whether Agile can 

effectively deal with product development projects, as there is not much empirical evidence 

that would confirm that hypothesis.  

Thus, the research aim of this work sought to establish how effectively Agile had dealt with 

product development projects in manufacturing. The conducted research study takes a 

critical approach to organisational change which seems to have a significant impact on 

successful new product launch. 

 

RESEARCH METHODOLOGY 

Sӧderlund (2011 and 2012 p4) identified research into project management as falling into 

nine ‘schools of thought’ one being the optimisation school, concerning itself with ‘how to 

manage/plan a project’ (Sӧderlund, 2012 p4).  This research might be considered as 

conerning itself with the better management of projects in the context of the case study 

organisation.   
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The research aim of this work sought to establish how effectively Agile had dealt with 

product development projects in manufacturing. 

The main objectives were to critically evaluate:  

1) The Agile concept and its intended benefits,  

2) Product Development methods in manufacturing  

3) The perception of senior management in relation to Agile Management in their 

organisation. 

 

The opportunity for the research was limited to a single case organisation. However, Yin 

(2009) showed how case study research could achieve a level of rigour.  This research was 

inductive, in that it gathered information from the case study organisation and sought to 

create theory.  The creation of theory can be considered to serve logical positivism in 

creating theory that can be tested by future studies. Confining the research to a single case 

study sets a context that cannot readily be generalised to other situations, such as other 

organisations, or other applications of the Agile methodology to other project settings.  

However, the work can bring a depth and focus to a single organisation that can create 

insight that informs the general study of Agile methodologies, and this focus and depth 

cannot be achieved so easily without case studies of this type. (Yin, 2009).  So while the case 

studies have limitations, they also have strengths, providing there is recognition that the 

outputs will be hypothetical and not conclusive. 

 

The case study inductive approach informs the research design, which employs more than 

one approach to gathering data.  This breadth of data gathering supports the inductive 

approach to research as meaning is interpreted from the body of data in analysis. (Yin, 2009)           

Research Design 

The decision about choosing the qualitative method for this research was based on the 

intention to explore a human perception of the experienced change in their work 

environment. There has been a lot of quantitative research work done on the successful 

application of agile methods in the software industry (Chow and Cao, 2008), but there is still 

a lack of empirical evidence of how to deploy Agile methodology in manufacturing (Zhang 

and Sharifi, 2007). Therefore, the qualitative method has been chosen to investigate the 

Why and How rather than the Who, When and Where.  

The reviewed literature presented in the previous chapter was deployed into an online 

questionnaire with open-ended questions divided into 3 thematic sections: 1) General 

Information; 2) Agile Management in Manufacturing; and 3) Agile Product Development 

Projects. That way, the survey allowed for an organised examination of top managers’ 

perception of their new Agile organisation. The reason why organisations change is because 

they are under constant pressure to innovate and develop new, better products (Bernardes 

and Hanna, 2009; Porter, 1998; Goodstein and Burke, 1991). Therefore, in the first section 

of the survey, the respondents were asked to provide some general information on their 

role and involvement in product development, their position in the organisational structure, 

years of work experience, their understanding of the Agile concept and the reason why their 

organisation turned Agile.  
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The second section aimed to answer the following questions: what are the recognised 

benefits of implementing agile methodology in manufacturing, how agile deals with 

unpredicted changes, how agile manufacturing supports establishing a competitive 

advantage, and what are the benefits of agile supply chain and self-organised teams 

The third question refers to employment of self-organised teams, which makes Agile stand 

out from the other methodologies. Those highly qualified team members rely on trust and 

their experience (Boehm and Turner, 2005), however, the exposure of their weaknesses to 

the bigger audience may make them feel vulnerable (Conboy et al., 2011).  

The last section referred to product development in which the respondents shared their 

experience on planning and execution of Agile projects.  Thiry warns ‘many examples exist 

of perfect products that were a fiasco because of misperception of what the customer really 

wanted’ (1997, p.23). Therefore, it was necessary to ask the participants to share their 

observations on the role of customer’s feedback in product development. 

Findings 

It was noted that the respondents portray a diverse, cross-departmental intra-group 

network and 11 out of 13 are employed directly by the group. The recorded insights derive 

from product development, research and development (R&D), management, board of 

directors, sales, operations, logistics and finance. The work experience of the surveyed 

managers oscillates between 6 – 35 with an average of 23 years; however, 8 of them are 

directly involved in product development. When asked about their perception of the Agile 

Concept, more than half of the respondents associate it with efficiency, the others refer to 

flexibility and market orientation. The participants also link agility with communication, 

responsiveness, empowerment, transformation and adaptability. Some of the respondents 

understand the concept as a methodology that aims for collaboration, group-structural 

awareness and learning, whereas the minority see a connection with Software 

Development. The third question asked the participants to advise on the reason why it was 

decided to undertake the challenge of becoming an Agile organisation.  Most of them 

believe Agile can improve their organisational efficacy and result in substantial growth; 

whereas less than half hope to see an increased responsiveness rate and less stagnant sales. 

The least responses claim that Agile will assist their organisation with generating some new 

innovative ideas whilst collaborating with the others will help gaining a superiority over the 

competition. A very weak trend in the respondents’ data considers Agile Management as a 

breaking point in the decision-making process that can reduce a fiasco of new product 

launches by enhanced interconnectivity. It was also pointed out that Agile was the best fit 

rather than a deliberate choice. Finally, the last question aimed to identify direct and indirect 

impacts on people who became part of the new Agile organisation. More than half of the 

responses agreed that the organisational restructure introduced some new roles and 

responsibilities that resulted in enhanced communication and interconnectivity. The staff 

are more determined and ready to take on new opportunities; however, it is worth 

mentioning here that the new reporting system, more motivated employees, increased 

team velocity and the improved decision making process can cause frustration. It was noted 

that increased uncertainty leads to resistance and demotivation, which derive from the 

unclear messages of the Agile Concept. The frustration intensifies due to lost sovereignty 
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which requires more managerial attention in the early stages of the forming process. 

Participants also acknowledged a need for more flexibility as the transformation process 

gradually delivers promised benefits.  

 

GENERAL 

What do you understand 
by the Agile Concept? 

Agile Concept is associated with: 

 → Efficiency 
 → Flexibility 
 → Market orientation 
 → Communication 
 → Responsiveness 
 → Empowerment 

 → Transformation 
 → Adaptability 
 → Collaboration 
 → Group-awareness 
 → Learning 
 → Software development 

What was the reason 
why this management 
methodology was 
implemented in your 
group organisation? 

The main reason was to: 

 → Improve org. efficacy (in general) 
 → Increase responsiveness 
 → Increase org. growth 
 → Have less stagnant sales 
 → Generate more innovative ideas 
 → Gain superiority over competition 
 → To improve decision making process 
 → Reduce new product failure 

What are the direct and 
indirect impacts on 
people in your 
organisation? 

Agile has impact on: 

 → Roles and responsibilities 
 → communication 
 → Interconnectivity 
 → Staff motivation 
 → Team velocity 
 → Decision making process 

 → Level of frustration 
 → Uncertainty 
 → Resistance 
 → Demotivation 
 → Clarity of Agile message 
 → Sovereignty 

Table 1. Summary of the findings – the General section. 

The next section of the survey opens a series of questions on Agile Manufacturing. The 

respondents were asked to describe what are the recognised benefits of the adoption of 

Agile methodologies in their organisation. The majority of them highlighted increased 

effectiveness evincing in better defined new product proposals, shorter delivery times, 

increased stock control and more accurate Go/Kill decisions due to enhanced product 

knowledge. In their opinion Agile Manufacturing allows for a more market-orientated 

product development that aligns the organisation’s strategy with customer needs through 

a more collaborative supply chain, which does not only offer high quality products at a 

competitive price, but also increases customer satisfaction by promoting product 

customisation. They also accentuated an increased level of motivation and engagement that 

create a more enjoyable atmosphere in the workplace. The employees’ skills become more 

transparent, which results in more efficient resource management. In the next question, the 

participants were asked to share their insights on how Agile Manufacturing deals with 

unpredicted changes that are caused by market turbulence. It was pointed out that an Agile 

organisation itself and its ability to adapt can effectively handle the uncertainty coming from 

the market. Some responses suggest Agile sees those changes as opportunities, which can 

be converted into a customised product faster than ever due to the organisation’s capability 

of interpreting the voice of customers more effectively. When the respondents were asked 

how Agile Manufacturing supports their organisation by establishing a competitive 
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advantage for differentiation in the market, they referred to agility as an organisational 

strategy that aligns their product development processes with customer needs. They stated 

that a quicker reaction gives an opportunity to notice the misinterpreted product 

specifications sooner and kill those projects faster. A constant exploration of the market 

expectations and enhanced collaboration amongst departments not only improves the 

information flow, but also results in cost reductions and faster delivery of new products to 

the market. In the conducted questionnaire, the participants were also asked to point out 

any potential benefits that may be an effect of Agile Supply Chain. According to some of 

them, bringing agility to their relationship with suppliers by identifying synergies across the 

group made their negotiations more powerful. It is not a surprise then that an integrated 

supply chain can lead to significant savings, and fight a supplier’s monopoly like it did in this 

case. Finally, the last question on Agile Manufacturing aimed to explore their perception of 

self-organised teams. The examined group of managers claimed that Agile teams facilitate 

decision-making processes, increase team velocity, create a sense of ownership and 

empower team members. In their opinion, to make it all work, the individuals must change 

their mindset and introduce trust even though some ‘free riders’ happen. It was also pointed 

out that those self-organised teams are not always collocated. They use a communication 

platform, that allows them not only to exchange conversation or dispose files, but to break 

the distance barriers and share their experience across the whole group. The other 

responses also highlighted 1) the need for more involvement from the senior management 

in the team shaping process; 2) Agile teams are good for IT projects; and 3) too early to say.  

AGILE MANAGEMENT IN MANUFACTURING 

In your opinion, what are 
the recognised benefits 
of adoption of the Agile 

methodologies in a 
manufacturing 
organisation? 

Agile benefits: 

 → Increased effectiveness 
 → New product concepts 
 → Shorter lead-times 
 → Improved stock control 
 → More accurate Go/Kill decisions 
 → Enhanced product knowledge 
 → Market orientated prod. develop. 
 → More transparent employees' skills 

 → More efficient resource Mgt 
 → Collaborative supply chain 
 → High quality products 
 → Competitive prices 
 → Increased customer satisfaction 
 → Product customisation 
 → Increased motivation 
 → Employee engagement 
 → More enjoyable workplace 

How does Agile 
Manufacturing deal with 

unpredicted changes 
arising from market 

turbulence? 

Agile Manufacturing: 

 → Agile sees unexpected changes seen as opportunities 
 → Aligns customer organisational strategy with customer needs 
 → Agile Manufacturing is capable of product customisation 

Please describe how 
Agile Manufacturing 

supports your 
organisation with 

establishing a 
competitive advantage 

for differentiation in the 
global marketplace. 

The establishment of the organisation's competitive advantage is supported 
by: 

 → Providing new product strategy 
 → Aligning organisation strategy with market requirements 
 → Reacting quickly to product misconceptions 
 → Exploring the market 
 → Reducing general costs 
 → Improving information flows 
 → Improving delivery times of new products to the market 
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What do you personally 

see as the benefit of 
Agile Supply Chains? 

The benefits of Agile Supply Chain: 

 → Identified manufacturing synergies across the group 
 → Powerful negotiations 
 → Savings 
 → Agile fights suppliers' monopoly 

Please describe your 
perception of employing 
self-organised teams in 

your 
organisation. 

Agile self-organised teams: 

 → Facilitate decision making process 
 → Increase team velocity 
 → Create sense of ownership 
 → Empower team members 
 → Rely heavily on trust 
 → Break physical distance barriers between team members 
 → Share experience  
 → Require involvement from senior management 
 → Are good for IT teams 
 → Too early to say 

Table 2. Summary of the findings – the Agile Manufacturing section. 

The next series of questions concentrate on Agile Project Management. The intention was 

to establish the application of Agile methods in terms of planning, execution of projects, 

impact on time, cost and quality, and project prioritisation. One of the main challenges was 

to determine what methods are used when developing a new product, the role of customer 

feedback in the project life cycle and whether Agile can increase the project success rate. It 

can be deduced from the provided answers, that Agile gives a project manager an 

opportunity to learn and deliver new products faster through continuous iterations. It gets 

things done as the project goals have become clearer. The participants also highlighted more 

interactive project management and increased resource capacity. In their opinion, 

monitoring product development projects has become easier than before. When asked to 

share their experience with Agile and its impact on the Iron Triangle, the majority confirmed 

reduced time and cost resulted with higher quality products. Moreover, in their opinion the 

waste reduction in the project environment depends on the project manager’s skills as well 

as the organisational culture. It was also stressed that too much agility can cause chaos; 

hence a more controlled management is desired. Their perception of risk reduction in Agile 

Project Management is best described in their new product development gateway model. It 

prevents the organisation from releasing unwanted products, and kills non-value added 

projects faster. They believe that this system is equipped with a systematic approach that 

allows for early risk identification. Due to enhanced communication and exchanged 

experience, less mistakes are noticed which leads to better defined projects. The 

respondents also expressed that Agile supports thinking outside the box which is crucial 

when assessing project risks. Considering Agile’s ability to prioritise projects, the surveyed 

organisation aligns its strategy with customer requirements supported by Return on 

Investment and risk assessment analysis. The prioritisation process is facilitated with input 

from senior management who set out project priorities and Toyota Production System that 

assists waste elimination. The respondents believe that their multidimensional approach to 

projects aids the reassessment of the organisation’s product development capabilities. They 

also claim that since Agile was first introduced, some projects have been put on hold, some 

have been eliminated and some resulted in the faster delivery of new products to the 

market. The better visibility of the project portfolio allows them to shorten the list and 

concentrate on the value-added projects only. Nevertheless, some of the responses negate 
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Agile’s ability to prioritise projects. Too much agility may have a negative effect on the 

organisation’s performance, thus projects should be executed in a more controlled 

environment. However, an increased level of control is noticed in design, where the work 

done is subject to validation. Respondents also indicated the incremental delivery of 

tangible results which accelerates the design process in general. Agile development 

supports their projects with knowledge exchange and waste reduction which can be 

explained as an outcome of the enhanced project monitoring. On the other hand, 1/3 of the 

submitted responses acknowledged the initial stages of Agile and some of them admitted 

difficulty with applying Agile methods in design. The participants stated that basic Agile tools 

are management tools and are good for the start. In their opinion, the organisational 

effectiveness can be improved only if those tools are applied correctly. Notwithstanding that 

Agile methods can be used in manufacturing, many respondents said that product 

development project should use other tools in parallel. It was also pointed out that Agile 

represents a more sophisticated set of tools, but it does not differ from Lean in any way. 

With regards to the customer’s role in Agile Product Development, the case study indicates 

different forms of feedback is provided. The most popular one referred to a verbal interview 

that would include a prototype demonstration or/and questions about experience with 

competitors’ products. The respondents were also asked to specify the project stage at 

which the customer feedback was provided. A strong theme that emerged amongst 

participants was project design. At that point, the early recognition of product flaws initiated 

the process, in which the organisation (with high density) reassessed its product 

development capabilities that resulted in positive effects on customers and led to 

precipitated product launches and cost reductions. The final questions aimed to establish 

how Agile Product Development improves the project success rate. Many respondents said 

that it is too early prejudge the project success rate. Although it can be assumed that once 

the ROI is measured, some improvements will be noticed. 

AGILE PRODUCT DEVELOPMENT PROJECTS 

Based on your observation 
please describe how Agile 
methods assist a project 

manager with planning and 
execution of projects. 

Agile methods: 

 → Create an opportunity to learn 
 → Accelerate product delivery to the market due to continuous iterations 
 → Get things done 
 → Clarify project goals 
 → Make project management more interactive 
 → Increase resource capacity by eliminating waste 
 → Give better visibility (project monitoring) 

What do you think is the 
impact of Agile practices on 

the Iron Triangle? 

Impact on the Iron Triangle: 

 → Waste elimination leads to cost and time reductions, as well as high quality 
products 
 → Depends on the project manager's skills 
 → Depends on the organisation's structure 
 → Too much agility creates chaos 
 → More control is required 

Please describe how Agile 
helps reducing risk in product 

development projects. 

The NPD gateway model: 

 → Prevents from creating unwanted products 
 → Kills non-value products 
 → Systematic approach supports early risk identification 
 → Improved communication and experience exchange lead to better defined 
projects 
 → Supports thinking outside the box (lateral thinking) 
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Does Agile Project 
Management improve 

prioritisation of product 
development 

projects in your experience? 

The prioritisation process is based on: 

 → customer requirements 
 → ROI   
 → Risk assessment 
 → Senior management sets the project priority 
 → Organisation's ability to reassess its product development capabilities 
 → Go/Kill and freeze decisions 
 → Value-added projects only 

Agile project prioritisation: 

 → Gives more visibility 
 → Creates shorter lists of projects 
 → Has no ability to prioritise projects 
 → Requires more control  

How does the Agile approach 
in your experience assist the 

design and development 
process? 

Agile in design and development: 

 → Enhanced control in design through the validation process 
 → Incremental design accelerates product development processes 
 → Knowledge exchange 
 → Agile is difficult to apply in design 
 → Too early to say 

Are Agile tools sufficient for 
effective 

management of new product 
development projects? 

Agile tools: 

 → Are management tools 
 → Good for the start 
 → Work well if applied correctly 
 → Should be used with other tools in parallel 
 → Are the same as Lean, but more sophisticated 

When developing a new 
product, what form does 

customer feedback take in 
your 

experience? 

Customer feedback form: 

 → Verbal interview 
 → Prototype demonstration 
 → Questioning (to discover the customer's experience with competitors' 
products) 

What benefits have resulted 
from customer feedback on 

your projects? 

Customer feedback - recognised benefits: 

 → Early recognition of product flaws 
 → Reassessment of the organisation's product management capabilities 
 → Faster new product launches 
 → Reduced development costs  

Based on your experience, 
how Agile Product 

Development improves the 
project 

success rate? 

Presumably, the project success rate can be improved, but… 

 → ROI will decide 
 → Too early to say 

Table 3. Summary of the findings – the Agile Product Development Projects section. 

 

DISCUSSION 

Tidd et al. say new product introduction is no longer enough; there is a need to do things 

faster than competitors (2005). Traditional manufacturing slows down innovation processes 

(Denning, 2012) and a more effective way of dealing with unpredicted changes seems crucial 

(Youssef et al., 2004). Based on the provided responses, the organisation went through a 

radical transformation not just to improve their overall performance, but to gain superiority 

over competition. Stagnant sales and new product failures could be the indicators of 

misread market requirements; nevertheless, it was mentioned that the organisation’s 

growth (due to some new acquisitions) could be the reason why the organisation decided 

to change. The step forward was then to find a management methodology that would allow 
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the organisation to generate some innovative ideas, increase their responsiveness rate and 

to more precisely interpret customer needs. They were also looking to improve their 

decision-making process as a substantial number of direct reports made it even more 

difficult than before. The organisation chose the Agile concept as the best fit.  

The research study was conducted almost a year from the day the new management 

methodology was introduced. The survey found top management’s perception of Agile is 

associated mostly with efficiency, flexibility, market orientation, collaboration, 

responsiveness, communication and empowerment. The existing literature on the agile 

concept confirms those key attributes (Spundak, 2014; Thamhain, 2014, Highsmith et al., 

2001); however, some academics argue that the absence of internally consistent principles 

make Agile a management fashion rather than a methodology (Cram and Newell, 2016). It 

was also pointed out that Agile does not bring anything new to existing management 

practices (Stare, 2014). On the other hand, Highsmith and his co-workers contend that what 

really makes Agile special is high responsiveness and people seen as the primary drivers of 

the organisation’s success (2001). The respondents acknowledged the fact that an Agile 

organisation not only creates new roles and responsibilities, but also determines human 

behaviour. They noticed some significant improvements in the areas of communication, 

team work and decision making, but nonetheless some elements of frustration, de-

motivation and uncertainty were noted. The reason behind it may be a compromised or 

even lost sovereignty of individual business units. Due to a restructured and new horizontal 

organisational hierarchy, the reporting system requires adaptiveness and flexibility. It is not 

a surprise that some resistance to the change came to light. This may be the case as the 

Agile message is not yet as clear as it should be; however, Boehm and Turner argue that 

those symptoms are natural and always present when it comes to a structural 

transformation (2005). Goodstein and Burke believe that these kind of problems can be 

solved if organisations effectively manage social psychology at their workplace (1991).  

Considering Agile Management in manufacturing, the presented findings indicate a series of 

benefits that refer to organisational effectiveness. Among them are shorter lead-times, 

improved stock control, market-orientated product development, collaborative supply 

chain, product customisation and satisfied customers. In other words, ‘an agile company is 

one that integrates design, manufacture, marketing, and support for its products and 

services into customer-centred business processes adapted to sharply lower product 

development times and costs’ (Goldman, 1994, p.43). Bozdogan asserts that Agile borrows 

heavily from Lean and there is a common misconception that those two methodologies 

represent anything outstanding (2010). It could be argued though that Agile has ‘the ability 

of a producer of goods and services to thrive in the face of continuous change’ (DeVor et al., 

1997, p. 813) and supports manufacturers with some competitive capabilities that 

effectively deal with market uncertainty (Zhang and Sharifi, 2007). The surveyed 

organisation stated that those changes are opportunities to improve things. Similarly, the 

Agile Manifesto authors say that every change is an opportunity to become creative. In 

manufacturing that may become an issue. Frequent changes in product design are too 

expensive (Stare, 2014) and very often popular mass customisation might be difficult to 

achieve. On the other hand, the organisation managed to identify some synergies across the 
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whole group due to collaborative supply chains. The enhanced communication and 

interconnectivity resulted in powerful negotiations and overall savings. In their opinion, that 

might not be possible without Agile self-organised teams. They believe that the motivation 

level has been increased and employees are deeply engaged in the organisation’s strategy. 

This might serve social inclusion and influence human behaviour; however, constant 

interactions amongst employees make their skills or perhaps their absence more 

transparent to managers. Conboy et al. warn employers of self-organised teams to become 

more vigilant as people exposed to a bigger audience may experience discomfort or even 

hostility inside those groups (2011). The respondents seem to have a distinct experience in 

employing Agile teams. In their opinion, team velocity is increased and the decision-making 

process improved. Here, the trust is cohesive social force that creates a sense of ownership 

and empowers individual team members. This may put a question mark at the end of that 

sentence as in the real world, free riders happen. 

The new era of self-aware customers elevates product expectations. In consequence, 

manufacturers may struggle to quickly adapt new market requirements and to adjust their 

product development capabilities within a short-period of time. That is a fairly frequent 

occurrence, which creates an unnatural and artificial desire to be first in the market 

accompanied by a raising tendency towards unsuccessful new product launches. The 

reviewed Project Management literature argues that traditional New Product Development 

(NPD) lacks some flexibility and produces unnecessary waste; whereas Agile NPD is 

perceived as a management trend or fashion with no internally cohesive principles. 

Nonetheless, the results of the examined case study describe Agile as a credible instrument 

for NPD projects. It was pointed out that Agile methods assist organisations with planning 

and execution of their projects by creating an opportunity to learn from others. Continuous 

iterations throughout the project lifecycle led to numerous product revisions and 

improvements which may accelerate the product development process enormously. It was 

also mentioned that Agile methods simply get things done. A systematic approach, 

collaboration, shared experience, closer and more frequent communication tend to develop 

long-term work relationships; co-workers inside the group are no longer anonymous. In 

other words, NPD projects and people are more interactive than before. Also, increased 

visibility puts more control into leaders’ hands. A simplistic overview of what progresses well 

and what requires managerial attention is now well communicated. It also creates an 

opportunity to plan more effectively due to increased availability of project resources. On 

the contrary, the traditional product development projects may be hermetically sealed 

between knowledge and experience within a single-unit organisation; hence, the learning 

process might be limited to cross-functional project teams at the most. Those organisations 

have the luxury of making decisions on their own, but the probability of new product failures 

raises with less interactions and control.  

Regarding the Agile methodology and its impact on the iron triangle, the previously 

described findings recognise a positive correlation that reduces project times and costs and 

delivers high quality products. It could be assumed that the organisation needs to develop 

some more effective manufacturing practices, as long-term relationships with suppliers 

seem to no longer be enough these days. It could therefore be argued that Agile Product 
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Development seeks collaboration in every project activity. For instance, powerful 

negotiations come through a virtual organisation that takes waste out of the supply chain 

and develops an organisation’s capability not only to collaborate with customers, but to 

make product customisation at the cost of production achievable.  Moreover, enhanced 

Information Technology enables organisations to manage unexpected change more 

effectively. Agile virtual organisations secure their competitive advantage by transforming 

the inevitable dose of uncertainty into innovative products. Goldman says, ‘an agile 

company is one that integrates design, manufacture, marketing, and support for its products 

and services into customer-centred business processes adapted to sharply lower product 

development times and costs’ (1994, p.43). However, the results from the examined case 

study indicate that reduced times and costs or high quality products depend on a project 

manager’s individual skills rather than the methodology itself. On the other hand, 

Benediktsson and Dalcher contend ‘Agile methods enable project manager to gain flexibility 

within predefined boundaries of overall time and cost’ (2005, p.254). Nevertheless, the 

respondents stated that the culture may influence the overall organisational strategy and 

consequently determine project success or failure. In their opinion, projects should be run 

in a more controlled environment as too much agility can cause chaos.  

Manufacturers fear unexpected changes that stem from market turbulence and which 

require a quick reaction to new demands. The work of Stevens and Burley indicates an 

increased rate of unsuccessful products that fail to meet customer expectations (2003). 

Poorly selected marketing strategies might be blamed for the new product failures as well 

as ‘blindly pursued technological excellence without regard to real market needs’ (Johnson 

et al., 2008, p.326). The conducted research refers to Agile’s ability to reduce risks in new 

product development projects. Respondents believe that Agile prevents their organisation 

from creating unwanted products and kills non-value added projects. In their opinion, 

systematic approach and enhanced communication stimulate lateral thinking which 

theoretically lead to better defined projects. That could be the case if marketing, product 

management and R&D developed a true relationship based on mutual trust and respect. 

Agile can reduce risks only if people inside the organisation are capable of cooperating and 

working as a team. Although the new product development often includes elements of 

innovation, Agile proposes a more controversial approach towards the project scope 

definition. The new product specification is vague at the beginning, but becomes clearer as 

soon as the pre-development customer feedback is available. Also, continuous iteration 

cycles may allow a project manager to recognise project risks earlier than any other 

methodologies can.  

In the context of project prioritisation, the results of the conducted survey suggest that 

when developing new products some key factors must be deeply considered before projects 

are authorised. Amongst those factors were: customer requirements, ROI, risk assessment 

and organisation’s product development capabilities. Also, the project priority was set by 

senior management who ensured only value-added projects landed on that final list. As the 

project was progressing, Go/Kill/Freeze decisions decided if the new product was still viable 

for the market. The managers noticed that the project pipeline was much smaller and had a 

better visibility of what went well and what required extra attention. On the contrary, some 
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of them argued that Agile has no ability to prioritise projects and the provided level of 

control may be insufficient. Up to this point, it could be argued that the described way of 

project prioritisation is not much different from the traditional method. Nevertheless, this 

classical approach has evolved from projectification4 to programmification5 (Maylor et al., 

2006). The Project Management literature argues that today’s projects are primarily 

measured against the iron triangle, but the actual project performance goes beyond that. 

Lumsden & Heathcote reason that ‘structuring projects into programmes of work may 

provide the company a greater benefit than a project delivered individually’ (n.d., p.3). Lycett 

et al. contend that ‘programme management6 provides a means to bridge the gap between 

project delivery and organisational strategy’ (2004, p.289). In other words, a stand-alone 

project may be successfully delivered on time, to budget and to high quality, but the actual 

product and its benefits will never be used. Similarly, Agile has the ability to structure 

projects into programmes; however, the difference can be seen in the portfolio 

management7 process. The traditional method allows a project manager to escalate a 

recognised need for change at any stage of the project; whereas Agile does not advocate 

making any major changes to the existing product backlog as it may have a cascading effect 

on all depending projects. Having that in mind, it is now questionable if Agile improves the 

prioritisation of projects or provides flexibility in product design and development. 

The examined case study suggests that customer feedback is crucial in design. The early 

recognition of product flaws reduces development costs and improves times. Customer 

involvement in the early project stage allows organisations to explore the unknown and 

their product development capabilities if necessary. It could be argued that good tools are 

required to adequately read customer requirements. However, the reviewed literature 

recognises some difficulties in applying Agile methods in manufacturing. Cooper and his 

traditional stage-gate model is highly criticised for promoting rigidity and bureaucracy. 

Nevertheless, some academics contend that Agile would be more powerful if used with 

other successful methods. 

The presented arguments referred to the Agile concept and its impact on people in a 

manufacturing organisation. Some key Agile attributes such as effectiveness, 

responsiveness, self-organised teams, human factors and supply chains were discussed. 

Moreover, the pivotal debate on Agile Product Development projects considered the 

                                                           
4 Projectification – a management trend that can be summarised in the following sentence: “Nowadays, it is 
hard to imagine an organisation that is not engaged in some kind of project activity. Over the past decade, 
organisations have been turning from operations to project management as part of their competitive 
advantage” (Maylor et al., 2006, 663).  
5 Programmification – an extension of the projectification phenomenon that includes programme and 
portfolio management (Maylor et al., 2006). 
6 “Programme Management – defined as the integration and management of a group of related projects with 
the intent of achieving benefits that would not be realised if they were managed independently” (Lycett, 2004, 
p.289). 
7 “Portfolio management is the selection, prioritisation and control of an organisation’s projects and 
programmes in line with its strategic objectives and capacity to deliver. The goal is to balance change 
initiatives and business-as-usual while optimising return on investment” (APM, 2012, p.16). 
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following aspects: Agile methods, impact on the iron triangle, risk mitigation, project 

prioritisation, Agile design and development, customer feedback and project success rate.  

Inferences and Limitations 

The research is compromised in the way all case study work is by the interests of the 

respondents.  The findings are largely supportive of the Agile concept in the way that it is 

enacted in the case study.   The survey helps highlight what is important in that Agile 

concept, for the perceptions of what was working better in the organisation.  In summary 

these were: better communication across the organisation’s departments; and more 

consultation generally, and interaction and review with customers/the market; a closer and 

more flexible involvement of management in the governance decisions (go/kill/freeze 

decisions).  What might be most important is the change in the managers and employees 

who had largely adopted the Agile way (or more flexible way) of thinking. In the case study 

the Agile concept rather than Agile methodology might be the key factor.  This led to an 

adoption of some of the tools associated with Agile, but also reports that there was more 

‘open mindedness’ and a greater willingness to ‘think out of the box’, and review decisions.  

This might be also interpreted as more ‘suspension of judgement’; less ‘sunk-cost errors’ 

and less ‘availability errors’ as customers are consulted.  Arguably, if only the Agile concept 

is considered, then this is merely (but crucially) an acknowledgement that the reality of 

project development is not one of a rigid linear process as described by waterfall 

methodologies, nor one of the confusion that can be associated with Agile methods, but a 

reality where development is iterative and sometimes recursive.  That is to say, stepping 

back and reviewing progress, and reworking things, is crucial, perhaps for all projects, and 

just more noticeable in new product development projects.  
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Abstract 

This study builds on the ongoing discourse centred on enhancing building performance 
within the context of the natural environment. This is against the backdrop of the contextual 
nature of Life Cycle Costing, which poses difficulties in applying the evidence provided in 
different studies, to provide generalizable financial justification to clients, of the need to 
investing adequate funds at the front-end of project cycles. This study provides an 
interpretation of life cycle cost analysis, directly applicable to building construction in 
coastal areas located in tropical wet humid setting. The study highlights possible failure 
patterns, using Bonny, an archetypal coastal town which lies along the Nigerian Atlantic 
coast line, as the study area. A survey of fifty buildings based on physical observation, reveals 
problems of rain penetration, rising damp, metal work corrosion and biological attack on 
wood work. The fundamental environmental triggers and design optimisation technicalities, 
necessary to forestall the manifestations of failure are identified. Further to this, a 
comparative initial construction cost and life cycle cost analysis is computed for two 
alternative building schemes with identical floor plans for the construction of a 4-bedroom 
bungalow. Scheme A using sound construction and detailing to guard against future 
maintenance problems, and scheme B adopting the typical designs evident in the area. The 
result of the analysis shows that in the long run scheme A is financially more favourable than 
B, as the increased initial costs are entirely offset by reduced running cost. The outcome of 
the analysis provides sound financial justification for developers, reinforcing the argument 
that adequate financial provision should be made during budgeting, to cater for relevant 
preventive measures in the specification of material requirement, suitable to the wet humid 
conditions of the region.  
 
Keywords: Building Failure, Building Performance, Coastal Areas, Life Cycle Costs. 
 

INTRODUCTION 

Coastal areas in tropical regions are known for their wet climate, which will have significant 
construction cost implications for any form of building work (Abam, 2001). In coastal areas 
of Nigeria, the short season available for construction due to high rainfall and relative 
humidity throughout the year, transportation and access difficulties in unfavourable terrain, 
especially during the wet season, management of construction resources such as materials, 
labour and equipment to suit the peculiar terrain, are some of the factors to which increased 
construction cost have been attributed (Amadi, 2016). Per Amadi (2009), this increased 
costs are however, not only manifest at the construction phase, as developers must further 
undertake significant maintenance costs in coping with the wet-humid environment.  

Amadi (2016) describes how clients in these areas believe that building projects cost too 
much and where prone to failure. Building professionals in Nigeria have often being accused 
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of responding irresponsibly to the demands of their clients to cut building cost, at the 
expense of sound construction (Adejimim, 2005; Olusola and Akintoya, 2009). This is 
because the moisture ridden climatic conditions, makes the use of conventional building 
designs, and materials unsuitable, ultimately increasing the costs associated with 
maintaining these buildings several folds.  

As Olusola and Akintoya’s (2009) study shows, the use of deficient designs and substandard 
materials is the predominant cause of building failure in Nigeria. Designing environmentally 
adaptive buildings challenges the norm, requiring that construction stakeholders design and 
construct projects, with due consideration of the long-term impacts of climatic and geologic 
factors. It can however be argued that builders do not share the burden for running costs, 
hence the lack of motivation to consider long term costs.   

To alter this dynamic within the Nigerian housing industry will logically entail a trajectory of 
change from various angles targeted at overcoming resistances. As Abidin et al. (2013) 
opined, resistance to change could be technological, human related, financial or due to 
resource limitations, and that overcoming such resistance should be targeted various levels: 
industry as well as individual. At the individual level, client awareness is critical to address 
financial resistance at the front-end of the project cycle. The study seeks to provide financial 
justification at the individual level, to enable informed decision making by clients, necessary 
to promote transition from conventional to environmentally responsive design choices. This 
study is thus undertaken to demonstrate the long run cost savings accruable from taking 
adequate protective measures in the adverse environmental conditions of coastal areas.  

LITERATURE REVIEW 

A building modifies the natural environment to approach optimum conditions of liveability, 
by filtering, absorbing or repelling environmental elements (Giovani, 1998). However, the 
longevity and quantitative effect of the building envelope in moderating environmental 
elements, and retaining its functionality, depends on the appropriateness of the materials 
used in the fabric of the building, which in effect determines its durability (Assaf, 1996). The 
British Standards and Code of Practice (2009: 7) defines durability as “The quality of 
maintaining satisfactory appearance and performance of required functions”. The code 
measures these parameters in terms of minimum number of years of satisfactory life. The 
Building Research Establishment (BRE) (2016: 34) on the other hand defined durability as “A 
measure, in an inverse sense of the rate of deterioration of a material or component”. To 
continue to satisfactorily achieve its function over its life span with minimal deterioration, 
and to present a good appearance to the public, underscores the need for adequate 
selection and use of materials for various components of a building structure, at the front 
end of its development cycle.  

Deterioration of building components is caused by a whole range of factors including 
weathering, wear and tear, the passage of time, which are natural causes that can hardly be 
avoided, but can be managed through regularly planned preventive and corrective 
maintenance work (Chew et al., 2004). However, there are manmade origins of maintenance 
problems, which often lead to premature building failure.  
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Figure 1: Bath Tub Curve Showing Typical Failure Profile Relative to Time. (Shaomin et al., 
2006) 

As depicted by the ‘bathtub’ curve of failure against time (Figure 1), these are the primary 
causes of high infant mortality during the early life, which leads to a random failure period 
in the useful life of the component, mostly characterised by unpredictable occurrences, 
before the onset of the period of wear and tear, which increasingly builds up, resulting in 
shortened building life-span (Shaomin et al., 2006). Typically, manmade origins of building 
failure include incorrect specification, inferior design, poor detailing, unsatisfactory 
appraisal of new materials and techniques prior to use in buildings (Stephen, 2002; Chew et 
al., 2004). As the literature evidences, design, specification and workmanship deficiencies 
constitute the highest factors accounting for premature building failure. Typically, the 
Building Research Establishment (2000) revealed that out of 5000 defective buildings 
investigated, faulty materials and components accounted for 22%, while faulty 
design/workmanship accounted for 67%.   

The delivery of buildings to high quality and workmanship, necessary to forestall speedy 
deterioration of building components is, however, bound within projected budget 
estimates, as the cost of maintenance, constitutes a significant portion of its’ life cycle cost 
(BRE, 1981; Olusola and Akintoya, 2009). As such, the total cost of ownership of an asset, is 
every so often, considerably greater than the initial projected capital outlay, and will be 
largely influenced by the quality of design, specification and workmanship. Yet the literature 
evidence indicates, Initial capital cost is habitually used as the only financial consideration 
in the procurement of buildings (Higham et al., 2015). As Loh et al., (2009:21) asserts: “…Lack 
of attention at the early design phase …has led to an unsustainable built environment. Choice 
of building materials at the early stage of the design process, obviously has a direct bearing 
on cost performance...”   

At the forefront of the current global discourse, is placing improved building performance 
as a vital part of budget assessment. Life Cycle Cost (LCC) analysis shows long term financial 
commitments implied by investment decisions in buildings with consideration for the time 
value of money (Agajelu et al., 2013). Raymond and Sterner (2000) however argue that the 
deployment of LCC prior to decision making at the early phase of designs is limited, as clients 
are often unaware of its benefit. Several authors have thus espoused the need for a radical 
shift in the level of consciousness of clients, to embrace the justifiable benefits of improved 
building performance over its life span (Flanagan et al., 1989, Loh et al., 2009; Higham and 
Thomson, 2015). Other scholars have however argued that there may a strong awareness 
of the benefits of LCC at a theoretical level, but often it is highly individual in interpretation, 
promoting inconsistencies in practical application (Flanagan et al, 1989; Higham and 
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Thomson, 2015). With Flanagan et al. (1989) asserting the transition from understanding 
the theory of life cycle costing to practice is often fraught with inconsistencies.  
 
This is despite the literature which is rife with studies analyzing and evaluating different 
technical aspects of building performance relative to cost, using Life cycle costing 
techniques. Typically, Evans et al. (1998) used LCC to evaluate initial capital costs; 
maintenance and building operating costs; and business operating costs for office building 
services systems. The results showed that maintenance and operating costs can be five 
times the capital costs; whilst business operating costs can be two hundred times the capital 
costs over the life of the building. Whilst Levander et al. (2014) analysed cost uncertainties 
associated with the use of timber residential construction in Sweden. The LCC analysis 
addressed the economic, technical, functional, cultural and human factors associated with 
timber housing. 
 
Despite the robust literature advancing the use of LCC analysis, as a primary tool for quality 
management in buildings, the results of life cycle costing analysis remain contextual to the 
specific locations. This is because LCC analysis are often computed using data from local data 
bases which are limited to providing contextual information. (Emblemsvåg, 2003; Kishk et 
al., 2003).  Projects, variables or aspects of a facility being analysed also differ. Typically, LCC 
techniques have applications in: reliability studies for mechanical components of building 
systems (Frangopol et al., 1997; Evans et al., 1998); In bioclimatic analysis of energy 
efficiency and sustainability studies (Scheuer et al., 2003; Kneife, 2010; Higham and 
Thomson, 2015); in comparative techno-economic analysis of alternative materials and 
designs (Levander et al., 2014). As such, initial capital outlay can differ significantly between 
alternative building schemes, depending on the level of emphasis placed optimizing specific 
variables of interest, at the front -end of the project development cycle.  
 
Furthermore, inconsistencies in building life expectancy/design life assumptions used in LCC 
analysis are also evident in the literature. Typically, in the UK, the BS 7543 (1992) 
recommends a 60-year life span for residential accommodation, while the London Housing 
Design Guide (2010) does not specify any. Whereas the National House Building Council 
(2013) carried out a sustainability analysis of embodied carbon in houses, using a 60-year as 
well as a120-year design life. Whereas, several studies carried in Sweden adopt a 50-year 
design life (Table 1). These numerous inconsistencies pose difficulties in applying the 
evidence provided in different studies, to provide generalizable financial justification to 
clients, of the need to investing relatively more funds at the front-end of project cycles. This 
may thus account for the gap between theory and application of LCC in practise. 
 
Table 1: LCC Studies on dwellings showing Percentage Maintenance Cost 

Study Type Location D/rate Design 
Life 

% of LCC 

Johansson and Oberg 
(2001) 

4 multi-family dwellings Sweden 2.5% 50 Years 13-20 

Bejrum et al. (1986) 21 residential buildings Sweden 4% 50 Years 10 

Sterner (2002) 3 environmentally designed 
buildings 

Sweden 4% 50 Years 2 

Islam et al. (2015) 1 case study house Australia 6% 60 years 25.9 
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The nomenclature of the literature carrying out LCC analysis on dwellings, also reveals that 
several studies do not provide detailed breakdown of maintenance requirements, primarily 
focusing on operational costs, typically energy, cleaning and servicing costs (Sterner, 2002; 
Johansson and Oberg, 2001). Sterner (2002) attributes this to the relatively time consuming 
nature of calculating maintenance costs. The only study which provided a detailed analysis 
of maintenance requirements, however did not include the costs of decorations. Yet in most 
coastal regions of Nigeria, maintenance costs, typically those arising from decorations are 
reported to be high and often a deterrent to building owners in carrying out required 
restorative works regularly (Adejimi, 2005; Ayedun et al., 2011). Adejimi (2005) reports that 
the frequent costs required for maintenance of building functionality as well as appearance 
are so enormous that their cumulative sum throughout the expected life span of the building 
often equates the cost of replacing the entire building. This has resulted in increased level 
of building failure, as the maintenance backlog increases disproportionately, and buildings 
which could have been preserved have to be prematurely replaced (Okpara, 2007; Olusola 
and Akintoya, 2009).  

The extant literature thus evidences a gap with respect to LCC analysis specific to 
maintenance cost analysis as it applies to the suitability of materials used in the construction 
of dwellings in coastal areas. Against this backdrop, this study seeks to provide an 
interpretation of lifecycle cost analysis, directly applicable to building construction in the 
tropical wet humid setting of coastal areas.  

 
Conceptual Framework 
Climatic and environmental conditions have an important influence on the design of 
buildings. Materials chosen for component parts of buildings must not only be suitable in 
terms of their modification of environmental conditions, but must also be durable (BRE, 
2001). The common building materials used are affected by climatic and general 
environmental conditions such as high relative humidity and rains, high water table, poor 
subsoil conditions, salinity, and high winds, reducing the durability and performance of the 
building components. Considerations of environmental variables will in turn influence the 
choice of materials and mode of construction adapted. This implies that varying cost profiles 
for similar building components will be necessitated by different environmental conditions. 
As illustrated in Figure 2, LCC computations will in effect reflect the additional running cost 
due to maintenance requirements, as well as the replacement cost of components, whose 
deterioration is hastened due to their incompatibility with the wet humid conditions of the 
area. 
 
 
 

 

 

 

 

 

Figure 2: Geo-Environmental LCC Considerations  
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The study analyses the cost impact of environmental conditions in terms of their underlying 
financial undertones for speeding up the deterioration of building components. The study 
demonstrates the long run cost savings accruable from taking adequate protective measures 
in the adverse environmental conditions of coastal areas in the humid tropics.  
 

The Study Area 

Bonny is a coastal island of about of about 650km², located along the Nigerian Atlantic 
coastline. It lies less than 5 meters above sea level, as shown in Figure 3 with several 
meandering streams and inland waterways.  
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Figure 3: Map of Rivers State, showing Bonny 

Because of this geomorphic setting, relative humidity is high over the entire region, with 
mean annual values of 85%. (Aisuebeogun, 1995). Monthly rainfall is almost predictable and 
follows a temporal sequence of increase towards the rainy months, with a peak of 3496mm 
in July. The mean length of the rainfall is 275 days, as there is no month without the 
incidence of rainfall. (Mac-Barango, 2006). Heavy rains increase ground water levels and 
subjects most sites in Bonny to an all year-round wetness. Salinity is a further feature of the 
ground water in Bonny, as its waters stretches into the Atlantic, which will directly/indirectly 
affect the nature of design for substructure works, and construction cost. High wind 
pressure is associated with the convectional rains and storms experienced in the area, 
coupled with high temperatures.  

Excessive rainfall occurring at very short intervals, together with high wind pressure, 
intensify the problem of rain penetration. High rainfall with dissolved chlorides and 
sulphates coupled with high moisture retaining atmosphere and high temperatures act 
together to cause corrosion of metal components of building super-structure (Amadi, 2009; 
Oluwale and Hamden, 2013). The Building Research Establishment (2000), cites 70% relative 
humidity as being enough for corrosion to occur. The BRE (2000) further states that for a 
given level of relative humidity, the rate of corrosion increases, with increase in 
temperature. Concrete placement in Rivers State, is also prone to sulphate attack from 
saline ground water which leads to the acceleration of setting of the concrete and risk of 
corrosion to embedded reinforcement.  The humid weather conditions in the region equally 
encourage biological attack, mainly insect and fungal attacks. (Olusola and Akintoya, 2009; 
Modeste and José, 2016).  Bonny with all the relevant climatic and geologic adversities 
provides the ideal environmental setting for speedy deterioration of poorly designed 
building components and incompatible materials. The tropical climate and wetland subsoil 
conditions of Bonny, will thus connote design and cost considerations necessary to forestall 
high infant mortality, which arise majorly due to water and moisture penetration. Typically, 
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this will necessitate specialised design configurations and material selection for 
superstructure and substructure elements. 
 
METHOD OF STUDY  
 
Bonny is purposively selected as the study area, due to its embodiment of the typical wet-
humid conditions of the tropics. Bonny has a population of 214,983, based on the 2006 
national census, but is currently experiencing a large influx of migrant population due to its 
strategic position, as the headquarters of the multi-billion-dollar project Nigeria Liquefied 
Natural Gas Limited (Nigeria LNG). The island also hosts various oil companies including 
Royal Dutch Shell, Mobil, Chevron, Agip, and Elf, emerging as one of Nigeria’s fastest growing 
urban centres. Urban housing in Bonny, which has remained the exclusive preserve of 
private developers, is thus in high demand. Due to the scarcity of suitable lands, marginal 
lands are increasingly being considered for the construction of residential accommodation. 
leading to large scale reclamation of wetlands by the private sector (Owei, 2004).  

Housing demographics in Bonny show that detached bungalows are the most common form 

of owner-occupied residential houses, constituting about 60% of privately owned homes 

(Owei, 2004). A total of 50 private owner-occupied houses (Bungalows) were randomly 

selected in Bonny for physical survey using direct observation of the manifestation of 

building failure, complemented by information provided by the occupants. The physical 

observation carried out, revealed problems of rain penetration, rising damp, metal work 

corrosion and biological attack on wood work, as typical. A review of the grey literature was 

also carried out, and shows that the use of poorly designed and substandard building 

materials, poorly workmanship and non-compliance with specifications/standards, primarily 

accounts for this trend.  The preventive design requirements necessary to forestall the 

manifestations of failure are also identified from the literature. Further to this, a 

comparative initial construction and life cycle cost analysis is computed for two alternative 

building schemes with identical floor plans for the construction of a 4-bedroom bungalow; 

designed to be sited in Bonny: Scheme A using sound construction and detailing to guard 

against future maintenance problems and the other Scheme B, adopting the minimal initial 

cost, typically evident in the area. The comparative life cycle cost analysis for alternative 

building designs is carried out using the following design and specification details:   

Scheme A 
Site half plot:                               324m2 (Pre-loaded with sharp sand-filling) 
Gross floor area:                         287 m2 (Lain on vibro-compacted high quality hardcore and laterite filling)  
Sub structure:                             Strip foundation (Super-sulphated cement, 2 layers bitumen DPC/DPM)                                              
Super-structure cladding:           Hollow Sandcrete (1:3) block walls, lain with (1:12) mortar mix 
Floor finishing:                            300mm x 300mm x 6mm vitrified ceramic floor tiles 
External Wall finishing:               150mm x 150mm x 6mm glazed ceramic wall tiles 
Internal Wall Finishing                3 coats high quality textured paint on walls. 
                                                   1 primer, 2 undercoats and 1 finishing coat on of high quality gloss paint to metal surfaces. 
Kitchen unit:                                Good quality well-seasoned hard wood 
Doors:                                         Hard wood panel doors with wrought hardwood frames 
Windows:                                    Aluminium sliding windows and frames 
Plumbing installations:                Copper piping; PVC-U drain pipes 
Ceiling finishing:                         Plaster of Paris ceiling  
Roof structure and covering:      300C slope with 1.2m overhang 
                                                   Long span aluminium roofing sheets 
      Structural steel roofing members  
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                                                   Aluminium Roof to wall flashing    
Fascia board:                             Aluminium fascia 
External works:                          Interlocking concrete floor pavement                                                       
 

Scheme B  
Site half plot:                             324m2 
Gross floor area:                       287m2 
Sub structure:                           Strip foundation (Ordinary Portland Cement) 
Super-structure cladding          Hollow Sandcrete (1:6) block walls, with 8mm (1:12) mortar mix 
Floor finishing:                          Screeded floor 12mm cement: sand (1:3) finishing 
External Wall finishing             12mm cement: sand (1:6) smooth rendering 
Internal Wall Finishing              2 coats low quality emulsion paint on walls. 
                                                 1 primer,1 finishing coat of low quality gloss paint to metal and untreated wooden surfaces 
Doors:                                       Wooden flush doors with wrought softwood frames 
Windows:                                  louver blade windows with wrought softwood frames 
Plumbing installations:              Galvanised piping; PVC-U Drain pipes 
Ceiling finishing:                       1200mm x 1200mm x 6mm asbestos ceiling boards 
Roof structure and covering:    100C slope with 600mm overhang 
                                                  Long span corrugated zinc roofing sheets 
     Structural timber roofing members 
Fascia:                                      Wooden fascia board 25m x 300mm    
External works:                         100mm concrete floor pavement 

 

The data used expected life cycle of the building components in the cost analysis were 
sourced from manufacturers, suppliers, and testing specialists in the area, as there are no 
established databases for maintenance cost information on the study area. The data 
sourced from manufacturers, suppliers, and testing specialists, are considered reliable as 
they have detailed knowledge of the performance and characteristics of material and 
components, as used in the wetland setting of the study area. As Flanagan and Jewell (2005) 
suggests, “the extensive knowledge and experience of specialist manufacturers and suppliers 
are a valuable source for life cycle information”. Capital costs were sourced from market 
surveys as well as from cost data maintained by the Nigerian Institute of Quantity Surveyors. 
Based on the failure trend observed during the survey of buildings, information sourced 
from the building occupants, local builders and subcontractors were used to estimate 
running costs for typical elements. As the buildings were owner-occupied, this established 
the reliability of the information provided by the users of the residential buildings in the 
study area. 

As the LCC computations are prepared to aid decision making at the front end of the building 
cycle, figures are reduced to present values to enable comparison. Both schemes are 
presented and analyzed in identical format based on data sourced in relation to: initial 
construction costs following a cost breakdown structure; subsequent annual and periodic 
running cost associated with material specification; and periodic replacement costs of 
components and services. Cost comparisons for both schemes are then summarised in terms 
of: Initial Acquisition Costs; Present Value(PV) of running costs; Life Cycle Costs(LCC), where 
LCC= Initial Acquisition Cost + PV of running costs; and the Annual Equivalent Value(AEV) of 
LCC. 
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Analysis and Results 
  
Table 1: Survey Results and Literature Findings 

Element Defect No of 
Houses 

Typical Failure Pattern 
Evidenced in the Field Work 

As Identified from the Literature 

Causative Factors  Preventive measures 

Cladding  
 
 

 
- Weakened mortar joints 
in block wall; 
 
- Deteriorated wall 
finishes; 
 
-Cracks along lines of 
reinforcement; 
 
-Damp and fungal growth 
on walls; 
 
-Efflorescence 

 
27(54%) 
 
 
41(82%) 
 
 
14(28%) 
 
 
32(64%) 
 
 
29(58%) 

 
 

 

Rain penetration due to; 
-Inadequate drying out 
of walls, before 
application of finishes; 
-Poor workmanship due 
to inadequate mortar 
mixes; 
 
 
Rising damp due to: 
-Absence of damp proof 
course/ membrane  
-Inadequate 
engineering of subsoils 
 

 
-Wide eaves projection; 
-Use of vertical tile hanging 
on the external elevations 
and walls 
-Use of open textured 
blocks; 
- Increased cement sand 
ratio in mortar and blocks. 
 
-Incorporation of DPM and 
DPC 
 

Roof and Roof 
Structure 
 

 
 
-Corrosion of roof 
covering and leakage; 
 
-Collapsed ceiling boards 
exposing-buckling and 
distortion of wooden 
trusses; 
 
-Bores on Timber Fascia; 
 
-Defective flashing; 
 
-Wind-blown roofs. 
 

 
 
36(72%) 
 
 
7(14%) 
 
 
 
 
39(78%) 
 
17(34%) 
 
9(18%) 

 

 
 

 
 

 
Rain penetration due to: 
-Inadequate lapping of 
roof covering  
-Inadequate eave 
projection 
-Flat roofs or roofs with 
low pitch. 
Predominance of zinc 
roof covering. 
-Defective flashing 
caused by poor design 
and workmanship 
 
Wind damage due to: 
Uplift pressure on roof 
covering and structure: 
Induced by strong 
winds associated with 
conventional rain 
storms  

 
 
- Adequate detailing of 
overlap; 
-Wide eave projection; 
-Traditional pitch roof 
inclined at 30o 

-Aluminium roof coverings 
or others such as tiles, 
slates; 
-Roof structure designed to 
resist lateral loads from 
high wind pressure (Steel 
trusses) 

Floors 
 
 
 
 
 
 
 
 
 

 
-Ground water seeping 
through floors 
 
-Rising Damp; 
 
-Cracked Floor 
 
 -Screed detachment  
 

 
11(22%) 
 
 
31(62&) 
 
27(54%) 
 
27 (54%) 

 

 
 

 

 
High hydrostatic 
pressure in foundation 
due to high water table 
 
 
 
 
Structural failure due to: 
-Differential settlement 
from:  
Inadequate compaction 
of underlying hardcore; 
-Poor re-engineering of 
expansive subsoil 
-Corrosion of 
embedded steel 
reinforcement. 
-Sulphate attack from 
dissolved salts in 
shallow groundwater; 
- insufficient time for 
curing of cement 
screeds. 

 
Pre-draining of foundation 
and installing pumps to 
lower high ground water 
table; 
Water proofing via use of 
DPM 
 
-Adequate compaction of 
hardcore filling, followed by 
high quality laterite to 
increase ground strength 
and stiffness. 
-Preloading of waterlogged 
expansive soils with free 
draining fill material such 
as sharp sand 
-Placement of steel at a 
distance greater than the 
maximum depth of 
penetration of acidic gases 
in well compacted concrete 
of extra thickness 
-Use of sulphate resistant/ 
aluminium cement to 
increase the acid 
resistance of concrete. 
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Frames, Door 
Windows and 
fittings 

 
 
 
-Buckling and distortion 
of wooden frames 
 
-Dry Rot and insect 
Bores in frames 
 
-Corrosion of metal 
fittings 
 
- leaking drains 

 
 
 
31 (62%) 
 
 
36 (72%) 
 
 
29 (58%) 
 
 
21(42%) 

 
 

 
 

 

 
 
Moisture penetration 
and retention due to: 
-Use of poorly 
seasoned wood.  
-Differential contraction 
and expansion 
movements due to 
variations in 
temperature and 
humidity of the 
surrounding air 
-Poor workmanship in 
detailing of jointing and 
fixing; 
-Predominance of the 
use of galvanised 
piping 

 
 
-Use of well-seasoned 
hardwood, pressure 
impregnated with 
preservatives; 
-Use of non-metallic 
substitutes in fittings 
-Selecting appropriate type 
of metal compatible metal 
combination in 
components; 
-Use of aluminium as 
coating on metal fittings;  -
Use of rust resistant 
pipping such as copper, 
brass and stainless steel.  
 

 

 
Comparative Cost Analysis 
 
Initial Construction Cost 
Table 2: Cost Break Down 

ELEMENTS Scheme A (N) Scheme B (N) 

Preliminaries 750,000.00 130,000.00 

Sub-structure 2,657,500.00 1,983,010.00 

Roof 2,263,070.00 580,700.00 

Cladding 389,800.00 294,800.00 

Floors 500,000.00 120,000.00 

Ceiling 750,000.00 110,000.00 

Windows 429,000.00 138,000.00 

Doors 268,150.00 118,160.00 

Plumbing   500,00.00 125,000.00 

Electrical  168,000 168,000.00 

Finishes 913,700.00 208,650.00 

External work 250,000.00 150,000.00 

Total 9, 339, 220.00 4, 126, 320 

 
 

Running Cost  
Scheme A 
Expected life span                                                   60 years (Based on BRE Environmental Profiles) 
Assumed interest rate                                             5% 
Annual repairs                                                         N23,000 
Annual decorations                                                 N5,000 
Total annual costs                                                   N28,000 
PV of N1 at 5%                                                    x  58.22843                  N1,630,396.00 
 
Painting (every 5 years)                                          N40,000 
PV of N1 at 5-year intervals at 5%                    x  3.317193                      N132,687.72 
 
Replacement roof covering (every 30 years)           N570,000      
Add additional dismantling and fixing cost               N38,000 
PV of N1 in 30 years at 5%                                   x  0.23137                  N140,672.96 
 
Replacement of services (every 30 years)               N112,500                
PV of N1 in 30 years at 5%                                   x  0.23137                   N28, 328.00 
PV of Total Running Cost for scheme A                                               N1,942,056.70   
 
Scheme B 
Expected life span                                                   60 years 
Assumed interest rate                                             5% 
Annual repairs                                                         N147,000 
Annual re-decorations                                               N16,000 
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Total annual costs                                                  N163,000 
PV of N1 at 5%                                                    x  58.22843                 N9,491,234.00 
 
Painting (every 2 years)                                         N61,000 
PV of N1 at 2 years intervals at 5%                    x  29.485171                N1,609,188.59 
 
Replacement roof covering (every 10 years)            N187,500 
Add additional dismantling and fixing cost                N13,400 
PV of N1 at 10 year intervals at 5%                   x   2.17194                      N562,949.33 
 
Replacement roof structure (every 20 years)          N266,700 
Add additional dismantling and fixing cost               N150,000                   
PV of N1 in 20 years at 5%                   0.37668 
PV of N1 in 40 years at 5%                   0.14204 
                                                                            x  0.51692                   N210.231 
 
Replacement of services (every 20 years)               N75,000                     
PV of N1 in 20 years at 5%                   0.37668 
PV of N1 in 40 years at 5%                   0.14204 
                                                                            x  0.51692                     N 38,769     
 
                                                                                                                                                                                            
PV of Total Running Cost for Scheme B                                            N11,912,401.96 
 
*Note: average replacement cycle of building components in coastal environment is considerably lesser than the BS 7543 (1992) standard. 
 
 

Life Cycle Cost Analysis 
Scheme A 
Cost of site (including preliminary engineering)                                        N2,500,000.00 
Professional fees                                                                                       N250,000.00 
Cost of building                                                                                          N9, 339, 220.00 
PV of total running cost (as calculated)                                                      N1,942,056.70   
PV of Life Cycle Costs                                                                              N14, 031,272.00    
 
ASF at 5% to replace N1 in 60 years                   .                                     .05735                                                                                                     
Annual equivalent Value of LCC over 60 years for scheme A                  N804, 693.44 
 
 
 
 
Scheme B 
Cost of site                                                                                                      N1,700,000.00 
Professional fees                                                                                                N150,000.00 
Cost of building                                                                                               N4, 126,320.00 
PV of running cost (as calculated)                                                                  N11,912,401.96 
PV of building acquisition and running cost (Total LCC)                                N17,888,721.96 
 
ASF to replace N1 in 60 years at 5%                                                                         .05735   
Annual Equivalent Value of Total LCC for scheme B                                            N1,025,918.00 

 
 
DISCUSSION OF FINDINGS 
 
The analysis results show differing running cost profiles for the various components of 
the alternative building schemes analysed. As Figure 4 shows annual running costs for 
scheme B are significantly higher, due to a lack of environmental consideration of the 
humid and saline water conditions in Bonny which directly affected maintenance cost. 
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Figure 4: Cost Profile of Running Costs for A and B 

This is attributable to lack of preliminary engineering of the ground prior to erection of 
the building, considering the highwater table prevalent in the study area, coupled with 
substructure detailing not incorporating DPM or DPCs to forestall rising damp. These 
factors actively trigger failure of the building fabric leading to increased annual running 
cost, as attested to by building occupants in the buildings surveyed. Further considering 
the saline conditions in Bonny, material specification in scheme B offers no protection 
against the aggressive corrosion effects of dissolved chlorides in the environment, which 
ultimately speed up the rate of deterioration of applied finishes and metal components. 
As the Building Research Establishment guide provides, in humid environments metals 
such as Zinc can only last three years before any significant rusting occurs, however in 
saline environments rust free periods may not exceed one year. Also, the use of 
softwood in the building fabric is a recipe for the speedy decay of wooden components 
as the survey results revealed, with an attendant higher maintenance requirement. 

Painting/decoration costs in Scheme A is considerably higher than in scheme B. This is 
due to the difference in the quality of painting finish applied, with Scheme A using 3 
coats of high quality textured acrylic latex paint as opposed to 2 coats of low quality 
Emulsion paint used in Scheme B. The extra coat along with the water repellent nature 
of the paint used for Scheme A, increases its life expectancy in the wet humid conditions 
of the study area. Furthermore, the annual re-decoration costs for Scheme A is lower by 
virtue of the use of ceramic tile finishing on exterior walls, which despite the 
considerably higher initial cost, will last the entire 60-year life span needing only periodic 
annual cleaning, compared to the speedily degradable emulsion paint used for scheme-
B, which will require more frequent touch-ups prior to the designated 2-year repainting 
period. This is because the heavy precipitation experienced in Bonny, often cause 
staining and discoloration of exterior walls, even before the onset of active paint failure. 
As best practice guidance advocates the life expectancy of painting will depend on 
variables such as the quality of the finish, type and texture, application conditions, and 
exposure (Bliss, 2005). The results thus indicate that the quality of finishing applied in 
coastal settings constitute a major cost consideration to ensure reduced running costs. 
This is relative to the study by Islam et al. (2015), which did not include costs of 
decorations in the LCC computations. 

Another major cost consideration shown from the LCC analysis is roof design and choice 
of material. Typically, corrugated zinc roof covering, which are common in Bonny, have 
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shorter life span. The angle of the roof is a strong determining factor of the rate water 
off from the roof surface, as higher pitch (300 with 1.2m overhang) for A compared to B 
(100 with 600mm overhang) means a faster runoff. A higher pitch however implies more 
materials would be needed for roofing and hence higher costs will be incurred. As the 
analysis shows, roof replacement cost (covering and structure) for scheme B is about 
600% the cost of Scheme A. The choice of aluminium roof covering of adequate pitch 
coupled with structural steel members, is a combination capable of withstanding 
moisture related issues in coastal areas. The design and specification of roofs in coastal 
settings evidently constitute a major decisive factor in their long-term viability. 

The significance of roofing is further corroborated by the survey results, which 
evidenced that leaking ceilings after heavy rains was a common problem (72%), which 
had triggered other secondary defects: corrosion followed by leakage, which eventually 
causes deterioration of the underlying structural roof timber members and ceiling 
boards.  The survey outcome further revealed the physical impact of moisture and 
salinity from water penetration, is evident across the building elements: Cladding (22%); 
and Fixtures (58%). Several corrosion related issues associated with metal and concrete 
work in Bonny were identified. Typically for concrete works, there was a noticeable 
presence of cracks along lines of reinforcement with rust staining, due to spalling of the 
concrete cover. Poor exclusion of groundwater in the buildings further accounts for:  
rising damp (64%) leading to fungal growth on walls and its associated health 
consequence; and issues of water seepage through floors evidenced in 22% of the 
houses. The building occupants explained that rising damp was a major issue that was 
faced, particularly during the rainy season, where in extreme situations warranted that 
the buildings be vacated, due to flooding.  Further evident is the high level of 
biological/insect infestation on wooden elements (Frames:72%, and Roof: 78%). These 
issues should therefore also constitute primary considerations in the design of buildings 
to be sited in humid tropical environments.  

The cost difference in the running cost of services, however is not as significant as the 
other cost elements. The use of copper pipping relative to galvanised steel, did not 
necessarily translate into significantly reduced running cost. Services therefore, may not 
constitute a critical cost consideration in coastal settings. 
 
Due consideration of adequate design parameters suitable to coastal environments 
outlined in Table 1, will imply will translate into extra cost, following the cost breakdown 
shown in Figure 5, Typically, as revealed from the comparative cost analysis, this will 
imply a 126% increment in initial capital funds required for construction. 
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Figure 5: Summary of Cost Profiles 

As Figure 5 also shows, scheme B, despite lower initial building costs, had considerably 
higher total running cost compared to scheme A, which has a minimal total running cost. 
Further sensitivity analysis is carried to explore the robustness of this outcome (Figure 6). 

 

Figure 6: Sensitivity Analysis of LCC costs for A and B relative to Discount Rate 

The outcome of the sensitivity analysis shows that the cost difference between Scheme A 
and B is still evident, despite varying discount rates. It is also apparent that the LCC values 
for scheme B are more sensitive to changes in discount rate, as it increases with reduced 
discount rate. This is due to the comparatively high recurring future costs of B, relative to 
A. Scheme A on the other hand, displays relatively stable LCC costs irrespective of changes 
in discount rate. It can thus be inferred that, in the long run scheme A is financially more 
viable than B as the increased initial costs are entirely offset by reduced running cost, 
evidencing a reduction in its Life Cycle Costs. However, the validity of this inference is 
limited, as it can be discerned from the cost profile that a breakeven point between both 
schemes is attainable with increasing discount rates. 

CONCLUSION  

This study has provided contextual interpretation of Life Cycle Analysis specific to a coastal 
setting located in humid tropical conditions. It has analysed environmental conditions as it 
affects initial construction costs, in determining the performance and life cycle costs of 
buildings in the coastal setting of Rivers State. This is against the backdrop of current 
practises, whereby requisite preventive and protective measures necessary to combat the 
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speedy deterioration of the building fabric, are overlooked, in the bid to minimize initial 
capital costs. The life cycle cost analysis has however shown that this is at the expense of 
future running cost. The outcome of the life cycle costing analysis has revealed that 
although environmental design considerations associated with the wet humid conditions 
increases the short-run cost of specification requirement, it is completely off-set in the long 
run by savings in life cycle costs. The outcome of the analysis thus demonstrates the long 
run cost savings accruable via adequate designs and specification detailing in catering for 
environmental factors in the construction of dwelling.  
 
It is however recognised that varying levels of certainty are associated with cost items used 
as inputs in the analysis. Typically, initial costs used in the analysis were based on current 
prices are thus considered the most certain cost items in the life cycle cost analysis. 
Replacement/repair costs are futuristic are thus relatively more uncertain. Service life 
expectancies as used to compute replacement costs are based on the experience of 
building surveyors in the study area, which is considerably lower than the BMI life 
expectancy of building components. Also, the analysis does not factor in random failure 
and other unpredictable risk events such as inflation which may impact on the analysis 
output. There is thus scope for further risk/sensitivity analysis of the LCC results using 
varying rates of inflation or other input variables, to explore the ranges in true monetary 
value of the costs imputed in the LCC, as well the likely variations in relative costs ratios.  

The study has added to the growing body of analytical discourse advocating improved 
building performance via, the use of life cycle costing technique. The study thus represents 
an additional step necessary to minimise the gap between theory and practice of Life Cycle 
Costing. This is considering the contextually limited nature of LCC outcomes, which as the 
literature evidences, vary with respect to building location, typology, climate as well as with 
respect to specific input variable analysed. 
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Abstract  

In Wales, registered social landlords (RSLs) are key to the Welsh Government's agenda for 
the sustainable regeneration of communities, including meeting the Wellbeing of Future 
Generations (Wales) Act (2015). This paper sets out the first author’s Professional Doctorate 
in Sustainable Built Environment (D.SBE) project, undertaken at his employer: Coastal 
Housing Group (CHG), Swansea. CHG manages over 5000 residential properties and 
develops 120+ dwellings annually for rent/low-cost sale, and urban located commercial 
units. In addition, CHG also contributes to community development and regeneration 
through targeted recruitment and training placements in its procurement. Since the 
uncertain political and economic climate in the UK could continue for the foreseeable future 
with BREXIT negotiations and political cycles in the UK and throughout Europe, there is 
pressure for RSLs to deliver greater services to ensure that sustainable development is a 
priority, ensuring communities are able to weather the coming years’ unpredictability.  

The D.SBE project is investigating and evaluating the barriers to change within CHG to 

establish initiatives for social responsibility, such as community energy generation and 

storage schemes. The research methodology includes a systematic literature review to 

identify the ‘gap in practice’ and the challenges facing organisations, such as RSLs wishing 

to engage with community energy. The findings will be used to develop a community energy 

strategy for CHG and action research will be adopted to pilot and test within the organisation 

and with stakeholders; and to apply to case studies of new and existing communities. Part 

of the evaluation will include embedding of new learning and ways of working to enable 

CHG to become more flexible and adaptable in the future, and thrive in order to continue 

serving its communities in the years to come.  

This paper will be of interest to those involved in the affordable housing sector moving 

towards more resilient sustainable communities, and becoming more autonomous in their 

operation. The outcomes could be transferable to other UK RSLs.  
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INTRODUCTION 

This paper gives the background to the first author's research in pursuit of a professional 

doctorate in Sustainable Built Environment (D.SBE), which was commenced in April 2017, so 

is still in its infancy at time of writing and in the process of being shaped. The D.SBE is a 

research project investigating organisational change and in particular how a Welsh housing 

association (Coastal Housing Group, hereafter CHG) could pursue its ambitions of 

community regeneration with a specific focus on community energy projects. The research 

project looks at the formulation and implementation of a community energy strategy, but is 

at its heart an investigation into innovation in the housing association sector in Wales.   

 

CHG was formed in 2008, following the merger of two South Wales housing associations 

(CHG, 2017a). While lauded for its progressive working environment and levels of 

innovation, CHG is still structured and operates as a traditional housing association; 

regulated by the Welsh Government, with a Board overseeing a hierarchical and 

departmentalised structure. CHG has been successful in expanding its offering from 

traditional models of social rented housing to include commercial premises (CHG, 2017b) 

and building homes for market sale (Pennant Homes, 2017), in addition to digital literacy for 

tenants and members of the wider community (CHG, 2017c). In spite of all of this, and due 

to having an awareness of a constantly shifting political environment within Wales, CHG is 

ambitious to continually strive for innovation and improvement in the sustainable 

regeneration of communities.  

 

The first author's Master's dissertation, completed in 2014 (West, 2014), focussed on the 

positive impacts of CHG's procurement activity in the wider economy, derived from 

spending locally and insisting upon work experience and training placements upon all of its 

building projects. This doctoral research project takes West’s (2014) Master’s work a step 

further, by essentially exploring what actions need to be implemented and the barriers to 

be overcome in order to formulate and successfully implement a CHG Community Energy 

Strategy. 
 

SETTING THE SCENE  

Housing associations by their very nature offer affordable accommodation to some of the 

most disadvantaged members of society, often those with the lowest incomes. Through 

below-market rents, the main raison d'etre of housing associations is the alleviation of 

poverty caused by escalating private rents and historically high property prices (Harriott and 

Matthews, 2009). However, with the cost of living becoming ever steeper, rents are not the 

only inescapable household cost putting pressure on the poorest (Office for National 

Statistics, 2017). Where a household spends more than 10% of its income on fuel bills, the 

Welsh Government classifies them as being in ‘fuel poverty’ (Welsh Government, 2017). The 

number of households affected in this way is estimated as 291,000 or a startling 23% of all 

Welsh households (ibid). It has been shown that housing association and local authority 

tenants already spend less on energy bills than owner occupiers or private renters (Thanos 

and Dunse, 2012), but CHG would like to provide services to benefit whole communities, not 
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just to its own tenants. Thus, one possible scheme for CHG to initiate is community energy 

generation, storage and supply which could supply their tenants and also occupants in 

private rented accommodation, the latter who pay the greatest proportion of their income 

to energy companies (ibid). Considering the higher rent paid by these households, that their 

spending on energy bills is also proportionally higher highlights the extreme difficulties they 

could face as a result. 

 

It is crucial to note that communities are the end users of the built environment (Sustainable 

Development Commission, 2017). CHG is a community-based organisation which seeks to 

create and sustain communities in addition to supporting and strengthening its local 

economy (West, 2014). Community energy generation, storage and supply has the potential 

to unite communities through a common stake in the enterprise, in addition to reducing 

energy bills paid to distant utility companies, so more money is available to be invested in 

the local economy (Ward and Lewis, 2002). Putnam (2000) shows that economic 

development follows community development, so such a scheme with sufficient buy-in from 

the community could help CHG and its partners to achieve its aims; which also complements 

CHG’s work with digital and financial inclusion, evidencing a capability-based approach to 

regeneration (Nussbaum 2011, Sen 1999) and not simply a financial/economic one.  Indeed, 

Capener (2014) believes that community energy schemes will return 12 to 13 times the value 

to the community compared with 100% privately-owned models. Walton (2012), 

Community Power (2013) and Community Energy Scotland (2012) inter alia also note the 

empowerment of communities, energy security and income generation as benefits to 

community energy schemes. The Department for Energy and Climate Change (DECC 2014a) 

note that improving community spirit and empowerment was the fifth most cited reason 

for setting up community energy schemes in the UK, demonstrating that the reasons for 

initiating such schemes go beyond the perhaps more obvious reasons of carbon emission 

and energy bill reduction.  

 

Stiglitz et al (2009) concluded in their seminal report for the French Government that wealth 

and gross domestic product are poor indicators of sustainable development. Instead, the 

report authors (ibid) advocate that the finite resources the present generation pass on to 

future generations in order to sustain their living standards are far more appropriate. This 

means that this research project will be relevant to the Welsh Government’s flagship 

legislation: the Well-Being of Future Generations Act 2015 (Welsh Government 2015). That 

Act (ibid) sets out seven ‘Wellbeing Goals’, several of which can be partially met through 

community-owned green energy schemes: including ‘a more resilient Wales’, a ‘Wales of 

cohesive communities’, a ‘globally responsible Wales’, a ‘more equal Wales’, and a ‘more 

prosperous Wales’ (ibid).  This research project could be relevant to all public sector 

organisations in Wales being subject to the Act (ibid) by exploring ways in which a greater 

contribution could be made to the wider sustainable development agenda, in addition to its 

relevance to housing associations and the third sector. In this way, there will be lessons for 

the wider UK, even in jurisdictions which are not subject to the Welsh Act (ibid). 

Capener (2014) notes that at his time of writing, there were around 66 megawatts of 

community energy being generated in the UK, with a development capacity of up to three 
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gigawatts by the end of the decade (2020). This would amount to 1.4% of all electricity 

generated across Great Britain and Northern Ireland (ibid). In order to fully achieve this 

potential energy production, community-centric organisations and charities such as CHG will 

need to play their part in nurturing this strain of sustainable development. In 2014, the DECC 

published its Community Energy Strategy, which stressed placing the community at the 

heart of energy policy and the importance of partnerships (DECC 2014b). Whilst housing 

associations were named in the list of potential partners (ibid) the sector seems to have 

been slow to encourage community energy generation in the existing and new communities 

that they manage and are developing. Indeed, Berwickshire Housing (2017) claim to be the 

first housing association to set up a community wind farm. This research project will help to 

explore why housing associations have been so slow at engaging with community energy 

schemes and what can be done to remove the barriers and enable them to commence 

community energy projects.  

 

From the initial (the D.SBE project commenced in April 2017) critical review of literature on 

community energy, some investigations into the barriers have already been conducted. The 

studies have found planning issues, lack of guidance, lack of support and investment and 

lack of legal and financial expertise (Harnmeijer et al 2013), in addition to lack of access to 

land (Walton 2012) to be the major hurdles to be overcome. It is surmised that housing 

associations which undertake development of dwellings and communities should already 

possess the resources and expertise to overcome all of these barriers, dealing as they do 

with the planning system, regularly acquiring land and having access to the networks of 

professionals who could contribute their knowledge and experience. An understanding of 

the documented barriers will inform the initial interviews with CHG staff to see what could 

be done to overcome them, so that any myths (as to perceived barriers) can be dispelled 

and a way forward can be agreed upon.  

 

As a result, this project will aim to develop a community energy strategy that attempts to 

solve some of the barriers to such schemes for their existing and new communities in 

planning, which CHG currently aspires to pilot and test during this project. The anticipated 

output of the project will not only be this community energy strategy, but also the 

embedded learning within the organisation that will help CHG to be more adaptable in the 

future. Issues to explore include expenditure for energy storage facilities in light of reduced 

feed-in tariffs, as this could be a major issue for communities seeking to capitalise on 

inconsistent sources of generation such as solar and wind energy. CHG’s willingness to invest 

greater amounts of capital and resources in communities will also be tested by this project. 
 

RESEARCH METHODS 

The research will be informed by a systematic literature review (Bryman 2016) which will 

discuss and critically review the existing literature, and provide supporting evidence from 

grey and academic publications and sources for the gap in organisational practice. Following 

this systematic review, the final research question may be adjusted accordingly.  
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Initially, identifying the barriers to be overcome for community energy schemes will likely 
involve interviews with existing community energy groups such as Awel Aman Tawe and 
Community Energy Wales, in addition to CHG’s own staff, in order to establish the issues 
perceived as barriers to community energy schemes in their various settings. Thematic 
analysis (ibid) or logic models (Yin 2014, Funnell and Rogers 2011) could be used to analyse 
the data from these initial interviews only. The strength of thematic analysis lies in its 
simplicity, whereas logic models may prove better to understand the causes and effects of 
past decisions that led to CHG becoming the organisation it is in 2017, as well as forming the 
foundation for a future programme theory to develop a plan for future.  

The main research method proposed for the change project will be action research. This is 
because the first author will be participating in the activities which will be taking place in his 
workplace. Bryman (2016) defines action research broadly as: 

 An approach in which the action researcher and the members of the social 
setting collaborate in the diagnosis of a problem and in the development 
of a solution based on the diagnosis. 

This collaborative approach between researcher and colleagues (also highlighted in Coghlan 
and Brannick 2014) is one which will be essential to effect and monitor change within CHG, 
in relation to the development and piloting of the community energy strategy. Coghlan and 
Brannick (2014) note that action research is best suited for research by an internal actor 
from within an organisation, one who is not ‘groping in the dark’ (ibid) due to their already 
being familiar with the environment. McNiff and Whitehead (2011) believe that action 
researchers should be fully involved in the research. Therefore, the bulk of this work will be 
undertaken through the creation of a Coastal community energy working group, which will 
be led by the authors and monitored throughout its development. Creating a collaborative 
community energy working group ensures a strategic fit with CHG’s adoption of the ‘systems 
thinking’ approach to work redesign, as opposed to traditional ‘command and control’ 
thinking (Seddon 2008). 
 
CONCLUSION 

This D.SBE research project will be about increasing innovation and embedding new learning 
in a traditional Welsh housing association, CHG. In seeking to combat poverty and build 
communities, CHG is keen to set up local community energy schemes. Despite possessing 
the expertise and being named by DECC as likely partners in such schemes, housing 
associations have been slow to become involved. This work will examine the barriers to this 
involvement at CHG, with the ultimate goal of formulating and implementing a community 
energy strategy for the organisation. Action research will be implemented through the 
introduction of a community energy strategy for CHG. It is anticipated that this research 
project will show the positive impact of the work of Welsh housing associations in 
contributing to the agenda set by the Welsh Government's Well Being of Future Generations 
Act (2015), whilst at the same time providing new learning which will be of benefit to the 
wider public and third sectors throughout the UK.  

 

Persons seeking further information or to offer input should contact Adam West at 

A.West6@outlook.cardiffmet.ac.uk or adam.west@coastalhousing.co.uk.  

mailto:A.West6@outlook.cardiffmet.ac.uk
mailto:adam.west@coastalhousing.co.uk
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Abstract 

Building automation (BA) is an important field of research not only due to the 

services it provides to residents (e.g. security, convenience and comfort) but also to 

the sustainability benefits it can create across three pillars of sustainable 

development: environmental, economic, and social. These technologies enable 

residential and commercial building to improve energy and resource efficiency. In 

doing this, they can significantly contribute to saving costs, reducing CO2 emissions 

and providing enhanced living and working environments. In spite of these benefits 

and that different technologies have been available for many years, home 

automation (HA) has not been widely adopted. A major barrier to this adoption is 

the complexity and lack of usability of today systems’ user interfaces (UI). The aim of 

this study is to enhance usability of home automation systems (HAS), thus 

contributing to a better adoption of HA, based on the inclusion of conventional 

remote controls into systems that are usable only via web-user interfaces or 

smartphone applications. In the first place, questionnaires are conducted with the 

purpose of discovering if users tend to control their home appliances and technical 

devices typically with conventional remote controls or more advanced techniques. 

Subsequently, a current HAS is implemented in such a way that it can be controlled 

by conventional remote controls, in addition to their typical UIs. In the end, the 

usability of the system is assessed using heuristic evaluation and usability testing 

methods. The results show that conventional remote controls do improve the 

usability of HAS, at least for simple daily tasks. 

INTRODUCTION 

Building automation (BA) is an important field of research that has been knocking at the 

front doors of domestic and commercial buildings for many years. The wide range of 

benefits it offers to inhabitants, such as security, comfort, and energy savings, to mention 

just a few has caught the attention of many. Notwithstanding the foregoing, the relevance 

of automation technologies in buildings and homes continues to gain attention because of 

the sustainability benefits they can create across the triple bottom line: environmental, 

economic, and social. Today, both household and commercial buildings have a large 

environmental footprint using around 40% of all energy consumed worldwide. These 

technologies enable residential and commercial buildings to improve energy and resource 

efficiency by automating actions the user himself should do, tearing down appliances or 

switching off the lights are some examples of it. By doing this they can significantly 

contribute to saving costs, reducing CO2 emissions and providing enhanced living and 

working environments (GeSI, 2017).  



97 
 

Despite all these benefits and that several types of systems have been available for many 

years, these technologies have not been widely adopted yet, especially at private 

households. There are still some barriers that need to be addressed before a major adoption 

of home automation systems (HAS) takes place. The literature has identified several barriers 

for the adoption of HAS technologies, ranging from technicals to socials. Reliability, 

interoperability and manageability are the major technical barriers towards its adoption 

(Meyers et al., 2010; Brush et al, 2011; Balta-Ozkan et al., 2013). Manageability refers mainly 

to complex user interfaces (UIs). The difficulty of creating intuitive and easy-to-use UIs is 

mainly due to the level of complexity that represents bringing together excessive numbers 

of user control options and features under a single interface (Wilson et al., 2015; Manilal 

and Carreira, 2014). Most current systems are more concerned with gathering functional 

requirements rather than improving the interfaces resulting in confusing, overwhelming and 

hard to operate UIs for the average user. Thus, affecting usability and ease-of-use rather 

than improving them (Manilal and Carreira, 2014). Even users who already have some type 

of HAS in their homes said that complexity of user interfaces is one of the things they most 

dislike about home automation and they agreed that there is a need to reduce its complexity 

(Brush et al, 2011; Balta-Ozkan et al., 2013). The systems must be as simple to use as 

possible, complex interfaces and difficulty of systems create a cognitive barrier that, even if 

social or additional technical barriers are overcome, the diffusion could continue to be slow 

(Meyers et al., 2010).  

Most users are used to manually controlling their home appliances and they may not be 

ready to interact with their familiar environment through sophisticated interaction 

techniques (Van de Sluis et al., 2001). To achieve a more convenient user experience, 

familiar information devices can be used as user interfaces to home functions (Koskela and 

Väänänen-Vainio-Mattila, 2004). Therefore, common ways of interaction with typical 

appliances or other devices at home could be utilised as a complementary alternative, to 

interact and control both common appliances and more advanced technologies such as 

home automation systems (HAS). There is a well-known interaction tool that is present in 

the vast majority of homes and with which most users are already familiar, the conventional 

remote control. There is the belief that the usability of home automation systems, at least 

for typical tasks, might be improved by reusing the remote controls adequately.  

The aim of this paper is to enhance the usability of HAS through the inclusion of a familiar 

interaction tool —the conventional remote control— into home automation systems that 

are usable only via web-user interfaces or smartphone applications, thus contributing to a 

better adoption of HA itself. In doing this, a complementary or alternative way of interaction 

is provided. This solution does not pretend to replace but to complement existing 

interaction techniques, since the remote control must be seen as an input tool and not as a 

UI. In the first place, an online survey is conducted with the purpose of discovering if users 

tend to control their home appliances and technical devices typically with conventional 

remote controls or more advanced techniques. The survey is intended for everyone but 

international or exchange students since the vast majority of them usually live in student 

dorms where there are no more home appliances than the basic refrigerator, stove and 

radiator that are often not controlled other than manually. Subsequently, a HAS that can 
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also be controlled by conventional remote controls is tailored. In the end, the usability of 

the tailored system is assessed using usability testing and heuristic evaluation (Nielsen, 

1994). The study contributes to the literature by providing a comparative usability study 

between traditional interaction techniques and conventional remote controls, as a study 

with these characteristics still missing.  

The paper is structured as follows: Section 2 reviews the literature with regards to usability 

in HAS; methodology is discussed in Section 3; Section 4 presents the results from the survey 

and both usability evaluation methods; results are analysed in Section 5; and Section 6 

provides a brief summary and conclusion of the work. 

USABILITY IN HOME AUTOMATION SYSTEMS 

Usability studies in home automation 

The present research is not the first study on usability and ease of use of home automation 

systems that has been registered in the literature. Little more than a decade ago, an 

ethnological study in Koskela et al., (2004) stressed the potential of using familiar appliances 

as user interfaces to achieve a better user experience. Three familiar information appliances 

were evaluated and utilised as user interfaces: a personal computer (PC), a media terminal, 

and a mobile phone. The results identified two main types of activity patterns, pattern 

control and instant control, each of which required a different type of user interface. The PC 

acted as a central control unit for activity patterns that can be planned and determined in 

advance. The mobile phone, on the other hand, was well suited for instant control. The 

mobile phone turned out to be the primary and most frequently used user interface during 

the 6 months’ trial period. Thus, mobile phones seemed to be the main devices to both 

control smart homes and interact with intelligent spaces and smart appliances. The study in 

Roduner et al., (2007) investigated further on mobile phones as a prototypical system to 

interact with a number of appliances in a range of different task settings. While the results 

show that appliance operation can be simplified in uncommon circumstances, the idea of a 

universal interaction device is less convenient for everyday appliance control. More 

recently, the study in Manilal and Carreira, (2014) assessed existing user interfaces for HAS 

supported by accepted heuristics on user interfaces design. Main aspects of user interfaces 

for interaction with home automation systems devices were systematised and validated, 

thus defining a set of device behavior requirements. Three user interface mockups were 

then designed based on the findings. Furthermore, the mockups’ usability and ease of use 

were evaluated with usability evaluation techniques. The results demonstrate that the user 

interface that most satisfied users was the one that respected more layout requirements. 

An online survey conducted in Schiffhauer, (2016) investigated which type of interface users 

would choose for interaction with a smart apartment. The participants rated their preferred 

way of interaction with the apartment among speech, touchscreen, robotic assistance, or 

conventional ways of doing tasks (e.g., turning the light on by using the wall switch). While 

the results indicate that the type of interaction with the smart apartment is context 

dependent, they also show that in most of the proposed scenarios the conventional way of 

interaction is preferred.  
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Enhancing the usability of home automation systems 

Ways to naturally interact with the systems such as voice or gesture have also been 

proposed over the last years, many of them primarily inspired for use by the elderly or 

disabled. The Gesture Pendant proposed in Starner and Gandy, (2000) is an example of it. 

The solution is a wearable gesture recognition system for control of home automation that 

can be used by the disabled, thus bringing some advantages over traditional home 

automation interfaces. The Gesture Pendant can define the devices under its control and 

limit the number of gestures necessary for control. Another example is the voice-controlled 

user interface presented in Liu and Xian, (2007). The interface is designed in such a manner 

that the user could utilise it in addition to standard keyboard and mouse for control of home 

environments including lights, air conditioner and other home appliances. This interface was 

designed for the disabled, in order to enhance user experience. However, usability 

decreases when used by people with non-standard speech. To address this problem, a fully 

adaptive vocal user interface (VUI) capable to learn both vocabulary and grammar directly 

from interaction is pursued in Ons et al., (2014). However, the mismatch between several 

user concepts and designer concepts represented a weakness of this framework. For its part, 

eye interaction approaches have been tried as well. An example of this is DOGeye, a 

multimodal eye-based application capable of enabling people with motor disabilities to 

control and administrate their homes is introduced and evaluated in Bonino et al., (2011). 

The interface is based on eye tracking technology. The evaluation demonstrated that the 

interface is quite effective and usable by people with almost regular eye movement control. 

Different types of user interfaces aimed to improve usability of home automation systems 

has been developed. As in Gamba et al., (2015), a modern user interface is created by taking 

advantage of multi-platform programming frameworks. Furthermore, an approach of a 

“bottom-up” design which focuses on the user rather than the system is briefly presented. 

The approach intends to provide a different and easier way of handling home automation 

systems. The key is to start from the idea of what the user is intended to finally accomplish 

and action, thus providing less levels in the user interface resulting in a simpler system and 

a good user experience. The “visible-and-controllable” smart home system introduced in 

Zhang and Meng, (2014) pretends to eliminate the tedious search for the appliance to be 

controlled in the complicated menu by providing a system that uses the mobile smart 

terminal to recognise the appliance based on the real-time image captured. Then the 

terminal generates a user interface according to the recognized appliance, meaning that as 

long as the appliance is visible, it can be controlled.  

In recent years, other approaches have been brought to light. The do-it-yourself (DIY)-style 

is an example of these. The DIY are a style of smart home products created for users, 

including those not familiar with professional programming, to install their own home 

automation system. Although DIY products can be more difficult to use than other home 

automation products, they are a potential solution to the problem of inflexible user controls. 

A recent study provides a new understanding of DIY products, including their usage cycle 

and contribution to upcoming smart home product design to improve user experiences at 

home (Woo and Lim, 2015). Prediction of the user behaviour is another alternative to 

improve usability of smart devices. The importance of this approach is highlighted in Vavilov 
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et al., (2013). The need for simple algorithms, such as that developed for prediction of TV 

viewers' activities, that can be easily adapted to smart home devices is also pointed out. 

Similarly, the “offline” smart home solution presented in Milykh et al., (2016) pretends to 

improve usability of smart home products by predicting user needs. The term “offline” refers 

to the state of the solution to remain partly or completely disconnected from external 

environments. 

RESEARCH METHODS 

The research utilises user research methods to collect both quantitative and qualitative 

data. In the first place, the online survey offers to our research a way to collect qualitative 

information from a broad audience for very little cost (Usability.gov, 2017). The heuristic 

evaluation, on the other hand, is an easy to use technique that can be conducted in a timely 

manner with a reasonable cost and as such is suitable for this study (Zhang et al., 2003). 

Finally, usability testing is seen as the most fundamental method for usability evaluation 

since it involves real users that provide direct information about satisfaction with the 

product (Nielsen, 1993). 

 The online survey is conducted with the purpose of discovering if users tend to control their 

home appliances and technical devices typically with conventional remotes controls or more 

advanced techniques, expecting remote controls to be the main way of interaction. 

Moreover, the questionnaires are leveraged to invite participants to on-site tests.  

Simultaneously, a HAS is tailored. The system is implemented so that it can be controlled by 

conventional remote controls. The remote control is accompanied by an explanatory sheet 

(Table 1) illustrating the new functionalities for each of the modified buttons. The suggested 

system consists in the configuration of single buttons of the remote control to carry out 

either a single action such as turn on the light or a number of simultaneous actions. 

Table 1, Explanatory sheet 

Button New functionality 

Button 1 Turn everything (home appliances, lights and temperature) off 

Button 2 Switch on and off the TV 

Button 3 Set the comfort temperature (20 ºC) 

Button 4 Turn the light on and off 

Button 5 Dim up the light (in 50 percentage increments) 

Button 6 Dim down the light (in 50 percentage decrements) 

FHEM, a server for home automation is used in the implementation of the system. The home 

centre is a CUL, a radio frequency (RF) device with external antenna sold. In addition to its 

RF capabilities, the hardware is modified in order to support a special module to interpret 
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infrared (IR) messages. With this module it is able to receive IR signals from practically any 

infrared remote control (Fhem.de, 2017). 

 The heuristic evaluation is then used to assess the usability of the remote control as an 

interaction tool with the HAS. Since the traditional heuristic evaluation is conceived to assess 

systems with user interfaces (Nielsen, 1994), the method is modified based on (Bjerke, 2011; 

Zhang et al., 2003) so that it can be applied to the evaluation of a conventional remote 

control. The modification results in the reduction from the original ten heuristics to only 

eight. The pair of omitted heuristics are those highly targeted to software systems (i.e. 

visibility of system status and help users recognise, diagnose, and recover from errors). The 

heuristics that remained are then adapted to be specific for evaluation of a device, such as 

the remote control. The resulting 8 heuristics are shown in Table 2. 

 

Table 2, The 8 modified heuristics (Bjerke, 2011). 

Heuristic (tag) Description 

Match between tool and the real world 

(Match) 

The tool should speak the user language, with 

icons, labels and concepts familiar to the user, 

rather than tool-oriented terms; follow real-

world conventions by making information 

appear in a natural and logical order 

User control and freedom (Control) Users often choose functions by mistake and 

will need a clearly marked “emergency exit” 

button to leave the unwanted scene without 

having to go through an extended dialogue; 

support undo and redo 

Consistency and standards (Consistency) Users should not have to wonder whether 

different labels, icons, or buttons mean the 

same thing 

Error prevention (Error) Is the tool designed carefully to prevent 

problems from occurring? Are all buttons placed 

in such way users cannot press them by 

mistake? Is each button’s intended function 

clear? Is each button’s label placed intuitively? 

Recognition rather than recall 

(Recognition) 

Minimize the users’ memory load by labelling 

buttons and making actions and options visible 

Flexibility and efficiency of use (Flexibility) Allow users to tailor frequent actions; shortcuts 

may often speed up the interaction for the 

experienced user and make the device suit both 

inexperienced and experienced users 

Aesthetic and minimalist design (Aesthetic) The tool should not contain labels, icons, or 

buttons that are irrelevant or rarely needed; 
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every extra unit of information competes with 

the relevant units of information and diminishes 

their relative visibility 

Help and documentation (Help) Even though it is better if the tool can be used 

without manual, it may be necessary to provide 

help and documentation; any such information 

should be easy to search, focused on the users’ 

task, list concrete steps to be carried out, and 

not be too large 

In contrast to the heuristics, the severity rating scale is not modified at all, hence each 

problem is evaluated according to the severity rating on the following scale:  

● 0— not a usability problem at all 

● 1—  cosmetic problem only; does not need to be fixed unless extra time is available 

● 2— minor usability problem; fixing this should be given low priority  

● 3— major usability problem; important to fix, should be given high priority  

● 4— usability catastrophe; imperative to fix this before product can be released 

Upon the completion of the heuristics evaluation and the system implementation, an onsite 

usability testing is executed using the tailored HAS. Usability testings are intended to 

determine the extent to which a product or system facilitates the ability of a user to perform 

routine tasks. Typically, the test is conducted with a group of potential users either in a 

usability lab, remotely, or on-site with portable equipment. Users are asked to complete a 

series of routine tasks. Session are recorded and analyzed to identify potential areas for 

improvement to the product (Usability.gov, 2017). The purpose of the usability testing is to 

assess and compare the usability of three interaction tools: a personal computer, a 

smartphone and the remote control. 

The participants who provided their contact information through the survey as well as 

others contacted personally are invited to the usability testing. The testing occurred in a 

computer adapted laboratory where participants are seated in front of the HAS and the 

three different tools. Each individual session lasted approximately 15 minutes. During the 

session, both the testing session itself and the functionality of each interaction tool is 

explained to the participants that are not already familiarised with it. The participants could 

then briefly explore all of the interaction tools. Later, the participants are requested to 

complete the following 5 real-life tasks: 

1.  Turning on the light. 

2. Adjusting the temperature to 20 ºC. 

3. Turning on the television. 

4. Dimming down the light to 50%. 

5. Turning everything off. 
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RESEARCH RESULTS 

Forty-two individuals responded the online survey, 30 men and 12 women. Twenty-five 

aged over 40 years old, and 19 under 40. Results in Fig. 1 illustrate that the remote control 

is the main interaction tool that most respondents use to interact with televisions (90%), 

audio (45%) and video (63%) players, and home theatres (55%). The remaining home 

appliances are mainly controlled manually, microwave (96%), refrigerator (100%), 

thermostat (83%) and air conditioner (86%). In contrast, tablet and speech or gesture 

command are not the main ways of interaction with any home appliances.  

Figure 1, Main tool of interaction with home appliances 

 

Three evaluators with general HAS knowledge but no usability knowledge evaluated the 

heuristics on the remote controls. The results are contained in Table 3. Each row contains a 

brief description of the identified usability problem, the heuristic violated, and the severity 

rating assigned. The number of heuristics violated exceeds the number of usability problems 

since some of the problems violate more than one heuristic. 

Table 3, Five usability problems (out of 12) and heuristic violations for remote control. 

Problem description Heuristic violated Severity 

rating 

The symbols do not always represent the button functionality Match, Consistency, 

Error 

3 

There may be difficulty remembering the function of each and 

every button 

Recognition 2 

There may be insufficient buttons Flexibility 2.3 
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There may be confusion between old and new buttons’ functions Match, Consistency, 

Error 

2.7 

There may be confusion about  unconventional feedback Error 2 

 

The usability problems found in the remote control are summarised in Fig. 2. The severity 

rating is divided in four categories. There are 7 cosmetic, 3 minor and 2 major and not a 

single catastrophic problem.  

Figure 2, Severity rating of usability problems 

 

Eight people attended the on-site usability testing, seven men and one woman. Six of them 

have a technical background, while the other two do not. Table 4 shows the results of the 

usability testing. The remote control surpassed both the personal computer and the 

smartphone in each and every task. Moreover, it significantly outperformed the 

smartphone in all of the tasks and the personal computer in three of the five tasks. 

Table 4, Average tasks completion times (in sec.) 

Task # Personal computer Smartphone Remote control 

Task 1 4.053 19.426 3.567 

Task 2 10.403 18.679 3.575 

Task 3 4.355 8.586 3.467 

Task 4 20.403 10.126 2.421 

Task 5 22.318 14.801 4.846 
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DISCUSSION 

This study provides support for our initial belief that conventional remote control leads to a 

better usability compared to that of traditional interaction techniques, at least for typical 

daily tasks. 

The usability measures did provide clear evidence for a superior usability of the remote 

control over both the personal computer and the smartphone. The quantitative data (task 

completion time) indicated a better usability for the conventional remote control in each 

and every task. The quantitative data (heuristic evaluation), on the other hand, showed 

some usability problems for the remote control. However, none of them falls under the 

catastrophic category. Moreover, almost half of the problems are just cosmetic (not really 

usability problems). With respect of the other problems (two majors and three minors), it 

can be expected that with a continuous use of the remote control, users will become more 

familiar with the new functionalities, thus improving or totally removing some of them. As 

for the remaining ones, they can also be eliminated according to an efficiently configuration 

of the functionalities within the remote. 

Furthermore, the survey revealed that remote controls are actually being used as main 

interaction tool for typical entertainment appliances (audio and video players, including 

television and home theatres). In contrast, cooking, heating and refrigeration devices are 

still mainly controlled manually, since these types of equipment are not known for being 

controlled at a distance, even when there are already real alternatives. 

CONCLUSION AND FUTURE WORK 

In this paper a usability evaluation study of conventional remote controls within home 

automation systems is presented. From the results, it can be concluded that the remote 

control does improve the usability of home automation systems, at least for typical daily 

tasks such as those included in this study. That makes the remote control worthy of further 

study for more complex tasks.  

The results also revealed seven real usability problems (not considering cosmetic) for the 

remote control, all of which can be addressed either by the continued use of the tool or by 

an effective enough configuration of the new functionalities. To observe changes in the 

usability problems over time a follow-up study is necessary. Similarly, a heuristics evaluation 

with evaluators with knowledge of both usability and home automation is needed for a more 

effective identification of problems. 

Considering that the usability of home automation systems with remote controls has proved 

better, a contribution to a greater adoption of home automation systems within the homes 

can be expected. 
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Abstract 

The residential sector represents a big part of the energy consumption. In Europe, 

households represented 25% of the total energy consumption in 2014. 

Furthermore, the International Energy Agency in 2013 established a goal of 77% 

reduction of the carbon footprint when compared to 2050. One approach for 

saving energy is by introducing Building Automation Systems (BAS) which can 

reduce the residential carbon footprint by 38% in the German scenario. User-

context detection can help to improve the overall carbon savings from BASs, and 

smartphones can be used for user context detection. In this paper, a smartphone 

was integrated to a BAS, in order to explore its benefits by increasing heating 

efficiency in residential BAS. Besides that, lights, and some appliances in the house 

were also controlled by the use of smartphone sensors such as: GPS, infrared, light, 

accelerometer and gyroscope. The following user contexts were identified: user 

presence, sleeping, awakening, and partying.  In order to compare the heating 

efficiency of the current system, the heater response was simulated for three 

scenarios: fixed schedules, presence detection by motion sensor and exit button, 

and absence of controllers. Results show that the introduction of smartphones in 

BASs can be up to 50% more efficient when compared to other scenarios. 

Introduction 

The residential sector represents great part of the energy consumption in a country. In 

Europe, households represented 25% of the total energy consumption in 2014 (EuroStat, 

2016). Furthermore, the energy consumption in Europe has also increased by 29% from 

1990 to 2014 (EuroStat, 2016). In Europe, space heating contributed around 67% of the 

total energy consumption in residential buildings in 2012 (Odyssee-Mure, 2015). As shown 

in Fig. 1, in Germany, space heating corresponded to 75% of the households’ energy 

consumption, appliances and lighting to 12%, water heating to 13% and cooking to 1%.  
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Figure 1. Households energy consumption by end-use (Odyssee-Mure, 2015).  

 

In order to lower the energy consumption, the International Energy Agency (IEA), which 

has 28 countries as members (including Germany), has a goal of reducing the carbon 

footprint by 77% compared to the 2050 baseline (IEA, 2013). Another initiative promoted 

by the European Commission (EC) in 2007 was the 2020 package which has the following 

goals (EC, 2015): 20% reduction in greenhouse gas emissions when compared to 1990, 

establish 20% of EU energy based on renewables and improvement of energy efficiency by 

20%.  As the residential sector stands for a large part of the carbon footprint, it is a 

potential target for improvements. 

The World Business Council for Sustainable Development (WBCSD) showed in 2009 that it 

is possible to cut down the energy use in buildings dramatically by changing the user 

behavior (WBCSD, 2009). One approach for saving energy is by introducing BASs which can 

reduce up to 38% of the carbon footprint in the German residential building scenario, and 

for space heating specifically it can reduce up to 42% of the carbon footprint considering 

the same scenario (Sangogboye, 2015). In order to get these results with BASs, the user 

context is relevant because the usage of appliances, heater, etc. may vary from one user 

to another.  

In order to make the system more aware of the user context, smartphones can be 

introduced as the possibilities and availability of communication and sensors of mobile 

devices has been growing (Hoseini-Tabatabaei, Gluhak and Tafazolli, 2013). It is also 

assumed that the user carries a smartphone outside the house, so more information 

regarding the user context can be detected as the user’s intention to arrive home. 

Therefore, building automation sensors cannot provide the same information as 

smartphones, and if they could, another device would be responsible for that, and the user 

would have to invest with extra sensors in the system. 

In this work, a smartphone was integrated to a BAS in order to explore its benefits by 

increasing heating efficiency in residential BAS. For this purpose, a report by Siemens 

Building Technologies (BT) which is based on the standard EN15232 was followed in order 

to achieve a Class A product. Furthermore, a discussion involving, lighting and appliances 
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control, and social greening is held by the end of the paper. Results show that the 

integration of smartphone in BASs are relevant. 

This paper is structured in five sections. Initially, related works are described, then the 

methodology followed to compare heating response between scenarios is presented. 

After that, the research method shows implementation details and other relevant 

scenarios considered to compare to the smartphone based solution.  Next, the results, 

which are based on one use case, are presented. Finally, discussion and conclusion are also 

presented. 

Related Work 

Related works are divided in three sections: BAS and User Context, Smartphones and User 

Context and a Siemens Report. The last one shows details regarding the approach followed 

for implementation of the current work. It was also noticed a lack of papers related to 

Smartphones and BAS. 

BAS and User Context 

In Cano et al. (2013), the proposed system deals with energy efficiency, comfort services, 
environmental monitoring and security for building automation. The main purpose of the 
paper was to control Heating, Ventilation and Air Conditioning (HVAC) and lighting of an 
office. In order to achieve that, an automation platform called CityExplorer gathers 
information from sensors and actuators, monitors them by identifying anomalies, and 
takes actions by dealing with key efficiency parameters as saving energy or water based 
on the condition of the indoor environment. Additionally, for the comfort management, it 
was used models for predicting the comfort response of occupants in building. The system 
also auto adapts its operation through user interaction. Results showed that about 20% of 
the energy consumption could be saved.  

In Mehrabi, Fung and Raahemifar (2014), three techniques were used in the BAS: role-

based flow charts, adaptive home automation system, and thermal modeling of the area 

for energy conservation. Role-based flow charts were developed for each area and device 

of the house. Adaptive home automation system proposes that the system adapts itself to 

the needs of the user. Thermal modeling of the area for energy conservation, considers 

modeling the response of the HVAC system, so that it is possible to find the pattern for the 

control signal by understanding the valve position and radiator response. 

In Nguyen and Aiello (2013) a survey was performed focusing on registering the most 

important user activities in order to save energy and improve the user comfort. For that 

purpose, the survey explored HVAC, lighting and plug loads. It was identified that 

occupant’s presence can improve energy consumption from 10% to 40%. For those results, 

approaches explored real-time occupancy, user’s preference settings, occupancy 

prediction and identification of activities as: working, having a meeting, sleeping, etc. 

In the first two papers analyzed in this subsection, adaptation of the system and prediction 

of the user behavior was implemented, and in third one user presence shows to be an 

important factor for energy saving. One assumption of this work is that through the use of 

smartphones more information regarding the user behavior will be available for the BAS 



111 
 

and the user presence could be detected in order to control the heater response. 

Therefore, prediction and adaptation could not be necessary for simpler scenarios as 

residential building because more information regarding the user activity is available for 

the BAS. 

Smartphones and User Context 

The survey described by Hoseini-Tabatabaei, Gluhak and Tafazolli (2013), reviews papers 

which used smartphones in order to determine the user context which were acquired by 

opportunistic sensing. The paper described sensors, algorithms for context recognition, 

accuracies for activity recognition and goals of each studied work. User’s location 

recognition was performed by using GPS, Wi-Fi and Bluetooth in some works which have 

achieved 90% accuracy for that purpose. 

In Mafrur et al. (2015), it was described a system which used smartphones in order to 

identify user behavior. Three mobile sensors were used: GPS, accelerometer and 

magnetometer, and the following contexts were identified: user outdoor and indoor 

position, user activities as walking, running, standing, sitting and walking. The algorithms 

for identifying activities were based on Support Vector Machine (SVM). The actuators of 

the system were lighting and playing media, and the accuracy for activity recognition was 

92%. 

As shown in this subsection, the GPS sensor is relevant for user presence detection, and 

other smartphone sensors can also be used to verify a diversity of user activities. 

Siemens Report 

A report by Siemens BT called “Building Automation - Impact on Energy Efficiency” 

(Siemens BT, 2012) describes an approach to measure the relative performance of a BAS 

compared to another. They also presented some brief results on some typical baseline 

systems’ performance. Their approach is based on a model driven methodology to save 

energy in building automation, and they applied the standard “EN 15232: Energy 

performance of buildings - Impact of Building Automation, Control and Building 

Management” (Standard, 2012) which specifies the following methods to evaluate BAS 

and building management: 

● A structured list of control, and functions which have impact in the energy 
performance of buildings; 

● Methods to define the minimum requirements for controlling and managing buildings 
of different complexities (the report give extra recommendations); 

● Methods to assess the BAS functions (mentioned in the first bullet) on building energy 
performance. It also provides the impact of these functions which can be used for 
calculations in the energy performance rating and indicators from other standards; 

● A simplified method to get estimations of the functions impact for typical buildings. 
 

The report contains functions for a diversity of controls: HVAC, hot water supply, cooling, 

lighting, blind and technical home and building management. By applying these functions, 
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a system can be categorized in different classes regarding energy efficiency: D (lowest), B, 

C and A (highest).  

Fig. 2 illustrates a comparison between classes D, C, B and A heating and cooling 

controller’s response in an office in relation to the user’s occupancy, and it is possible to 

observe that Class D has no automation for setting temperature for heater and cooler. On 

the other hand, Class C has specific set points when the user is occupying the place, and 

Class B has a better response than Class C because both heating and cooling set points are 

closer to the user’s occupancy, therefore, less energy is consumed. Class A applies adaptive 

set points in the cooling or demand control air-flow, so it performs better than the other 

classes. 

Results from the report show that: Class A when compared to Class D can save 29% and 

16% of thermal and electrical energy. Table 1 shows the functions for heating, lighting and 

technical BAS management which should be followed in order to implement a system for 

determined class.  

 

 

Figure 2. Classes for cooling (C line) and heating (H line) operations based on user 

presence in a building office (Siemens BT, 2012). The occupancy scale on the left is a 

representation where the max occupancy of people detected in an office is defined as 1. 
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Function Class D Class C Class B Class A 

1.1 Emission control Manua

l 

Individual 

room control 

Class C + 

communication 

Class B + 

presence 

control 

1.5 Intermittent control of 

emission and distribution  

Manua

l 

Auto. control 

+ schedule 

Auto. control + 

optimum start/stop 

Auto. control + 

demand 

evaluation  

5.1 Occupancy Control Manua

l 

on/off  

Manual 

on/off  

Class C + sweeping 

extinction signal  

Auto. detection 

5.2 Daylight Control Manua

l 

Manual Manual Auto. 

7.1 Fault detection + 

diagnosis 

No No Yes Yes 

7.2  Reporting energy use + 

improvement possibility 

No No Yes Yes 

Table 1: Control functions. Where 1.1 and 1.5 correspond to heating control, 5.1 and 5.2 

to lighting control, 7.1 and 7.2 to technical BAS management (Siemens BT, 2012).  

Methodology 

The methodology relies on comparing the ideal heater response with the detected one 

from different scenarios so that errors and performance can be calculated. These scenarios 

are described in detail in the Research Method section.  

The heater is considered to operate in three modes: Normal Operation (NO - 21ºC), 

Lowered (LO - 17ºC) and OFF (5ºC). For the ideal Normal Operation the user is arriving 

home, waking up soon or at home and awake, and the heater in this situation should 

respond before the user awake or arrive home in order to pre-heat the house. The 

Lowered operation corresponds when the user is sleeping or preparing to sleep. Finally, 

OFF is detected when the user is outside home. Additionally, the three operations of the 

ideal situation when summed must equate the duration of a day in minutes. The operation 

modes, temperatures and contexts were adapted from Sangogboye (2015) and Siemens 

BT (2012) works. Table 2 describes the ideal and detected contexts for six types of errors 

which can occur, and “EH” in the “Error type” column means “Error Heating”. 
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Error type Ideal Context Detected Context 

EHNO-OFF at home awaken or pre-

heating 

outside home 

EHNO-LO at home awaken or pre-

heating 

user is sleeping or sleeping 

soon 

EHOFF-NO outside home at home awaken or pre-

heating 

EHOFF-LO outside home user is sleeping or sleeping 

soon 

EHLO-NO user is sleeping or sleeping 

soon 

at home awaken or pre-

heating 

EHLO-OFF user is sleeping or sleeping 

soon 

outside home 

Table 2. Six types of errors regarding the ideal and detected user context. Where EHNO-

OFF means Error Heating Normal Operation (ideal) - OFF (detected) 

The total error can be calculated by summing the occurrence of all types of errors during 

the day, and the daily system efficiency can be calculated by the formula: 

 

 𝑇𝑜𝑡𝑎𝑙 𝑒𝑓𝑓. % = 100 × (1 −
𝐸𝐻𝑁𝑂𝑂𝐹𝐹 +𝐸𝐻𝑁𝑂𝐿𝑂 +𝐸𝐻𝑂𝐹𝐹𝑁𝑂+ 𝐸𝐻𝑂𝐹𝐹𝐿𝑂+𝐸𝐻𝐿𝑂𝑁𝑂+𝐸𝐻𝐿𝑂𝑂𝐹𝐹   

1440
) (1) 

 

In formula 1, all errors are considered and divided by a day period: 1440. 

Research Method 

In order to obtain a Class A product, the functions specified in the Table 1: 1.1, 1.5, 5.1, 

5.2, 7.1 and 7.2 were followed.  In addition to that, another function was added for 

controlling appliances:  

● Appliances - Occupancy Control 
○ Class D, C, B - Manual on/off 
○ Class A - Turning on specific appliances when the user arrives home. Turning off 

appliances when the user is not home. 
 

The project also aims to identify when the user is sleeping, and lower the temperature of 

the place. The heating response for the user sleeping should follow the same strategy as 
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occupancy in Fig 2. Therefore, the heater can lower the temperature of the place one hour 

before the user sleeping state is identified. 

When the user is identified to be outside home the heater response should be immediate 

and turn off (different from Fig. 1) because in the worked scenario it is considered only 

one person and only one room to control. For awakening activity, the heater should 

respond one hour before in order to prepare the environment to maintain normal 

temperature for the user when he/she is awakened. 

Besides the current implementation, three scenarios were simulated based on the 

Siemens report classes (Siemens BT, 2012): 

● No BAS (Class D): there is no heater controller, and the user set the radiator knob at a 
certain level, and no further control is performed.  

● Fixed Schedules (Class B): the heater controller is based on fixed schedules set by the 
user. The user can program outside home and sleeping intervals. 

● Presence (Class A): the heater controller turns on and off based on the user’s arrival 
home (e.g. through motion sensor), and departure (e.g. through exit button near to 
the door), respectively. However, there is no sleeping detection. 

 

For implementing the proposed system, Figure 3 shows the components, modules and 

sensors which were used in the current approach for the smartphone and server. 

Additionally, Table 3 shows the smartphone and server implementation details for 

developing the functions described in Table 1. 

 

 

 

 

Figure 3. The current implementation. 
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Function Smartphone App Server App 

1.1 Emission control  User location (GPS coordinates) 

and user activity recognition 

(sleeping, awakening) 

User presence and direction 

(GPS coordinates) and 

activities detected from 

smartphone. 

1.5 Intermittent control of 

emission and distribution  

Party event in Google Calendar Google Calendar party 

verification 

5.2 Daylight Control Not Applicable Relative sun position (below 

or above horizon) 

5.1 Occupancy Control Same as 1.1 Same as 1.1 

7.1 Fault detection + 

diagnosis 

Logs  Logs 

7.2  Reporting energy use + 

improvement possibility 

Interval configuration for Fixed 

Schedules simulation. Results 

comparing different scenarios 

shown through charts. 

Devices response history, 

user activities intervals, and 

results comparing different 

scenarios calculations. 

8 Appliance Control Same as 1.1 Same as 1.1 

Table 3. Implementation of Siemens functions for Class A through Smartphone and 

Server. 

 

The following subsections detail the smartphone and server app. implementations. 

Smartphone App. Implementation Details 

The smartphone acted as a client which sends and receive messages through Message 

Queue Telemetry Transport (MQTT) to and from the server. The mobile software was 

implemented by using the framework Apache Cordova with Ionic Software Development 

Kit (SDK) and AngularJS as the Model-View-Controller (MVC). The sensors used in the 

smartphone were: GPS, Light, Proximity and Game Rotation Vector (accelerometer and 

gyroscope). Some modules were also included in the approach as the MQTT, Charts, 

Background Execution, Notifications, Clock Alarm, Google Calendar and Logs.  

For presence detection, the GPS sensor was used and only activated when the user moves 

the smartphone so that energy in the device could be saved. For activity recognition 

sleeping/awaken states were detected through the game rotation vector, proximity and 

light sensor. For this purpose, it was assumed that when the user is going to sleep the 

smartphone is left under the pillow or flipped so the screen touches the mattress. If the 
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phone is left on the bedside table upwards, and there is nothing touching its screen, the 

system would not work properly. When the user is waking up the smartphone is left in a 

position where nothing is covering the front screen, and if there is (e.g. smartphone is in 

the pocket), the position of the smartphone is not lying down. It was also assumed that 

the native alarm clock from the smartphone is used, so it is possible to anticipate when 

the user is going to awake. The next alarm clock is identified only when the user is going 

to sleep. 

Logs were registered and updated to the user’s view. If the system crashes, there is also a 

log file which reports the last messages and errors. 

For simulating the Fixed Schedules scenario, the user can configure intervals where he/she 

assumes to be sleeping and outside home. Charts are available to see results regarding the 

scenario comparison. 

All implementation was performed in an Android device (Galaxy S5) where the application 

ran in background, for this purpose a service was created. It is possible to configure MQTT 

connection and GPS (interval and distance filters), and the app also auto reconnects if the 

user changes from Wi-Fi to Mobile data and vice-versa. Finally, the smartphone sends the 

following messages through MQTT to the server: GPS coordinates, sleeping, awakening, 

alarm clock, and scheduled intervals. 

Server App. Implementation Details 

The server integrates Raspberry PI with a radio receptor module8. The Raspberry PI acted 
as the server in which Home Assistant9, which is a home automation platform, was 
installed. Homematic devices10 were used in order to control heating, lighting and 
appliances. The communication between Home Assistant and Homematic devices was 
integrated through Homegear11 which was also installed in the Raspberry PI. Home 
Assistant uses the following modules: Google Calendar, History, User Speed and Distance, 
Google Travel Distance Matrix, Sun Position, Logs and MQTT. 

For presence detection, the user’s distance from home is calculated. The user is not home 
if the distance is higher than 100m, and in this case appliances, lighting and heating are 
shut down and sleeping/awakening states are not verified. If the user is identified at home 
heating is set to 21ºC, appliances are turned on and if the sun position is below horizon, 
lights are also turned on. 

The user direction is also identified. If the user direction is towards home the state arriving 
home is identified, and if the user is arriving in less than 60 minutes, the heating controller 
is set to 21º C. If there are no GPS updates from the user smartphone in 3 minutes during 
his/her arrival, the user is considered to be not home.  

                                                           
8 http://busware.de/tiki-index.php?page=COC 

9 https://home-assistant.io/ 

10 http://www.homematic.com/ 

11 https://www.homegear.eu 

http://busware.de/tiki-index.php?page=COC
https://home-assistant.io/
http://www.homematic.com/
https://www.homegear.eu/
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If the user is identified as sleeping, the heating controller is set to 17º C, and all lights are 
dimmed off and appliances turned off. The user is expected to awake when the next alarm 
clock is triggered, or when an awakening state message is received. The heater is set to 
21ºC 60 minutes before the next alarm clock is triggered. If an awakening message is 
received, the heater is set to 21ºC immediately, and the routine scheduled 60 minutes 
before the next alarm clock is cancelled. 

If a party is identified, the heater is set to 17ºC as people’s body already produces heat. If 
the user is throwing a party, activities are not verified (GPS, sleeping, awaken).  

Logs are registered through files, for crashes verification, and in the front-end. A weekly 
history also shows the response of devices and components. 

User activities time are stored, so it is possible to identify user’s presence and sleeping 
intervals. By using these intervals, it was also calculated the ideal situation in which the 
heating should respond with 21ºC, 17ºC and off (5ºC). Finally, the server calculates and 
sends through MQTT efficiency and errors for all scenarios. 

German Use Case 

In order to simulate the Fixed Schedules intervals, the following context was adapted from 

Sangogboye (2015) regarding the German BAS user requirement on a weekday: 

● The occupant is expected to be asleep between the interval 12:00am - 06:00am. 
● The occupant is expected to work from 9:00am, and arrive home at 6:00pm.  
● It is supposed that it takes 30 minutes for the user to arrive home from work. 

 

Research results 

For results comparing it is supposed that instead of following the Fixed Schedule described 
in the German Use Case subsection, the user started sleeping at 1:00am, and configured 
the alarm to trigger at 7:00am, so the ideal case the heating should lower the temperature 
to 17ºC at midnight and start heating normally (21ºC) at 6:00am. The user also decided to 
work earlier (8:00am), and arrive home earlier (4:30pm) on that day. In this case, the 
heater should turn off at 8:00 am, and operate normally (21ºC) at 3:30pm. 

As observed in Fig. 4 the smartphone approach would differ from the ideal heating 
response only by two errors: the lowered temperature (17ºC) one hour before sleeping 
and the normal operation (21ºC) 30 minutes prior to user’s arrival. The response collected 
by home assistant history was simulated in order to show changes in temperature, but this 
simulation was reproducible in the real application and scenario. 

Table 4 shows the response of the smartphone and other scenarios regarding all types of 
errors described in Table 2, and by calculating the total scenarios error and performance 
(by using Formula 1). It is possible to observe that by using the proposed comparing 
method and for this specific scenario, the smartphone approach can be 50% more efficient 
when compared to the No BAS scenario and 23% more efficient when compared to the 
Presence scenario. Besides that, the total operation time for NO is 630 minutes, LO is 360 
minutes and OFF is 450 in the ideal scenario.   
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Figure 4. Left: Ideal heating response vs. Smartphone heating response. Right: real 

response acquired by Home Assistant history collected data. 

 

ErrorType/Scenario Smartphone No BAS Presence Schedule 

EHNO-OFF (minutes) 30 0 60 90 

EHNO-LO (minutes) 0 0 0 0 

EHOFF-NO (minutes) 0 450 0 60 

EHOFF-LO (minutes) 0 0 0 0 

EHLO-OFF (minutes) 0 0 0 0 

EHLO-NO (minutes) 60 360 360 0 

Total Error/Performance 

(minutes/%) 

90/93.8% 810/43.8

% 

420/70.8

% 

150/89.6

% 

Table 4: Efficiency and error results between different scenarios. This data was shown in 

the chart form for the user in the smartphone application. 

 

According to the results shown in Table 4 it is possible to observe that the No BAS scenario 
could not identify sleeping, neither outside home intervals, as the radiator valve is set to a 
fixed value. Therefore, this case study was associated with the errors EHOFF-NO and EHLO-
NO, and they represent the total operation time of the ideal situation for the heating off 
and lowered operations respectively 
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Fixed Schedules could have all types of errors. For example, the user believes he/she is 
going to sleep at 11:00pm every day, but for a specific day the user goes to an event or 
party with friends outside home, in this case the error EHOFF-LO is increased. 

The Presence scenario cannot identify the user sleeping activity neither when the user is 
arriving home, so this scenario is mostly affected by EHLO-NO and EHNO-OFF.  

The smartphone approach is mostly affected by three types of errors EHON-OFF, EHLO-NO 
and EHOFF-NO. EHON-OFF occurs if it takes less than 60 minutes for the user arriving 
home, so the heater is set to 21ºC only when the arriving home state is identified, but in 
the ideal case, it should be set 60 minutes before the user is at home. EHLO-NO occurs 
because this approach cannot predict when the user is going to sleep, so the heater 
response does not lower down 60 minutes before the user sleeping. EHOFF-NO occurs 
when the user is going to his/her home direction, but actually goes to another place which 
is in the same direction, and the user goes home only later. Therefore, the user state would 
change from arriving home to not home, and mislead the system to turn on the heater 
when it was not supposed to. 

Discussion 

As observed in the results section the smartphone approach when compared to the Fixed 

Schedule reveals a unique opportunity for BASs when the users can not estimate their 

behavior through schedules. This situation is even more relevant for weekends and 

vacation periods when the user has no regular routine at all. The efficiency for the 

smartphone approach when compared to Fixed Schedule would depend on the user’s 

strictness on following the intervals configured. It would be possible to implement this 

scenario only with a heater controller, as far as this device has schedule configuration. 

Presence scenario relies not only on the same controllers as the smartphone approach, 

but also in two more controllers (exit button and motion sensor). It is also possible to 

identify that this approach would not identify the user sleeping state, and neither his/her 

arriving home state, therefore, less comfort and efficiency is guaranteed. 

The No BAS scenario would only be interesting to choose if the user does not leave home 

frequently (e.g. the user work at home), but even in this condition the sleeping state would 

not be identified. The user could also set manually the heating valve when planning to 

sleep, but this would depend on the user’s strictness on following this behavior, and it 

would not be possible to guarantee a specific temperature without a controller either. 

Light and appliances were also controlled in the smartphone scenario. In the No BAS 

scenario, it would not be possible implement this function. In the Presence and Fixed 

Schedule scenarios (if the user integrates Raspberry PI and other actuators) it would be 

possible to implement it, and they would also have the similar issues as the heating 

controller discussion when compared to the Smartphone approach. 

For detecting parties, other scenarios could also identify them as far as they have a system 

which uses calendar, and is integrated in the home automation platform. The inclusion of 

this function for smartphones was implemented because of the relevance of Google 

Calendar in the smartphone devices. 
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Social greening is promoted by efficiency and error results which are shown in the user’s 

smartphone application so that it is possible to track the relevance of the scenarios 

according to the user behavior. After that, the users can understand which solution is more 

relevant for their behaviors, and maybe change their current BAS approach. 

For future works, it would be interesting to apply the proposed system with more samples, 

and analyze the response through a long period in order to find and consolidate further 

benefits regarding this approach. 

Conclusion 

This paper has shown that the integration of smartphones in Building Automation Systems 

are relevant, and through simulation of different scenarios it is possible to improve and 

offer better energy efficiency for the heating controller depending on the user’s behavior. 

The results analyzed by scenario comparison show that heating efficiency can be improved 

by 50% when compared to other scenarios. The smartphone approach also can be used in 

order to manage lights and appliances. Further analysis by using more samples is still 

required in order to consolidate findings. 
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Abstract 

The performance gap between the design and the as-built thermal performance 

of buildings is an issue of high importance for the construction industry and 

reducing this gap has been the subject of significant research. Assessing the 

design of thermal performance is straightforward; however, estimating the as-

built performance of a building presents several technical challenges that often 

restrict its wider implementation. One of the most common challenges is the 

time required to perform such testing. The QUB method is a transient method 

developed to estimate the Heat Loss Coefficient (HLC) in a single night without 

occupancy. The ability of the method to provide reliable results was 

demonstrated experimentally in a climate chamber with controlled conditions in 

a previous work.   

The work presented in this paper reports on the findings from a long-term field 

study conducted in order to assess the applicability of the QUB method under 

actual operating conditions and to identify key parameters that may affect its 

performance. A series of tests were performed during the whole heating period 

in a detached house located in the University Park campus, University of 

Nottingham considering two distinct conditions: as-built and with increased air 

tightness. The results suggest that the QUB method was able to estimate the HLC 

of the house with reasonable repeatability in both cases. The reliance of the 

results to the experimental conditions that may affect the test is also discussed 

in order to improve the robustness of the method. 
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Introduction 

Energy consumption of the domestic sector in the UK accounted for 27% of the nation’s 

final energy consumption in 2015 (DBEIS, 2016).  It therefore comes as no surprise that 

building regulations have been setting increasingly stricter requirements on the 

insulation levels of buildings as a result of the UK policy on climate change. Under the 

Climate Change Act, the UK Government set the legally binding target to reduce its 

greenhouse gas emissions by 80% in 2050 compared to the 1990 emissions levels (DECC, 

2011). Despite the increasing regulatory requirements, there exists a growing body of 

evidence suggesting that there is a significant difference between the design and the as-

built performance of new UK buildings; this is commonly called ‘performance gap’ (Zero 

Carbon Hub, 2014).  

Assessing the design of thermal performance of the building fabric is quite 

straightforward; the UK methodology for this is provided by the Government’s Standard 

Assessment Procedure (SAP) (DECC, 2014). The calculation is based on the energy 

balance of the dwelling and it takes into account factors such as U-values and respective 

areas of building elements, thermal bridges and the dwelling infiltration characteristics 

to determine the Heat Loss Coefficient (HLC), expressed in W/K, of the building fabric. A 

typical energy formula of the different mechanisms that determine the HLC is given in 

Eq.1.  

HLC= ∑ Ui·Ai+ HTB+ρ·cp·Qv , with 

Qv= √Qs
2+ Qw

2 = 
AL

1000
·√Cs·|ΔT|+Cw·Uw

2 

(1) 

Where, Ui is the U-value (W/m2K) of element i with area Ai (m2) and HTB is the heat loss 

from thermal bridges (W/K). Collectively, these terms account for the transmission 

losses. Infiltration losses are determined by the product of the air density (kg/m3), the 

specific heat capacity of air, cp, (J/(kgK)) and the volumetric flow rate, Qv, (m3/s). Qv is a 

combination of the stack driven flow rate, Qs, and the wind driven one, Qw. Here, the 

model developed by Sherman and Grimsrud (1980), also referred to as the ‘Basic model’ 

by ASHRAE is considered (ASHRAE, 2013). These properties are dependent on the stack, 

Cs ((L/s)2/(cm4K)), and wind coefficient, Cw ((L/s)2/[cm4(m/s)2]) , respectively  AL (cm2) is 

the effective leakage area at 4Pa, Uw is the wind speed (m/s) and ∆T (K) is the internal 

to external temperature difference.  

On the other hand, several methods have been developed to assess the thermal 

performance of a building’s fabric experimentally (Janssens, 2016). The most widely 

used method is the coheating method, a quasi-steady state method that provides an 

estimate of the HLC of a building. The procedure for the coheating test is described by 

Johnston et al. (2013). In practice, determining the as-built HLC of a building with a 

coheating test is quite challenging due to the required duration of the method (a testing 

period of a minimum of two weeks is usually required) and the fact that it is restricted 

to the heating season where external temperatures remain consistently low and the 

effect of solar gains is minimised.  
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QUB method 

The QUB method is a dynamic method developed by Saint-Gobain to determine the as-

built HLC of dwellings within a much shorter period. The test commences after sunset 

and finishes before sunrise of the following day (Figure 1). The principle of the QUB 

method is based on a single resistance and capacity model (left) (Mangematin et al., 

2012; Pandraud and Fitton, 2013; Pandraud et al., 2013) where the building is 

represented by a global thermal resistance R (the reciprocal of HLC of the building) and 

a global capacitance, C (the internal heat capacity) (Figure 1, left). Internal and external 

temperature nodes (TIN and TOUT respectively) are considered homogeneous and heat 

exchange between the two nodes occurs through the thermal resistance, R. Therefore, 

the energy input, P(t), is heat lost through the envelope and stored/released by the 

thermal mass of the fabric (Eq. 2). Temperature evolution is described as a single 

decaying exponential. 

 
 

Figure 1. RC model used in the QUB method (left) and evolution of temperature and 
power during a QUB measurement (right) 

P= 
TIN-TOUT

R
+C

dTIN

dt
 (2) 

The two unknowns, R and C in Eq.2, can then be determined by using two different 

constant powers in two different phases (respectively noted 1 and 2 in Figure 1 

(right)).The HLC can then be determined by the following formula: 

HLC= 
T2

' P
1
- T1

' P
2

T2
' ΔT

1
-T1

' ΔT
2

 (3) 

Where Pi is the power input during phase i, T’i is the slope of the temperature profile at 

the end of phase i (defined as the ti – min(ti/2,τ), where ti is the duration of the ith phase 

and τ = 2 hours) and ΔTi is the internal to external temperature difference (TIN – TOUT) at 

the end of phase i (Meulemans et al., 2016).The Taylor series method for uncertainty 

propagation is used to compute the relative uncertainty associated to the HLC. For 

increased accuracy it is aimed that the test is carried out in an empty unoccupied 

dwelling without additional heat sources and, in most cases, there is no power input in 

phase 2 (P2 = 0 W), i.e. this is the free cooling phase. 

The HLC of a building can be estimated in one night using the QUB method (Pandraud 

et al., 2014). This makes it suitable for large scale use by industry to test the actual 

performance of buildings. Furthermore, it is a research tool since it allows a large 
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number of consecutive tests to be performed in a short period of time. However, there 

are some issues that need to be considered for increasing confidence in a measurement. 

As described earlier, the model assumes homogeneous internal temperature. In 

practice, this means that care should be taken when arranging the power input and 

location of heaters inside the building. Furthermore, as the method is able to estimate 

the HLC within one night, the result may be affected by the weather conditions within 

that night; evaluating the effect of certain weather parameters was the scope of this 

work.  

The accuracy of the method is dependent on a dimensionless parameter inherent to the 

QUB method, the α-criterion, α (Pandraud et al., 2014). This is determined by: 

α=1- 
HLCrefΔT0

P1
 (4) 

Where HLCref is the reference Heat Loss Coefficient (theoretical or determined 

experimentally) (W/K), ΔT0 is the initial temperature difference between the interior and 

the external environment (K) and P1 is the power input during the heating phase (W). It 

has been demonstrated that the α-criterion has no effect on the resulting HLC for values 

0.4 < α < 0.7, while for α > 0.7 there is usually an overestimation of the HLC mostly at 

very short tests (Pandraud et al., 2014; Meulemans et al., 2016). Hence, the α-criterion 

is considered as a measure of confidence level for test accuracy with recommended 

values 0.4-0.7.  

Aim of work 

The ability of the QUB method to provide reliable results, has been demonstrated 

numerically (Alzetto et al., 2014) and experimentally in a climate chamber under steady 

conditions (Meulemans et al., 2016). The aim of the work presented here was to 

evaluate the performance of the method under actual operating conditions, i.e. assess 

reproducibility of results and identify reliance of the method on specific weather and 

testing conditions. 

Materials and Method 

The tests were carried in a circa 1950s detached house located at 5, Wortley Close at 

the University Park Campus, University of Nottingham. The property, designed by 

Thomas Cecil Howitt, is a two storey L-shaped detached house. The wall construction is 

a 50 mm unfilled masonry cavity and the floor is solid uninsulated concrete slab. It has 

a cold pitched roof with insulation at ceiling level and the windows are single glazed. The 

house has north – east orientation and ground floor area of approximately 93m2. A view 

of the house and the plans for the ground and first floor are shown in Figure 2 below.  

Monitoring equipment 

In order to perform a QUB test the following parameters need to be monitored: zone air 

temperatures, external air temperature and the power input. Air temperatures were 

monitored with platinum RTD sensors (PT100) and the energy consumed by the heaters 

was monitored by pulse meters. Data were stored in two Datataker DT85 loggers and a 



127 
 

DT80 logger at 1 minute intervals. Weather conditions were recorded with a WSD1 

sensor by EML and a Skye rht+ sensor installed on the roof of a neighbouring house. 

  
Figure 2. External view (left) and Ground and First Floor plans(right) 

Testing protocol 

The HLC of the house was determined under two different airtightness configurations: 

a) baseline (as-built including minor interventions, i.e. repairing of broken window glass 

by applying boarding) and b) with increased airtightness by applying polyethylene films 

across the entire window reveals, in order to prevent air leakage through the old 

window frames).  

  
 
 
Figure 3. Polyethylene film applied on windows to increase the air tightness of the 
fabric 
 

The air permeability at 50 Pa, q50 (in m3/m2h), was measured by performing a blower 

door test (ATTMA, 2016). It was found to be 9.3 and 6.5 m3/m2h for the baseline 

configuration and for the increased airtightness configuration, respectively. 

The house was heated by means of STANLEY 2 kW fan heaters controlled by timers. The 

timers were programmed to switch on the heaters after the sunset of each day and 

switch them off several hours later at the end of the heating phase (Phase 1 in Figure 1). 

Each test was then completed at the end of Phase 2 (of same duration as Phase 1) before 

the sunrise of the following day. A constant power input, P1, of approximately 11 kW 

was used throughout the whole testing period. This was the maximum allowable power 

input imposed by the electrical installation of the house. In order to maintain a desired 

temperature inside the house prior to each test, a second set of STANLEY heaters 

controlled by thermostats and timers was also installed. It was attempted that each test 
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would be conducted with an α-value within the recommended range (0.4 < α < 0.7) in 

order to ensure measurement accuracy and avoid systematic overestimation of the HLC.  

As the power input was kept constant due to restrictions of the electrical installation, 

this effectively meant that the starting internal temperature was adjusted with respect 

to the external one. 

The house was tested on a daily basis from the end of September 2016 until the end of 
April 2017 with minor interruptions during this period. Due to the fact that the duration 
of the night changed over the different months, the duration of the QUB test was also 
amended. However, the minimum duration of the heating phase at any test was five 
hours (i.e. the minimum test duration was ten hours as the test consists of two phases 
of equal duration); it has been demonstrated that for heating duration higher than 4 
hours the results were not affected by the α-criterion for 0.4 < α < 0.7 (Meulemans et 
al., 2016). The different configurations as well as the different test durations are shown 
in Table 4. In total 161 tests were conducted, out of which 146 (i.e. 91%) lay within the 
recommended values. 
  

Table 4. Test configuration and heating duration 

Configuration 
Airtightness 

q50 
(m3/m2h) 

Number of 
tests Period Heating duration 

Baseline 9.3 58 
22.09 – 10.11.2016 5 hours 

11.11 – 05.12.2016 7 hours 

Increased 
airtightness 

6.5 103 

07.12.2016 – 
30.01.2017 

7 hours 

31.01 – 21.03.2017 6 hours 

04.04 – 25.04.2017 5 hours 

Results and discussion 

The analysis focused on assessing the ability of the method to provide robust estimates 

of the HLC. The effect of α-criterion, wind conditions and external temperature were 

investigated. 

α-criterion 

Results from the first set of tests (baseline) and the associated uncertainties of 

measurements were calculated with the use of Eq. 3 and are presented in Figure 4. In 

order to determine the α-criterion, the value of the mean HLC was used as the reference 

HLC (HLCref in Eq.4). In total 52 QUB tests were performed for the baseline configuration 

that successfully met the α-criterion requirement. The mean HLC of these tests with 

0.4<α<0.7 was 522.3 ± 5.2 W/K. This is shown by the red solid horizontal line in Figure 

4, while the black solid lines represent the ±10% band. Some degree of fluctuation 

between the results was observed and the majority of tests were within ±10% from the 

mean value. However, there have been few occasions when the resulting HLC was 

slightly above this limit, while in one instance it reached 20%. For values of the α-

criterion higher than 0.8 the HLC was significantly overestimated. This result is 

consistent with previous studies (Pandraud et al., 2014; Meulemans et al., 2016). It can 
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be seen that there is no effect of the α-criterion on the HLC when the former lay within 

the range 0.4 to 0.6. A rising trend is observed with the calculated HLC when the value 

of the α-criterion is greater than 0.6. At α > 0.7, the HLC was consistently within the 

+10% region.  In addition, relative uncertainty lay within ± 10 - 15% for the vast majority 

of the measurements. It was also seen that both durations yielded very similar HLC 

values.  

The respective results for the increased airtightness configuration are presented in the 

right hand side of Figure 4. With regards to the increased airtightness configuration the 

mean HLC of 94 tests with 0.4 < α < 0.7 was found to be 508.2 ± 4.6 W/K.  Reduction in 

the mean HLC as a result of increasing the air tightness of the building was approximately 

14.1 ± 12.8 W/K. This could be attributed to the fact that the building is fairly sheltered 

from three sides, with just the west façade exposed. It should be noted that a simplified 

theoretical calculation showed an estimated reduction of the infiltration heat losses by 

19.5 W/K of the increased airtightness compared to the baseline configuration 

(infiltration losses from 64.5 to 45 W/K). This was consistent with the reduction 

observed through the testing procedure.  

 

  
 

Figure 4. Summary of results against the α-criterion obtained for the baseline (left) 
and the increased airtightness configuration (right)  

Results again appear to fluctuate around the mean HLC as with the baseline 

configuration and again the majority of the results fall into the ± 10% band. However, in 

this case they appear to be more dispersed; there are some results extending to ± 15%, 

with a couple of points approaching ± 20%. Again, it can be seen that there was no 

correlation between the α-criterion and the HLC for α values even up to 0.8.  It should 

be noted that measurements at the increased airtightness configuration presented 

larger relative uncertainties than at the baseline configuration; approximately 15% on 

average compared to 12% for the baseline configuration. With regards to the duration 

of the tests it can be seen that tests with heating duration of six and seven hours 

presented very similar results. Tests with a five-hour heating duration appeared to result 

similar HLC values, albeit somewhat at the lower band. However, this is the result of just 

13 tests. In any case it can be derived that longer tests result in consistent HLC that have 

minimum reliance on the α-criterion. This is of particular importance since the α-
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criterion relies in turn on the HLCref (Eq. 4). Poor estimation of the HLCref may lead to high 

values of the α-criterion and lead to the overestimation of HLC. Therefore, longer test 

duration provides confidence in the accuracy of the test results. In practical terms this 

means that a 12 hour QUB test (i.e. heating duration of six hours) may be performed 

from the end of October until the end of March, with great confidence that the result 

will not be overestimated by the α-criterion. Ten hour tests also provide confidence on 

the results as they were affected only at very high values of the α-criterion (close to 

0.85). These can be performed from the end of September until the end of April in the 

UK. 

Wind 

Wind conditions are likely to affect the measured heat loss coefficient of a building as 

expected from Eq.1. Several research studies investigated the impact of wind conditions 

on infiltration losses during coheating tests (Everett, 1985, Miles-Shenton et al., 2011, 

Siddal et al., 2011). For this reason, the effect of wind was examined under the baseline 

and the increased airtightness configurations in order to determine whether there is 

correlation between the measured HLC and the average wind speed measured.  

Figure 5 shows the relationship between the HLC and the respective average wind speed 

for both configurations for tests where 0.4 < α < 0.7. With regards to the baseline 

configuration (left) it can be seen that there is no correlation between wind speed and 

HLC. The relationship between HLC and the average wind speed for the increased 

airtightness configuration is presented in the right hand side of Figure 5. In this case, 

more data points were available and there were some tests within a higher region of 

average wind speed recorded, i.e. at average wind speeds higher than 3 m/s. Similarly, 

to the baseline configuration, there was no correlation between the average wind speed 

and the HLC.  

  

 

Figure 5. Effect of average wind speed on the measured HLC for the baseline (left) 
and the increased airtightness (right) configuration 

In both cases it was found that the HLC was not related to the average wind speed and 

therefore, there was no scope for correcting the HLC based on this parameter. 

Infiltration heat losses are fairly complex and they are not solely linearly related to wind 

speed. Other factors such as temperature, the airtightness of the building, air leakage 
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paths and sheltering are also affecting heat as well as mechanisms such as wind washing 

and thermal bypass (Sidall, 2011, Johnston et al., 2013, Stamp, 2015). The weak 

relationship observed here can be attributed to the fact that the building is fairly 

sheltered from three sides. The wind coefficient, Cw, that determines the wind flow rate 

in Eq. 1 depends on the shelter factor of the building and the building height (ASHRAE, 

2013). Furthermore, it can be seen in Eq.1 that wind driven flow is not linear to the wind 

speed and becomes dominant at high wind speeds. Recorded average wind speeds were 

relatively low and therefore infiltration losses were mainly driven by the stack effect. 

Stamp (2015) reported the findings of several field tests attempting to find correlation 

between wind speed and the whole building HLC. It was found that in some cases there 

was no correlation and in some cases a relationship between these two variables could 

be established. The findings of this study therefore are in agreement with the ones 

reported by Stamp (2015). 

Temperature and ground floor losses 

The effect of external temperature on the obtained results was also investigated. The 

temperature difference between the internal and external environment is included in 

the formula of the α-criterion (Eq.4) and therefore the external temperature was already 

considered an important environmental parameter on the QUB measurement. In 

addition, the HLC of a building is expressed in W/K with respect to the temperature 

difference between the internal environment and the external air temperature. 

However, heat loss in a building occurs not only due to the external air temperature but 

also to the ground temperature (which does not follow the seasonal variation of the air 

temperature) through the floor. This issue was highlighted by Everett et al. (1985) and 

floor losses (as well as infiltration losses) were isolated from the HLC in the ‘Thermal 

calibration’ method. To identify any potential relationship between these parameters, 

HLC for the baseline and the increased airtightness configurations were plotted together 

with the initial external temperature (Figure 6 and Figure 7).  
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Figure 6. Heat Loss Coefficient against initial external temperature for the baseline 
configuration in a bar chart (left) and scatterplot (right) for the different test 
durations 
 

  
 

Figure 7. Heat Loss Coefficient against initial external temperature for the increased 
airtightness configuration in a bar chart (left) and scatterplot (right) for the different 
test durations 

The HLC and the external temperature followed very similar fluctuation throughout the 

testing period. This was the case for both airtightness configurations. A clear trend is 

shown in both graphs where the HLC appears to increase when the external 

temperature increases. Correlation between these two variables is consistent in both 

cases (i.e. the adjusted R-squared R² was 0.21 for the baseline and 0.16 for the increased 

airtightness configuration) and it is suggesting that some of the variance in the HLC is 

attributed to the variance in the external temperature. This can be explained by the way 

the test was carried out. As seen in Eq. 4 the two testing parameters that can be 

controlled to adjust the value of α are the temperature difference and the power input. 

As described in the ‘Testing protocol’ section the power input was kept the same 

throughout the testing period while the internal starting temperature was changed 

according to the external temperature on any given test day, such that the α-criterion 

lay within the recommended range (i.e. between 0.4 and 0.7). Effectively, this meant 

reducing the internal temperature on colder nights and increasing it on warmer nights 

by adjusting the thermostats on the second set of heaters. 
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However, a complication exists in relation to the heat loss via the ground floor. The 

ground floor temperature is influenced by a large thermal mass and therefore does not 

follow the air temperature variation. The consequence of this is that the floor 

temperature is very slow to change (over weeks rather than days) and therefore the 

floor heat loss, and the subsequent HLC, is shown to be higher on warmer nights. It 

should be noted that the HLC plotted in Figure 6 and Figure 7. 

Figure 7 is the raw HLC of the whole dwelling (i.e. including the ground floor losses). 

Heat flux on the floor was monitored with heat flux plates. Data from these sensors will 

be analysed further in order to correct for the floor losses and investigate whether this 

correlation is then eliminated and the consistency of the results is improved. 

Conclusions 

The findings from a series of in situ tests in a circa 1950s detached dwelling carried out 

to assess its thermal performance were presented in this work. The objectives of the 

study were to evaluate the performance of the QUB method on site, investigate 

repeatability of the results and assess reliance of the results to the prevalent test 

conditions. The QUB method is able to estimate the HLC of a building within just one 

night, significantly less than the 2-4-week period required for a coheating test or other 

quasi steady-state methods (Janssens, 2016). The tests were conducted on a daily basis 

from the end of September 2016 until the end of April 2017 under two distinct 

airtightness configurations. This was only made possible due to the short duration of the 

method. Therefore, QUB does not only have significant potential for use as a diagnostics 

tool in industry; it is also a research tool. The following conclusions were drawn from 

the analysis: 

1. The QUB method was able to provide reasonably consistent results (i.e. with a 

coefficient of variation of ± 10%) provided the α-criterion lied within the 

recommended range (i.e. between 0.4 and 0.7). 

2. In the UK a test may be conducted from late October until late March (or even 

late September until late April) with confidence that results would not be 

affected by the α-criterion or any assumption made in calculating the HLCref.  

3. No significant correlation was found between wind speed and the building’s 

HLC. This could be attributed to the fact that that the building was sheltered 

from three sides and the wind speeds experienced were not excessive.  

4. External temperature appeared to affect the resulting HLC and this was 

attributed mainly to the ground floor heat losses. 

Results from the first long term in situ monitoring study in the UK with the QUB method 

were presented in this paper. The aim was to establish specific trends on the 

performance of the QUB method in situ. Further analysis is required on the particular 

conditions of each test performed and the heat flux on the building elements to 

investigate the outliers that appear to affect the level of consistency of the test results. 

Data from heat flux sensors installed on the floor will help to investigate further the 
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effect of external temperature and assess whether consistency of results is improved 

when isolating the floor heat losses. Reliance of the results on additional weather 

parameters (solar radiation, precipitation, night long-wave radiation) and the thermal 

performance of building elements (i.e. U-values with the QUB/e method; Meulemans et 

al., 2016) will also be investigated in future studies. 

It should be stressed out that these findings apply to measurements performed in an 

uninsulated dwelling. Therefore, additional testing is required to investigate whether 

the same reproducibility of results would be achieved for well insulated buildings 

representative of new built or retrofitted properties. Climate chamber testing suggested 

that similar reliability can be expected (Meulemans et al., 2016), however testing in field 

conditions is required to verify this assumption. Testing a well-insulated property will 

allow greater flexibility in the power input to adjust the α-criterion. In addition, further 

validation and verification of results will be achieved by comparing results obtained with 

the QUB method to the ones obtained with coheating or other similar methods 

(Janssens, 2016).  
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ABSTRACT 

Windows represent one of the largest contributors to heat loss in historic buildings. This 
study evaluated the thermal performance of sash windows in an historic Educational 
building in north of England, using a thermal camera, hotwire anemometer, heat flux 
plates and temperature sensors. A case study building was selected where the test 
sample improvement options to the sash windows were already installed. The 
installation of the upgraded windows made it possible to observe, as well as measure, 
the windows’ in situ performance under normal operational conditions. Four trial 
sample window options were used, which included: secondary glazing, draught 
proofing, double glazing and solar film in addition to the trial control window to which 
no intervention was undertaken.  
 
Surveying and measurement tools were used to examine thermal performance and air 
leakage.  Supported with the use of a blower door, to create a pressure difference, 
thermography made it possible to identify the cold air entering through the windows. 
The anemometer was useful in determining the presence of the draft, but was not 
accurate in measuring the velocity of the draft. The in situ U-values taken using flux 
plates which provided comparative information on how the window performed, with 
heat flow measures being undertaken simultaneously. These heatflux data were used as 
an indicative measure across the windows that were monitored; however, due to the 
limited period available to monitor the windows (between room occupation), the heat 
flux measures were not accurate enough to obtain what would be considered reliable U 
or R values.  Thermography was found to be the most useful method to assess windows, 
since it gave more information about the distribution of temperature around the 
window surface area, and also helped to locate draughts around the frame edges.  
 
 
Keywords: air leakage, draughts, historic windows, thermal performance, 
thermography  
 

Introduction 

Proportional to their area, heat loss through windows, especially those which are single 
glazed, represents the one of the most significant heat loss mechanisms in a building 
(Baker, 2008; Stamp, 2011). As a result, window units, glazing as well as frames, provide 
an opportunity to reduce total heat loss from the building envelope (Van Den Berg et 
al., 2013). Through systematic studies of windows, which identify the factors that 
contribute to heat transfer, common issues can be identified and improvements made. 
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Evaluation of the thermal performance of historic windows has usually been undertaken 
in laboratory environments, using the guarded hot box method (Baker, 2008; Condon et 
al., 1980). This methodology has been used by various research institutes to test 
windows’ thermal properties (Condon et al., 1980; Stamp, 2011). While lab tests provide 
the most robust method of testing window and glazing units in isolation, studies have 
acknowledged the limitations of using these results as an indication of in-situ 
performance (Baker, 2008; Lowe et al., 1999).  The discrepancy in the in-situ 
performance of windows has been attributed to a number of factors, such as: 1) 
different environmental conditions, 2) problems during installation, and 3) changes to 
specifications during refurbishment. In addition, windows that have been refurbished or 
altered to accommodate in situ conditions cannot always be assessed in laboratories 
(Condon et al., 1980). The testing of windows in situ treats the windows being 
investigated as an undisturbed specimen. This presents a different scenario if existing 
windows are removed from their location and tested in a laboratory, since they become 
a disturbed sample. The assessment of windows that are construed as disturbed 
samples are problematic since issues associated with the interface between the window 
and the building fabric are eliminated. 
 
Even if windows are manufactured to stringent manufacturers’ specifications, the reality 
is that they can underperform once they are installed, due to other influences, such as 
the quality of workmanship and fit (Godwin, 2011; Stamp, 2011). The performance of 
the window is affected by the install and alignment of the window opening. The fitting 
and interface is affected by the condition of masonry; square accuracy of the opening 
(size of head, sole and jambs), and actual ability of the wall reveal to accommodate the 
window; the cracks and gaps in the masonry and window seals (Stamp, 2011; Lehmann 
et al., 2012). This means that further research should be undertaken in order to 
understand in situ window and fitting characteristics and the reasons for any potential 
performance gap. Information on factors that contribute to the performance gap will be 
helpful to construction professionals who are constantly upgrading windows in historic 
buildings.  
 
In order to identify and verify the impact of such phenomena there is a need to 
undertake systematic enquiries to help guide the decision making process. For this 
project, a case study was selected where different retrofit options were installed in the 
same building. This study set out to delve deeper into the way in which windows 
performed, once installed, as opposed to carrying out laboratory assessments using the 
hot box method. The limitations of laboratory tests (Condon et al., 1980; Baker, 2008; 
Stamp, 2011) led to the decision to use field studies, benefiting from the ability to 
observe window in situ, the actual environmental exposure and wear and tear suffered 
by existing windows (Sterling et al., 1985; Van Den Bergh et al., 2013). 
 
The current study was driven by the need to answer occupants’ complaints about drafty 
windows in a listed building. As leaky windows are often the cause of ‘thermal 
discomfort' (Huizenga et al., 2006) the study is considered useful and would be of 
benefit. Given the scale of the retrofit that was anticipated (2000 windows), there was 
a need for the facility managers to ensure options were properly considered and a 
robust solution was proposed. This study represented to the first in a series to review 
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the windows performance. A preliminary survey of the windows revealed that the 
majority of air leakage was emanating from the wooden frame of the sash windows. This 
was supported by a review of literature, especially in the work of Baker (2008) and 
Stamp (2011). 
 

Case study for the sash windows 

Before a description of the experimental process can be undertaken, it is essential to 
give a brief overview of the historic windows under study. A sample is shown in Figure 
1. The decision to focus on sash windows was made because this type of window has 
been associated with listed and historic windows in the north of England. Seminal work 
on this type of window has been conducted by Baker (2008), who tested the thermal 
properties of sash windows in Scotland. Baker's study made use of laboratory testing 
equipment, which is different from this study, favouring a more empiricist approach to 
studying historic buildings, through an experimental approach. 
 

 

Figure 1: Original window. 

The case study building served as the base for experimental set-up from which the data 
collection instrumentation was deployed. The following items of equipment were used 
to assess the sash windows a thermal image camera, hot-wire anemometer, heat flux 
sensors with temperature sensors supported with a heated internal experimental set-
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up which made use of a blower door for depressurisation. The equipment used for 
assessment were readily available to the research team and are typical of recent forensic 
investigations (Sherman and Chan, 2004). The exception is with the use of the hot-wire 
anemometer, which has been used in determining wind speeds in other contexts.  
 
 
 

 
 

Figure 2: Case study building. 

This study was undertaken in the north of England, in an educational establishment in 
which it was anticipated that over 2,000 windows were required to be upgraded, due to 
complaints of draughts emanating from the windows. The case study building is shown 
in Figure 2, while a schematic floorplan is shown in Figure 3. Figure 2 show the direction 
in which the windows under investigation were facing (North). This, in itself, is 
significant, as it makes it possible to make comparative judgments, as the windows were 
exposed to similar climatic conditions (Pearson, 2011). The case study provided the 
'laboratory' in which in situ measurements would be undertaken. 
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Figure 3: Floor plan of the investigated building. 

As is usually the case in the positivistic paradigm (Hammond & Wellington, 2003), the 
truth is arrived at after experimental procedures, which makes it easier to verify the 
trustworthiness of any field work.  Yin (2009) advocates a case study research 
methodology when a situation arises which is unique, and would benefit the research 
community if the findings were disseminated. Hence, the identification of a case study 
building which was unique, with a number of retrofit windows already installed provided 
the impetus for analysis and assessment. Despite the limitation which were apparent 
with the building being investigated, there was more to be gained from undertaking this 
assessment. Once a decision was made to accept the case study building despite its 
limitations, the next phase of this study was to consider the appropriateness of the 
instrumentation that would help to assess and characterise the windows with regard to 
heat loss.  
 
A number of different window options were assessed, as they were installed in the 
investigated building. These were: 1) A window with draught proofing, 2) Secondary 
glazing window, 3) Double glazed window, 4) Solar film window. These windows were 
tested against the control window, which served as the baseline window, as it had had 
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no intervention, implying that it represented the typical window to be found in this 
historic building and potentially more representative of buildings of a similar age.  
 
To ensure that the experimental procedure was valid, all these windows were exposed 
to the same environmental conditions and were of approximately the same size, in order 
to allow for comparative, objective measurement. 
 

Thermography 
 
Thermography made it possible to assess the thermal performance of the historic 
windows without breaking them into component parts (Lehman et al., 2013; Cardeira et 
al., 2011; Taylor et al., 2013).  Thermography was deployed in this study to measure 
window surface temperature, including both the glazing and the window frame. This 
method of surveying and assessing windows was thought to be convenient and 
effective, as a survey could be undertaken relatively quickly and with the windows being 
housed on an upper floor, could be undertaken internally without the need for 
scaffolding (Takashi et al., 2011, Titman, 2001, Dudic et al., 2012). A thermal camera can 
be used with little training, although to for effective use and understanding a prior 
knowledge of building physics is useful (Pearson, 2011). The relatively high cost of the 
equipment can preclude its use by small builders or those involved in property 
development on a small scale (Pearson, 2011), however, the price of cameras is reducing 
as use increase.  
 
The initial findings from this small piece of research shows that thermography would 
generally suit more established builders/developers who are involved in large scale 
refurbishments. The use of such tools will help speed up the decision making process, 
helping inform the choice of alternatives and highlighting windows that need urgent 
attention. 
 

 

Figure 4: Windows examined under normal conditions 

 

Figure 4 shows all the options that were considered, before any intervention was made 
on them. This shows the 'natural’ or 'normal' conditions in which the windows were 
investigated. There was then a careful analysis of the sash window, using forensic tools 
of investigation such as: 1) Thermography, 2) Heat flux plates and temperature sensors, 
and 3) Hot wire anemometer.  
 

     
Control Window Slender Fit Double 

Glazed Window 
Draught Proofing 
Window 

Solar Film Window Secondary Glazing 
Window 
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Hot wire anemometry 

A hot wire anemometer was used to make measurements at the window frame edges 
and at the sash overlap, of the examined windows. Beyond building studies, this piece 
of apparatus has been used successfully to measure wind speed (Perry and Morrison, 
1971). It measures wind speed in m/s. According to research elsewhere, it seems that 
no previous study has used hot wire anemometry in window research (Yue and 
Malmstrom, 1998), so this study’s use of the method was thought to be novel, and it 
also highlighted some of the salient issues that building physicists should be aware of 
before utilising the tools of forensic investigation. In this case, the anemometer readings 
confirmed that the window frame edges previously identified with a thermal camera 
were, indeed, leaky. Hence, based on this empirical study, there is a need to ensure that 
the frame edges of the windows are sealed, as they can be the cause and source of 
thermal discomfort. Other studies on windows and glazing, such as the one by Huizenga 
et al. (2006), have highlighted the implications of sitting close to window which is 
draughty. To avoid such a scenario for the occupants of a building, as well as to reducing 
energy associated with heating the air that is lost through the windows (Takashi et al., 
2012), sealing window edges can be an effective and less costly option for upgrading 
windows in historic buildings (Godwin, 2011). In order to allow the study of the 
anemometer readings around the frame edges so they could be compared and analysed, 
in this study, a diagrammatical representation of the edges was drawn up, as shown in 
Figure 5. This representation was helpful during the recording of the data during the 
experimental process. 
 

 

 

 

 

 

 

Figure 5: Control (unmodified) window 

 

Heat flux plates and temperature sensors 
 
Heat flux sensors were deployed in the case study building in order to measure the in 
situ U-value of the glazing after the temperature difference between the internal and 
external living conditions were determined (as used in previous studies, e.g. Kiss and 
Neij, 2011). The heat flux plates were positioned at the centre of the glazing, a location 
which was thought to be representative of the window’s surface area (Stamp, 2011). 
The setting up of the plates was undertaken in general compliance with the ISO 9869-
1:2014 standard (ISO 9869-1:14), with the limitations noted below. Due to occupancy 
issues and the allocated time for measurement, the minimum period during which these 
data were monitored was three days, from 00:00 to 06:00, at a time when the 
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temperature difference between the inside and the outside environmental conditions 
would be at a minimum ISO 9869-1:14). 
 
The need to obtain individual U-values for each window was of less concern in this study 
than to ensure that the heat flux measurements were obtained concurrently across all 
windows in the case study.  The main aim of this study was to undertake a comparative 
study across the trial windows, comparing the retrofit options. 
 

Results 

The results of this study showed that air leakage, typical in historic sash windows was a 
common feature of the historic windows in this study, albeit at different levels of 
severity. In the trial retrofit and replacement windows examined in this study, secondary 
glazing was shown to be more effective in improving the heat retention of the glazing. 
Hence, this study advocates the use of secondary glazing as an effective means to 
upgrade the thermal performance of historic windows in listed buildings, in terms of 
reducing air leakage around the frame edges, and having a high surface temperature on 
the glazing, secondary glazing outperformed the other options. When all the windows 
were under depressurised conditions, the use of a thermal camera revealed the location 
of the air leakage path and a sense of the direction of this air movement. As a result, this 
showed how thermography can be quite a useful tool to compare different retrofit 
options, thus making a quick assessment of their condition. The windows analysed are 
shown in Figure 4. 
 

Heat flux plates 

The usefulness of heat flux plates in historic window refurbishments was thought to be 
limited, especially in a large scale refurbishment, due to the time frame that is required 
to obtain accurate results, supporting the work of Baker (2008) and Stamp (2011). Also, 
the scientific process of choosing the most representative glazing surface was shown to 
be subjective, since air movement on the glazing surface is affected by environmental 
conditions internal to the room in which the plates are mounted. Considering the 
potential limitations, the results are shown below (Table 1). 
 
 

Table 1: Predicted measured centre pane U-values derived from heat flux sensors 
Window 
retrofit 
options 

Secondary Glazing Solar Film Draught Proofing Control Slender Fit  

Element Designed Measured Designed Measured Designed Measured Designed Measured Designed Measured 

W/m2K W/m2K W/m2K W/m2K W/m2K W/m2K W/m2K W/m2K W/m2K W/m2K 

Centre 
pane U-
value 

2.4 1.51 4.8 5.21 4.8 4.69 4.8 4.92 1.9 2.18 
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Figure 6: Measured versus designed in situ U-values of the centre of the glass, for each retrofit 

option. 

The data show that there is a discrepancy between the measured thermal performance 
(heat loss) of the glazing, and that which is specified in the manufacturer's literature. 
 
The benefits of heat flux plates as a way to characterise the retrofit options were shown 
to be problematic and not necessarily reliable, due to the interference that usually 
occurs during the mounting of the plates to the glazing and drafts around the plates 
(also observed by Baker 2008). 
 

Hot wire anemometer 

This study was ambitious in deploying the hot wire anemometer to measure draughts 
around frame edges. The use of the anemometer in this scenario was, in itself, based on 
a logical approach to this study. There was no support obtained from a review of the 
literature in this regard, although the hot wire anemometer has been used in buildings 
(Perry and Morrison, 1971). Similarly, since this study was also exploratory in nature, 
the results showed that its use in window research can be a way to verify the existence 
of a leakage path around window frame edges. 
 

Table 2: Summary of draughts measured under depressurised conditions 

Retrofit Options Min. Draught 
Speed 

Max. Draught 
Speed 

Total Window 
Draught 

Average Edge 
Draught 

Control 1.45m/s 1.45m/s 8.7m/s 1.45m/s 

Draught Proofing 0.00m/s 2.94m/s 7.61m/s 1.27m/s 

Solar Film 0.00m/s 5.34m/s 15.82m/s 2.63m/s 

Slender Fit 0.10m/s 2.94m/s 9.34m/s 1.56m/s 

Secondary Glazing 0.00m/s 1.45m/s 1.95m/s 0.325m/s 

 
Table 2 shows the results that were recorded using a hot wire anemometer. The average 
draughts from the secondary glazing retrofit option were minimal, when compared to 
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the other windows surveyed. This shows that the use of a hot wire anemometer can be 
useful in confirming the existence of air leakage around the frame edges of the window. 
The quantitative information, though useful, is not entirely reliable, since the use of a 
hot wire anemometer has not been standardised in window research. In addition, it is 
not a piece of apparatus that is used solely for this purpose, and its use in this study was 
to validate and triangulate the results from the use of other instrumentation. 
 

Thermography 

Presenting the results in the way shown in Figure 7 was to enable a comparison to be 
made relatively quickly. This supports thermographic studies which argue for better 
presentation, being part of using the piece of apparatus (Pearson, 2011). Although the 
use of software to analyse images and then interpret them can be difficult for non-
technical people to understand, the basics of identifying cold and hot spots provide a 
means for industry practitioners to make a quick thermal assessment, which can help 
with assessing windows. 
 

Figure 7: Windows examined under depressurised conditions 
 

The results shown in Figure 7 show clearly that secondary glazing as a retrofit option had 
a warmer surface area than the other options examined in this study. The baseline 
(control) window is shown to be leaky, with its edges having significantly lower 
temperatures, which highlighted and located air leakage paths.  The use of 
thermography, also discovered that a single glazing pane had been fitted in the bottom 
sash of the slender fit double glazed trial window, this observation was not apparent 
without the use of thermography. 
 

Conclusion 

The results of the study suggest that there is an array of non-destructive tools that are 
available to assess the thermal performance or properties of a building.  Within the 
sample tested the thermal image camera was found to be the most comprehensive. 
Furthermore, the results of this study have shown how the use of thermography can act 
as a diagnostic tool, providing quick and detailed information on the properties of a 
window. Thermography has been shown to be more effective than the use of heat flux 
sensors (with the use of temperature sensors) or a hot wire anemometer. The use of a 
hot wire anemometer, in this context, needs further investigation before the reliability 
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of its measurements can be trusted. However, what this paper offers is a synthesis of a 
field experiment, thus contributing to the body of literature on how to assess historic 
windows in historic listed buildings.   
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Viable Options for Providing Low Carbon Heating and Hot Water in New 
Housing 
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Abstract 
 
Although the heat-loss in new dwellings in the United Kingdom is small in comparison 
to older properties, there is still a significant energy requirement for heating and hot-
water.  In order to meet the government's Carbon reduction targets for 2020 and 
beyond robust low-carbon solutions are required for provision of heating and hot-water 
in new housing stock. This paper looks at the viable options for this. 
 
The prospective energy requirements for heating and hot-water have been modelled for 
sample house types built to current Building Regulations and to Passivhaus standards 
and the results used to analyse the input energy and associated carbon emissions for a 
range of heating and hot-water options. 
 
The study reviews community heating system solutions as well as systems suited to 
individual dwellings and includes those with renewable energy content such as heat 
pumps and biomass. Available data from energy monitoring has also been used to take 
into account the performance gap on systems in the real-world.   The study concludes 
that investment is needed to develop and manufacture solutions for social and private 
housing that are both effective and affordable. 
 
INTRODUCTION 
 
Although there has been an increase in the number of Passivhaus dwellings and other 
highly insulated houses constructed in England in recent years, there appears to be little 
consensus on what constitutes the most energy efficient method for provision of 
heating and hot-water.  For new housing in general the installation of a “wet” central 
heating using gas fired boilers and panel radiators continues to be the most prevalent 
option adopted. 
 
Whilst new houses are currently being constructed to a range of thermal performance 
standards, the quantitative analysis used in this paper is based on a model dwelling with 
thermal standards that would meet the requirements of Building Regulations (Approved 
Document L, 2013) using electricity for heating and hot water provision. This allows a 
wide range of heating options to be considered that would meet or exceed the 
regulatory requirements. 
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For a typical 90m2 semi-detached dwelling with efficient heat-recovery ventilation this 
can be achieved with the following criteria: 
 
External walls 0.15 
Ground floor 0.15 
Roof  0.12 
Windows 0.8 (triple glazed) 
Airtightness:  3m3/m2/hr at 50pascals 
 
(Building Regulations approval is based on achieving a required carbon emissions target 
and thermal insulation standard using specified calculation procedures and the U values 
needed to achieve this will differ slightly for different house designs.) 
 

TABLE OF ABBREVIATIONS USED IN PAPER 

SAP Standard Assessment Procedure 

PHPP Passive House Planning Package 

LEDA Leeds Environmental Design Associates 

MVHR Mechanical Ventilation with Heat Recovery 

GSHP Ground Source Heat Pump 

COP Coefficient Of Performance 

 
 
MODELLING PROSPECTIVE ENERGY USE 
 
The software generally used for modelling energy consumption in new dwellings in 
England is the Standard Assessment Procedure. A SAP calculation is required for all new 
houses to demonstrate compliance with Building Regulations and data from SAP is used 
to generate the Energy Performance Certificates for new houses.  The SAP calculation 
uses data on a dwelling's thermal standards, heating system, airtightness, etc. to 
generate prospective annual energy consumption for heating and hot-water.  Another 
calculation procedure –  PHPP -  has been created by the Passivhaus Trust for assessment 
and accreditation of dwellings meeting the Passivhaus standard. 
 
Whilst the accuracy of SAP has been previously questioned (Moutzouri, E. 2011) there 
is little monitored evidence regarding the accuracy of SAP for well insulated dwellings.  
LEDA has recently conducted a small research project on a terrace of seven new 
dwellings in Sheffield looking at energy used for heating and hot-water over the calendar 
year 2016.  These houses are insulated to a higher standard than required to meet 
current building regulations, with triple glazed windows, airtight construction and 
mechanical heat-recovery ventilation (MVHR).  The private metering employed in the 
houses enables the daily energy consumption for the electric heating and hot-water 
systems to be separately recorded for each dwelling. 
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The seven houses are timber frame and constructed to the following U values: 
 
  External walls: 0.11 W/m2K 
  Ground Floor: 0.15 W/m2K 
  Roof: 0.11 W/m2K 
  Windows & Doors:  0.8 W/m2K 
 
Airtightness tests produced results close to 1.0m3/m2/hr for all the dwellings. LEDA 
were responsible for providing the SAP calculations and Energy Performance Certificates 
for the houses and were obliged to verify calculation procedures for U values and 
thermal bridging. 
 
A comparison of the SAP calculation and PHPP calculation predictions of energy use for 
each house was compared with actual energy used for heating and hot water.  The 
monitored energy consumption was corrected for variations in monthly external 
temperature from the 20 year averages using regional Degree Day data. Internal 
temperatures in the houses were also monitored and were generally very similar to 
those used in SAP and PHPP.    The results averaged over the 7 dwellings are shown in 
the two graphs below. 
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The results show that for these dwellings energy used for heating is nearly double the 
SAP prediction, whilst the PHPP calculation is closer to the reality, overestimating energy 
use by around 15%.  
 
By comparison the predictions of hot water energy use compare well with the reality, 
SAP overestimating consumption by 5% and PHPP overestimating by 7%.  It is worth 
noting at this point that typical energy consumption for hot-water provision in these 
houses is 53% of the total for heating and hot-water.  
 
Whilst this study is too small to give a high level of accuracy to the results, it does raise 
questions about the accuracy of the SAP calculation for well insulated houses. For the 
purposes of this paper the SAP calculation estimates of energy use have been adjusted 
in line with the above monitoring results. 
 
 

REVIEW OF ALTERNATIVES FOR HEATING AND HOT WATER PROVISION 
 
Electric Heating 
Electric resistance heating can come in a variety of forms: panel heaters, underfloor 
heating, radiant wall panels and infra-red heaters. Despite the fanciful claims from some 
manufacturers, all electric heaters are essentially the same in that they convert 
electricity into heat at 100% efficiency. Those with good temperature control and fast 
response can use less energy than those without, and the type of heat (radiant, 
convective, etc.) will have a small impact on energy use in a well-insulated house. 
 
One long-standing argument against using electricity for resistance heating and hot-
water production is that it makes little sense to take a fossil fuel (coal, gas, oil), burn it 
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and use the heat to generate electricity at 30-40% efficiency and then just turn it back 
into heat.  Increased generation by renewable sources weakens this argument, but 
generating all the UK electricity from renewable sources will be much harder if we start 
using electric resistance heating to heat all our new housing stock. 
 
Domestic Gas boiler 
A gas condensing boiler linked to a wet central heating system is generally the default 
option for new housing in locations with a natural gas supply, and remains the heat 
source for most central heating in the UK.  Whilst the “combination” boiler, providing 
instant hot-water is more popular than the boiler + hot-water cylinder option the 
evidence that it is more energy efficient is questionable (National Energy Study 2) 
 
Although gas heating is still a much better option than electric resistance heating in 
terms of carbon emissions, the natural gas supply is, and is likely to remain in the 
medium term, a fossil fuel and so not the ideal zero/low Carbon solution. (The possibility 
of decarbonising the natural gas network, for example by creating hydrogen or methane 
using renewable electricity, has been discussed (Dodds, P; McDowell, W. 2013) but 
remains just a possibility.) 
 
Air Source Heat Pumps 
The use of heat-pumps for domestic heating has been common is many Northern 
European countries for some decades, but is relatively recent in the UK. When used in 
conjunction with a low-temperature heating installation, such as underfloor heating 
operating at 35deg C, modern air source heat pumps can have a seasonal co-efficient of 
performance (COP) for heating exceeding 4.0 (i.e. a total heat output of 4 times 
electricity input).  However, their COP is greatly reduced when used to heat a hot-water 
cylinder to over 55degC.  As noted above, the energy used for hot-water production in 
a well-insulated new dwelling can be greater than that used for heating, so this is a 
significant issue.   Although the hot-water temperature required for a shower is only 40-
43deg the Health and Safety Executive recommend storing hot water at 60deg C to avoid 
problems with legionella bacteria. (Health and Safety Executive 2013) (There are 
alternative methods of dealing with legionella but these are currently not very practical 
for domestic installations.) 
 
An air-source heat pump using Carbon Dioxide as the refrigerant and specifically 
optimised for delivery of hot-water has recently been introduced onto the UK 
marketplace by Mitsubishi PLC and is a promising advance in domestic heat pump 
design. 
 
Ground Source Heat Pumps 
Whilst ground source heat pumps (GSHP) can offer a higher seasonal COP than air-
source heat pumps their high capital costs deters their use in new dwellings.  The 
external pipe installation usually requires drilling bore-holes around 100m deep when 
used in an urban environment which is a significant cost in itself.  The issue described 
above of low efficiency at high flow temperatures applies equally to air source and 
ground source heat pumps.  One UK company has developed a small GSHP (Kensa 
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“Shoebox”) aimed at houses with low heat loss and which can share an external bore-
hole array, and this is another promising area of product development.  
  
Combined Heat-recovery Ventilation and Heating 
The use of MVHR systems in well insulated airtight housing is justifiably popular and a 
number of projects have added a small heater battery to the system supply air as a way 
to provide heating for the dwelling.  Whilst this can work after a fashion in properties 
with very low heat loss, the demand for ventilation in rooms cannot easily be matched 
with the demand for heat, so maintaining desired temperatures at the same time as 
optimum ventilation rates can be problematic. Research from Norway indicates that 
residents in dwellings using this type of heating frequently complain that maintaining a 
comfortable temperature in living rooms results in bedrooms becoming too warm. 
(Georges, L. et al 2016) 
  
It is not within the scope of this paper to analyse this is detail: the key point here is that 
the heat source for the heater battery has to be from one of the sources previously 
described. 
 
Wood-burning Stove 
A wood-burning stove has been adopted by some “eco-house” owners as the primary 
source of heat for their dwelling, seeing it as a low Carbon solution, and presumably 
prepared to accept the temperature gradients in a house relying solely on a point source 
of heat (albeit partially distributed by the MVHR system).   There are obvious reasons 
why this cannot be a practical solution for new housing in general.  There are some 
concerns about particulate emissions from wood stoves and their impact on air quality 
in towns in particular, and this is not a practical solution for new housing in general. 
(Mitchell, E. et al 2017) 
 
Community and District Heating 
District heating is currently being promoted by the UK government with £300million 
funding through the Carbon and Energy Fund. (Carbon and Energy Fund 2017). Whilst 
district heating offers great potential for energy savings to housing in urban 
environments, this paper is looks specifically at its suitability for new housing. A key issue 
when considering a communal system for well insulated new housing is he relatively 
small heat demand in each house and the consequent reduction in overall system 
efficiency.  
 
Clearly the quantity of heat “lost” (i.e. not delivered to the heating and hot-water 
systems within the dwellings) is dependent in part on distribution temperatures.  More 
recent designs in Europe have looked to reduce flow temperature and increase the 
differential between the flow and return temperatures. Whilst low temperature heating 
systems such as underfloor heating can operate at a flow temperature of 35degC, hot 
water for kitchen sinks needs to be at least 45degC (TMVA 2000).  A district heating flow 
of at least 50deg would thus be required, even if using a very efficient heat-exchanger. 
 
LEDA recently reviewed heat distribution in a small district heating scheme being 
considered for a planned new housing development in Leeds. The study modelled an 
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estate of 38 two and three bedroom dwellings on a relatively compact site and built to 
similar thermal standards set out in the Introduction above. The model assumed current 
good design practice (CIBSE code of Practice 2016) using the following criteria: 
 

 Premium pre-insulated underground distribution pipework (7W/m heat loss) 

 Insulated distribution pipework in buildings  

 Modelled annual heat & hot-water use 3032kWh per dwelling 
 
The results summary is as follows: 
 
The results summary is as follows: 
Pipework Heat Losses

Mean piping heat Loss 7 W/m

Length of piping 306 m

Total mean piping heat loss 2142 W

Annual piping heat loss 18764 kWh

Boiler room pipe-losses 4380 kWh (500watts)

Buffer tank losses 1444 kWh (165watts)

HIU losses 5825 (6 months only)

total losses 30413 kWh/p.a.

Building Loads

Annual heating load 1207 kWhr

Annual hot water load 1825 kWhr

Number of buildings 38

Total annual building load 115216 kWhr

Total annual load 133980 kWh/p.a.

Piping loss as % of total 22.70 %  
 
 
For a heating system with a built-in 23% inefficiency additional to the inefficiency of the 
boilers (or other heat source) to be attractive, the primary energy source needs to be 
able to be both low Carbon and cost-effective.  Sources of waste heat (providing the 
waste is an inevitable consequence of a process) fit this definition but will rarely be 
available where needed.  Heat from waste incineration is already used in many English 
cities although the “green” credentials of this are outside the scope of this paper).  
Schemes using wood-chip or wood pellet as a heat source can justifiably claim low 
Carbon emissions but the available supply of UK sustainable timber does not allow 
extending this option to all new housing. The use of CHP (Combined Heart and Power) 
using natural gas to provide the base load of a district heating system would result in 
lower Carbon emissions than using communal gas boilers. However, whether this 
improvement would compensate for the built-in 23% losses is debatable.  
 
Some research has been carried out on ultra-low temperature systems using small 
heaters within each dwelling to boost hot-water temperatures (Yang et al 2016). The 
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reduced distribution heat losses and the ability to use a wider range of low-grade heat 
sources such as heat-pumps make this a promising area of research, but more work is 
needed analysing the various energy balances to establish whether it provides a 
significant improvement in total system efficiency. 
 
In terms of comparative costs, the interface unit linking an individual dwelling to the 
system, heat metering, underground pipework and central energy centre makes district 
heating a high cost option than individual gas or electric heating options. 
 
QUANTITATIVE REVIEW OF OPTIONS 
 
Using SAP to model energy demand for the typical semi-detached house described 
previously enables a comparison of discussed options to be considered. The SAP 
estimate for heat demand has been adjusted in line with the monitoring results.  
Installation costs are estimates based on recent LEDA projects. 
 

system kwh

Annual 

CO2  (Kg)

annual 

running 

cost capital cost

annual 

maintenance

20 year 

lifecycle cost

electric panel 

heaters+immersion 4430 1816 £753 £3,200 £10 £18,462

gas central heating 4922 911 £295 £4,500 £60 £11,607

Heat pump 2.75 seasonal 

COP (typical air source) 1582 649 £269 £8,000 £20 £13,779

Heat pump seasonal 3.75 

COP (new generation) 1181 484 £201 £9,000 £20 £13,420  
Carbon conversion figures used are UK Government GHG Conversion figures for 2016. 
 
Community/district heating has not been included in the table as the number of 
variables and the wide range of possible equipment and design criteria could make 
comparison misleading. However capital costs for any community system would be 
above the median for options considered 
 
The Governments Renewable Heat Incentive scheme currently offers some financial 
return for heat-pump installations, spread over a seven-year period following 
installation. 
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CONCLUSIONS 
 
Although the findings on the accuracy of the SAP calculation are from a limited set of 
measurements, the results are of concern and more monitoring of energy use in new 
housing is needed to ensure that this national standard calculation is – or can be made 
to be - reliable.  
 
In relation to the technology currently available for provision of heating and hot-water 
to new homes it is likely that house builders will use the most economical solution 
required to meet statutory compliance.  The specific examples of recent technology 
described above as “promising” (the CO2 air-source heat pump and the “shoebox” 
ground source heat pump) currently have a high capital cost.   
 
If the benefits of constructing new housing to higher thermal standards are to be 
reflected in lower resultant Carbon emissions and reduced dependence on fossil fuel 
this issue needs to be addressed. What is missing in the marketplace are low-cost 
products designed to provide low-carbon heating and hot water for the coming 
generation of housing.  In addition to the commercial product development required for 
this, government funding and changes to the building regulations are likely to be 
needed.  
 
District and community heating clearly have a role to play in providing heat to existing 
housing and such schemes could incorporate connection to new housing in the same 
location.  Community heating can also be a viable option for new apartment buildings 
where no external distribution pipework is required. However, a realistic assessment of 
distribution heat-loss and overall system efficiency should be carried out before 
adopting community heating for new well-insulated housing developments. 
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Abstract 
 

It is widely observed that there is a difference between the actual energy 
consumption of domestic buildings, as measured in use, compared to that 
predicted at the design stage. This is generally known as the ‘performance gap’. 
This discrepancy is a concern for those involved in low energy building design, as 
it means that targets set at the concept stage of a development on aspects such 
as reduced CO2 emission rates are not realised in practice. A number of factors 
are involved in creating this difference in performance. Two key areas are 
variations in build quality compared to design intentions especially in the area of 
insulation and air tightness and also differences in the way that occupants 
interact with their buildings on aspects that affect energy performance. It is this 
latter aspect that is the focus of the research presented here. It involves a survey 
of the central heating programmers currently available on the market and in 
particular the default programmes that are factory set in to these devices. Whilst 
these setting should be reconfigured during installation and commissioning in 
conjunction with the requirements of the homeowner, it is possible that they will 
be the basis for operation for many years following installation. The default 
settings are looked at here and the information given will be of use to those 
involved in thermal modelling of building energy consumption and issues of 
human interaction with building services. 

 
INTRODUCTION 
 
It is now widely accepted by the scientific community that the release of carbon dioxide 
(CO2) into the atmosphere from fossil fuel based energy use is a major contributor to 
climate change. In the United Kingdom (UK) the operation and construction of buildings 
has been identified as supplying almost half of the CO2 discharged into the atmosphere 
each year and of those buildings, housing is the building type that uses the most energy 
and therefore produces the most CO2 (Palmer and Cooper,2013). Recent UK climate 
change statistics show that the domestic sector contributes 23% of all UK CO2 emissions 
(Department for Business, Energy and Industrial Strategy, 2017). It can be seen from this 
that reducing the energy used to construct and operate housing is key to reducing the 
overall UK CO2 output. To date, the main focus has been given to reducing the energy 
used in the operation of buildings by detailing fabric and services specifications known 
to reduce the energy consumption of the building at the design stage. In the UK energy 
is consumed by building services installed in the premises including, lighting, fans and 
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pumps and in some buildings air conditioning and mechanical movement systems. 
However, in domestic buildings the primary consumption is by space and water heating 
systems. 

 
Much legislation has recently been implemented to reduce the operational energy use 
of new buildings. This includes changes to Part L of the Building Regulations (Department 
for Communities and Local Government 2016) which includes elements of the EU Energy 
Performance of Buildings Directive (European Union 2010). The aim of this legislation is 
to reduce the CO2 output arising from fossil fuel energy consumption in buildings with 
an ultimate aim of producing zero CO2 buildings. Relevant to this paper is the building 
regulations' requirement for adequate heating controls in new or upgraded heating 
systems. This direction informed the ambitious but now abandoned UK Government 
target to reduce the carbon output of new housing to zero by 2016 (Department for 
Communities and Local Government 2009). This means that new properties will 
continue to have a demand for space heating alongside that of the existing body of UK 
housing. 
 
When space heating is operating there are two ways of reducing the carbon dioxide 
emitted by them; firstly, the heating device used for converting fossil fuels into thermal 
energy within the property should be as efficient as possible. The aim is for low to zero 
carbon operation. Secondly, the heating system should be controlled so that it only 
operates when required and to the level required. This emphasises the need to limit the 
duration of operation of the heating system using time settings within a heating 
programmer and temperature settings within a room thermostat.  Both of these devices 
are readily accessible to occupiers but there is indication that interaction with them is 
less than optimal. This concern arises from various demographic research papers such 
as that conducted in the US by Peffer et al., (2011) who found that half of the homes 
surveyed had not used the programming functions on their control units. Other research 
suggests that the selection of control units and setting them up is often left to the 
discretion of the installers themselves (Wade et al.,2017). When time is of an issue to 
installers, this could result in the default settings that are built in to the devices during 
manufacture being the basis on which heating control operates. This paper will look at 
the implications for energy use arising from this situation 
 
To limit the scope of the research it will only look at the new generation of wireless 
programmable thermostats. These devices have a boiler-based receiving unit that 
controls the boiler's operation in response to signals received wirelessly from a remote 
unit.  The occupant inputs desired time and temperature settings into this remote unit 
which generates control signals by comparing the input values to its internal clock and 
readings from its in-built room air temperature sensor. 
 
The units surveyed are those manufactured by leading UK suppliers that can be installed 
as part of gas boiler central heating. These devices have inherent energy benefits over 
the traditional analogue controllers such as being more responsive and providing more 
accurate temperature sensing. However, they share a similar potential weakness with 
older analogue and hard wired controllers in that they are only as good as the match 
between the control settings and the heating requirements of the occupants. 
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This paper will commence by describing the research method, provide context with 
reference to domestic heating control systems, present data derived from the research 
in tabular form followed by a discussion of the main findings. Finally, the paper will 
conclude by analysing the information found and highlighting areas for further research 
into this topic 
 
RESEARCH METHOD 
 
Installation manuals from six of the leading UK manufacturers of programmable room 
thermostats were scrutinized to obtain their default time and temperature settings. The 
six manufacturers were Salus, Honeywell, Drayton, Danfoss, Horstmaan and Myson. The 
details for some manufacturers were not used if their equipment was marketed for a 
single boiler type as this limited their extent of applicability in the market. This 
information is readily available from manufacturer’s websites as a customer service. The 
information of interest is provided in tables of default settings that are factory set into 
the units. This data will allow the comparison of different settings to identify; differences 
in settings, similarities in settings, extent of variation between settings and finally 
duration of weekday and weekend heating periods. 
 
Related demographic research has been carried out into control settings previously, 
(Shipworth et al., 2010), However, this was related to control systems found in traditional 
hard wired systems which may not contain default settings. This research will focus on 
the situation affecting new installations. 
 
RESEARCH REVIEW 
 
Domestic Heating Controls 
 
Modern domestic heating controls are undergoing a transformation from hard wired 
analogue and digital time and temperature controllers to digital wireless units. The more 
advanced of these allow remote interaction using mobile devices facilitating the 
changing of temperature settings and time set points such as ‘hive’ units (Centrica 
Connected Home 2017). This falls within the category of ‘smart heating controls’ that 
include smart thermostats, learning thermostats and advanced zoned systems. At the 
time of writing market trends (AMA Research 2016) indicate the most commonly used 
new and replacement systems are wireless programmable thermostats. These have the 
flexibility of wireless operation but still require access to the base unit to change settings. 
 
Basic operation revolves around time and temperature control where on and off times 
are set, between which the heating system can provide heat in response to signals from 
the remote control unit, this is a heating period. During the heating period heating is 
provided until the temperature of the air surrounding the remote unit is at or above the 
set point temperature. At this point, following a short run on period, the heating is 
switched off. It resumes heating when the room temperature once again falls below the 
set point. When the next off time is reached the heating no longer operates in response 
to low temperatures until the next on time is reached. 
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In addition to these core operations many new devices also have a number of additional 
features, often accessed by pressing a single button that can help satisfy user 
requirements and possibly save energy. These are;    
 
Holiday mode this function allows the user to override all the standard programme 
settings to turn off the heating during periods of absence from the home when it is 
unoccupied and therefore does not require space heating. Functions vary but one mode 
of operation is to press the holiday mode button the same number of times as days 
heating is not required e.g. 7 times for seven days with no heating, often up to a 
maximum of 31 days. 
+1hr this is a temporary override feature allowing the user to override the current setting 
and turn the heating on or off for an hour. This mode is brought in to action by pressing 
the +1Hr key. Each press of the +1Hr key increases the length of the override by one hour. 
There is usually a maximum override of 10 hours after which the unit returns to normal 
operating times. 
 
This paper will only focus on the time and temperature control functions and not the 
override enhancements described above. However, these additional functions are easily 
accessible by users and whilst it is assumed that a ‘normal’ operation of a heating system 
is under time and temperature control, anecdotal information indicates that there are 
many ways that occupants control their heating. The first of two examples is having the 
heating timer permanently in ‘on’ mode but using the thermostat as an on/off switch by 
turning it to maximum or minimum setting respectively when heating is or is not 
required. The second example is to have the heating timer in permanent ‘off’ mode but 
providing pockets on 1 hour heating as and when required using the +1hr switch. In this 
method the thermostat is simply left at the desired setting. 
 
Default Programmable Thermostat Settings 
 
The temperature setting/time data is shown in Table 1 for weekday settings and Table 2 
for weekend settings. It should be noted that whilst it is common to refer to these as 
on/off settings they are in reality ‘event’ settings. At each of these event timings the 
pump and boiler is able to operate if the room air temperature is lower than the set point 
temperature. For an event to be an ‘on’ setting it requires a set point higher than the 
current air temperature, typically 21oC is used. For an event to be an ‘off’ setting the 
setting needs to be lower than the current room air temperature so a relatively low set 
point is used which could be 8oC. This setting is also useful as a frost protection setting 
and in most cases it will be a clear ‘off’ setting. This is in contrast to higher settings such 
as the second event setting of 18oC used by unit 2 in table 1. This acts more like a ‘set 
back’ setting providing a continuous low level of background heating to the building. 
 
These settings will be looked at in the following sections to consider; first event times, 
final event times, heating duration, intermediate time settings and finally temperature 
settings. 
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First Event Times 
 

Unit Weekday Event Times (Temperature Setting oC)  

 1 2 3 4 5 

1 06:00 (21) 08:00 (14) 16:00 (21) 18:00 (21) 22:00 (14) 

2 06:30 (21) 08:00 (18) 12:00 (21) 14:00 (18) 18:00 (21) 

3 06:30 (20) 08:30 (16) 12:00 (20) 14:00 (15) 16:30 (21) 

4 06:30 (20) 08:30 (15) 11:30 (20) 13:30 (15) 16:30 (21) 

5 06:00 (20) 08:30 (18) 11:30 (20) 13:30 (18) 17:00 (21) 

6 06:00 (21) 08:00 (16) 12:00 (21) 15:00 (16) 18:00 (21) 

Table 1. Default weekday time and temperature (shown in brackets) settings for six 
wireless programmable thermostats. 
 
 

Unit Weekend Event Times (Temperature Setting oC)  

 1 2 3 4 5 

1 06:00 (21) 08:00 (14) 16:00 (21) 18:00 (21) 22:00 (14) 

2 08:00 (21) 10:00 (18) 12:00 (21) 14:00 (18) 18:00 (21) 

3 07:30 (20) 09:00 (18) 12:00 (21) 14:00 (18) 16:00 (21) 

4 07:30 (20) 09:30 (20) 11:30 (20) 13:30 (21) 16:30 (21) 

5 07:00 (20) 10:00 (19) 11:30 (21) 13:30 (21) 17:00 (21) 

6 08:00 (21) 10:00 (16) 12:00 (21) 15:00 (16) 18:00 (21) 

Table 2. Default weekend time and temperature (shown in brackets) settings for six 
wireless programmable thermostats 
 
From table 1 it can be seen that two weekday start times are used, 06:00 and 06:30 with 
three manufacturers using each time. Table 2 shows there is a greater variation of initial 
start times at the weekend.  One manufacturer uses 06:00 which is similar to weekdays 
but the remainder are later to reflect the different sleeping habits many people have on 
non-working days. Two manufacturers each use one of either a 07:30 or a 08:00 start 
time and one manufacturer uses a 07:00 start time. 
 
Final Event Times 
 
When looking at final weekday event (off) times for the control units a similar pattern to 
the choices of on-times used by the various manufacturers can be observed. Three 
manufacturers use a 22:00 setting and three manufacturers use a 22:30 setting. At the 
weekend when, in anticipation of a later rise on the next non-working day can be 
anticipated, the final off times are generally later with four manufacturers using a 23:00 
off time and one choosing a 22:30 off time. The final unit uses the same weekend off 
time as during the week at 22:00. 
 
Heating Duration 
 
The cumulative difference between the ‘on’ and ‘off’ event time settings throughout the 
day results in a total number of potential heating hours within the weekdays and days of 
the weekend as shown in table 3. It can be seen that the total number of hours that the 
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heating can potentially operate on a weekday is 8 hours for three of the units, with the 
remaining three units operating for 9, 9.5 and 10 hours respectively. Heating durations 
at the weekend are generally longer than weekdays ranging from 8 to 15 hours. 
 
The 10 hour weekday and 15 hour weekend heating duration of unit 4 is the longest but 
it should be noted that units 2, 3 and 5 have additional hours of operation at a relatively 
high set back temperature at 18oC, in between hours of operation at the normal heating 
level of 20 or 21oC. Depending on the building fabric and outside temperatures this could 
mean that the heating is in operational mode for up to 16 hours (units 2 and 5). 
 

Unit Total Heating Hours Hours set back 
(18oC) 

 

 Weekday Weekend Weekday 

1 8 8  

2 8 9 8 

3 8 8.5 6 

4 10 15  

5 9.5 15 6.5 

6 9 10  

Table 3. Total heating hours and set back hours for six wireless programmable 
thermostats during weekdays and the weekend. (Set back temperature 18oC unless 
otherwise stated in brackets) 
 
Intermediate Time Settings and Event Duration 
 
One possibility of time setting is to simply allow the heating to operate between the 
initial first activity setting and final activity setting. During this time whether the space 
heating operates or not will simply depend on room air temperature in comparison to 
the space heating set point. If the occupant were in the building throughout the day this 
could be an acceptable situation. However, to give flexibility and in the assumption that 
there will be times within the day that heating is not required. All the surveyed 
programmers have multiple event times within each day. The majority have six event 
times but unit one has five event times. Table 4 shows the duration of time intervals 
between events. These intervals roughly equate to; 
 

 Period 1 ‘on’ - rising from bed and breakfast time where heating is needed to 
elevate temperatures that fell during the night time off period. 

 Period 2 ‘off’ - the morning when due to greater activity or absence from the 
home the heating can be off. 

 Period 3 ‘on’ - mid-day when due to lower activity rate or return to the home for 
lunch the heating is on. 

 Period 4 ‘off’ - the afternoon where for similar reasons to the morning period 
the heating is off. 

 Period 5 ‘on’ - the evening when the house is usually occupied, outside 
temperatures fall and activity is reduced and so the heating is on. 

 Period 6 ‘off’ - the overnight period when occupants are insulated by bedding so 
the heating is off. 
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For an example to illustrate the data in table 4, it can be seen that during weekdays the 
period between first and second event times provides heating during the ‘breakfast’ 
event. For this period the majority of units (four) allow a 2 hour operational period. 
However, one unit has a 1.5 hours interval and one unit has a 2.5 hours interval. This is 
a considerable 67% increase in potential time for heating for one event period. A similar 
pattern is found at weekends with the majority of units having a 2 hour interval but with 
one unit at 1.5 hours and a second at 2.5 hours. 
 

Unit Weekday Event duration (hours)  

 Breakfast 
(on) 

Morning 
(off) 

Mid-day 
(on) 

Afternoon 
(off) 

Evening 
(on) 

1 2.0 6.0 N/A 2.0 6.0 

2 1.5 4.0 2.0 4.0 4.5 

3 2.0 3.5 2.0 2.5 6.0 

4 2.0 3.0 2.0 3.0 6.0 

5 2.5 3.0 2.0 3.5 5.0 

6 2.0 4.0 3.0 3.0 4.0 

Table 4. Duration of event intervals (weekdays) 
 

Unit Weekend Event duration (hours)  

 Breakfast 
(on) 

Morning 
(off) 

Mid-day 
(on) 

Afternoon 
(off) 

Evening 
(on) 

1 2.0 8.0 N/A 2.0 4.0 

2 2.0 2.0 2.0 6.0 5.0 

3 1.5 3.0 2.0 4.0 7.0 

4 2.0 2.0 2.0 3.0 6.0 

5 3.0 1.5 2.0 3.5 6.0 

6 2.0 2.0 3.0 3.0 5.0 

Table 5. Duration of event intervals (weekends) 
 
 
Temperature Settings 
 
Table 1 shows there is only 1oC variation between the ‘on’ event temperature settings of 
the various controllers used on all event periods for both weekdays and weekends with 
either 20 or 21oC being used. There is a greater variation in the event ‘off’ settings. For 
example, settings for the end of the weekday event periods range from 14 to 18oC, 15 to 
21oC and 7 to 16oC for the first, second and third ‘off’ times respectively. Weekend ‘off 
temperature settings follow a similar pattern. 
 
Discussion of Results 
 
Energy and hence carbon dioxide emission savings can be realised from controls by 
reducing two operational settings. The first is the temperature set point and the second 
is the duration over which the heating system can operate. 
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Considering the temperature set points first, there is an equal split between units using 
a 21oC set point and those using a 20oC set point. This latter default will reduce the 
degree to which heat is ‘called for’ and so will reduce energy consumption in comparison 
to the 21oC setting. Actual savings vary depending on building size, features that affect 
energy consumption such as insulation levels and also the fuel type used. As an example 
the Energy Saving Trust (2017) suggests that for a typical three bed semi-detached 
house, heated by gas, reducing the thermostat setting by 1oC results in an annual 
reduction in carbon dioxide emissions of 350kg.The 21oC setting agrees with 
assumptions made within the domestic energy calculation method BREDEM (Anderson 
et al., 2002). Further reductions from this lower default setting must be made in 
consultation with the occupants to avoid under-heating the property. Of more concern 
for energy efficiency is the use of relatively high ‘off’ or ‘set back’ default temperatures 
which in one case was as high as 19oC (unit 5, event 2). These could result in the heating 
operating for a number of hours in the day even when the building is unoccupied and 
therefore wasting energy. 
 
On the second control factor, the duration of heating, it could be expected that there 
would be a similarity in the settings between manufacturers to reflect the similar daily 
patterns assumed of most occupants' lives. This similarity was found with typically three 
‘on’ and three ’off’ periods being used each day as described above. Variation was found 
across units with totals ranging from 8 to 10 hours’ duration on weekdays and 8 to 15 
hours’ duration at weekends. Whilst the maintenance of adequate thermal comfort 
throughout the day is most important, having a shorter heating period would result in 
energy savings.  The heating duration to values used within the BREDEM model are 9 
hours on weekdays (07.00–09.00 and 16.00–23.00) and 16 hours on weekends (07.00–
23.00) (Anderson et al., 2002). The heating duration is further complicated by the use of 
high ‘set back’ temperatures that in the situations of control unit 5 could lead to the 
heating being able to operate for up to 16 hours across a weekday. 
 
 
CONCLUSION 
 
Many thousands of new domestic heating controllers are installed in the UK each year. 
The presence of default settings within them is useful for installers and users to be aware 
of where the settings reside in the unit and be a useful prompt for the need to change 
them to something more appropriate to the occupier. Despite the requirement for sound 
commissioning, it can be anticipated that a proportion of these units will maintain their 
default settings after installation due to the occupant leaving such adjustments in the 
hands of the installer who may have the expectation that, as these settings are provided 
by the manufacturer, that they are generally suitable and that there is no issue that the 
settings remain at their default.To be more aware of the settings that will persist in this 
group of properties the installation manuals of six wireless, programmable room 
thermostats were investigated to determine their default time and temperature control 
settings. 
 
In energy saving advice the key recommendation is that reducing ‘on’ temperature set 
points can contribute to energy savings. Possibly manufacturers should agree on a 
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common 20oC set point. However, given the finding of relatively high ‘off’ or ‘set back’ 
default temperature set points in the units, more thought should also be given to 
recommend reducing ‘off’ or set back values to ensure that the heating does not restart 
when not wanted during ‘off’ periods. 
 
In conclusion the research has identified differences in default settings that if left in place 
could lead to higher heating levels and a longer duration of heating depending on which 
control unit is installed. Hence this confirms the necessity for installers to carefully 
consult with occupants to ascertain their living patterns and thermal comfort 
preferences. These settings should also be reviewed during annual service/maintenance 
visits. 
 
The information presented above indicates that further research needs to be conducted 
in the field that records the settings found within the heating controls being used in 
practice. These settings should be compared with the factory default settings to 
determine the extent to which they are retained as is theorised by this paper. Whilst the 
default settings assume certain standard behavior patterns further research would also 
be useful to confirm these assumptions. It may reveal that manufacturers may help 
energy efficiency and customer satisfaction by providing alternative default settings. 
These could be for example; the elderly, single occupancy households and families with 
or without children. This however may be difficult to achieve as there are probably as 
many preferred comfort settings as there are occupants as comfort is a very 
individualistic perception. 
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Abstract 

In 2015 the UK building sector accounted for 43% (29% domestic, 14% commercial) of 

the national energy consumption, thereby positioning this sector as critical in meeting 

national energy efficiency targets. However, barriers to energy efficiency are vast and 

complex, and overcoming them is a key challenge for effective implementation of 

energy efficiency policies. This paper describes the findings from a review of literature 

and an expert survey to map and assess the key social, cultural, educational, economic 

and institutional barriers (in terms of small, medium and high impact) to implementing 

energy efficiency policies across the UK building sector.  

Overall the barriers are found to be strongly linked with consumer behaviour. They are 

often highly complex with multiple inter-relations. The barriers with the highest impact 

comprise the undervaluing of energy efficiency, lack of motivation and inertia within 

consumers/ end users, infrastructural and planning barriers to medium sized energy 

projects as well as practical and construction-related barriers such as a lack of skills and 

adequate standards. Economic barriers such as upfront/capital costs and the lack of 

adequate or misaligned financial incentives also appear to be significant. Surveys of 

experts showed that the top two most important barriers in the building sector to 

overcome were the socio-economic status of building users (11.7% of experts) and lack 

of funds or access to finance (10% of experts). Although there are several UK policies 

that aim to target some of these barriers, a number of UK’s energy policies (Green Deal, 

Zero Carbon Homes) have recently been scrapped, and consultation is out on how to 

proceed in terms of UK national energy efficiency policy within this sector. 

INTRODUCTION 

In 2007 European Union (EU) leaders set binding greenhouse gas (GHG) emissions 

targets for 2020; 20% reduction from 1990 levels. Following this, in 2014, a target for 

2030, 40% reduction from 1990 levels, was adopted(Commission, 2017). To meet EU 

targets as a minimum, the UK established the legally binding Climate Change Act of 

2008, a target to reduce the UK’s GHG emissions by at least 80% below 1990 levels by 

2050. Further to achieve this target, the Act introduced a system of carbon budgets 

which provide legally binding limits on the amount of emissions that may be produced 

in successive five-year periods, beginning in 2008 (CCC, 2017). By 2015, the building 

sector accounted for 43% (14% services, 29% residential) of the UK’s total energy 

consumption (DBEIS, 2016). This positions the building sector as critical in terms of 
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meeting international, European and national carbon reduction and energy efficiency 

(EE) targets.  

Energy efficiency in buildings, until recently, had been encouraged through a series of 

economic incentives and regulatory policy measures12 such as ‘The Green Deal’, a 

finance measure created to remove the upfront costs to the consumer of energy 

efficiency, with the cost being recouped through savings on their energy bills and the 

Energy Company Obligation (ECO); which followed on from policy measures such as the 

Energy Efficiency Commitment (1 and 2) and the Carbon Emissions Reduction Target 

(CERT) which required energy companies both to reduce emissions through undertaking 

solid wall insulation and to tackle fuel poverty by installing central heating systems, 

replacing boilers, and subsidising cavity wall and loft insulation. One of the most 

important building related economic policy measures for the UK Government over the 

past several years, the Green Deal, is now discontinued (Syal, 2016). The Green Deal and 

the ECO (regulatory for energy companies) in combination, helped households insulate 

their homes and ensure that they have access to trusted information about energy 

efficiency. The Green Deal was also complemented by the domestic renewable heat 

incentive (RHI) and the Feed-in Tariff (FiT) scheme (economic) and the Green Open 

Homes initiative (dissemination and awareness measure) (DECC, 2014).  

The UK Government implemented the regulatory policy instrument13, the Energy 

Savings Opportunity Scheme (ESOS), to comply with Article 8 of the Energy Efficiency 

Directive. This scheme provides large enterprises with cost-effective recommendations 

for energy efficiency improvements every four years. It is estimated that ESOS alone will 

result in overall net benefits to the UK economy of 2.7 billion EUR between 2015 and 

2030, and drive around 3TWh of energy savings annually (DECC, 2014). In addition to 

this, the UK is leading the way on the roll out of smart meters with in-home displays 

(dissemination and awareness instrument/regulatory for energy companies). This 

programme is considered essential to empowering consumers by providing them with 

access to the information they need to make informed decisions about their energy 

consumption (DECC, 2014). During 2014, industry partners including the Data and 

Communications Company and its contractors, energy suppliers, network operators and 

manufacturers have continued to develop the systems that will deliver smart meters to 

consumers when the main installation phase begins (DECC, 2013b). In addition, there is 

the urgent need to support ways of heating buildings whilst reducing GHG emissions. 

Through the RHI and Renewable Heat Premium Payment, over 130,000 low carbon heat 

installations are expected to be carried out by 2020. At the same time the UK 

                                                           
12 Policy measures are focused actions aimed at specific issues. They are individual interventions or 
packages of related measures. Specific measures might include actions which promote the chosen policy 
direction (Niang-Diop et al., 2005) 
13 Policy instruments are defined as the set of all techniques (steps, mechanisms, approaches, tactics), 
which a government has to implement the objectives of a selected policy. They contain all the necessary 
details for the framework under which a policy or measure will be implemented. The policy instruments 
that are used for the implementation of national policies are classified into four main categories: 
Regulatory, voluntary, economic, and dissemination. 
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Government will work with local authorities, where appropriate, to lay the foundations 

for district heating networks, particularly in urban areas with more densely packed 

demand for heat. This should enable the long-term delivery of heat from low carbon 

sources (DECC, 2011). 

In the building sector, the basic objective of reducing energy use and cutting down on 

waste in the UK, is so that energy bills can be reduced for economically disadvantaged 

consumers; make energy supplies more secure and reduce reliance on overseas imports; 

and drive down GHG emissions cost-effectively. There is also the view that investment 

in energy efficiency will increase productivity and support long-term growth in the UK. 

In 2011/2012, the UK’s energy efficiency market accounted for around 136,000 jobs and 

sales of over 25.5 billion EUR (DECC, 2014). Though there are effective policies in place, 

there is concern that the UK will not meet its Carbon Budgets given economic and 

political complications (Tallat-Kelpsaite et al., 2014). Furthermore, a number of policy 

measures and tools are being abandoned (Treasury, 2015).  

Within this context, this paper describes the findings from a review of literature and an 

expert survey to map and assess the key social, cultural, educational, economic and 

institutional barriers (in terms of small, medium and high impact) to implementing 

energy efficiency policies across the UK building sector (residential and non-residential). 

Following the review of barriers, expert opinion is used to substantiate findings with 

regard to how important particular barriers are to policy formation and impact. The 

purpose of this work is to lay the foundation to assess the impact of these barriers on 

future policy scenarios. The research is part of a wider EU funded Horizon 2020 project 

on Forward-looking socio-economic research on Energy Efficiency in EU countries 

(HERON). The HERON project is made up of eight partner counties: Belgium, Bulgaria, 

Estonia, Germany, Greece, Italy, Serbia, and the UK. This paper only focuses on the 

building sector findings for the UK, though it will present some findings from the expert 

review for the other EU countries on the project, it is not within the scope of this paper 

to present detailed findings or policy details for the other EU countries. 

RESEARCH METHOD 

To develop a list of relevant barriers to present to the surveyed EE experts, the first step 

was to review EE policy literature. To summarise the review of building sector EE 

barriers14 in the UK, the identified barriers were assessed in terms of their impact, from 

‘High’ to ‘Low’, with the following criteria taken into consideration: 

1. The number of different resources that identified the same barrier; 

2. The number of sub-sectors that were linked with the same barrier; 

3. The easiness with which the barrier can be confronted; 

4. The duration of the barrier (how long it is cited as problem); 

                                                           
14 A barrier, as defined here, is an element that limits the individuals’ willingness to invest in energy 
efficiency. For instance, difficulties in trusting new technologies or lack of information about potential 
energy efficiency benefits are considered barriers. 
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5. The number of different policy instruments that were linked with the same type 

of barrier. 

Resources used in the review included Government policy reports such as the UK 

National Energy Efficiency Action Plan (DECC, 2014) and the Energy Efficiency Strategy 

(DECC, 2013a); non-government organisation reports such as Europe’s buildings under 

the microscope (Economidou et al., 2011), and peer-reviewed articles such as Barriers 

perceived to engaging with climate change among the UK public and their policy 

implications (Lorenzoni et al., 2007). Sub-sectors considered were domestic and non-

domestic, new-build and retrofit. An example of cross-cutting barriers among all sub-

sectors include: undervaluing EE (DECC, 2013a), mistrust of technologies (Radov et al., 

2007) and social norms and accepted behaviours (Lorenzoni et al., 2007). One example 

of a barrier with a large number of policy instruments linked is Lack of financial 

incentives. Policies include regulatory e.g. EPCs, DECs; dissemination and awareness e.g. 

Energy saving advice service; Economic e.g. Government buying standards, FiT, and RHI.  

Following the review of literature on barriers, the findings were used to construct a 

survey for the building sector professionals to identify current working opinion on the 

barriers that hinder EE in the building sector. Barriers in both residential and non-

residential sub-sectors are combined to create a list of potential barriers that in most 

cases are phrased so that they may be applicable throughout the building sector. The 

aim of the survey was to collect expert opinions on the impact / relevance of the 

reported barriers from their perspective. The survey was available on the web-platform 

Qualtrics, chosen for its flexibility and analytical functionalities, from 2 February 2016 

until 7 March 2016 and was disseminated to 374 organizations in the partner countries 

in eight different languages. The survey was not randomized nor designed to provide a 

representative sample of any sector or professional background. The organizations, 

invited by email, were representative of key target groups and stakeholders of energy 

efficiency policies, in particular experts and policy makers. In total there were 441 

respondents. The survey covered the building sector and the transport sector 

separately; however, the building sector results are only presented here. As the survey's 

intent was to evaluate expert opinion on barriers, bias was not considered a limitation. 

Some bias may exist, for example, a professional may identify a barrier which if 

overcome would benefit them financially or professionally; however, this would also 

indicate the significance of the barrier itself. Another expected bias would stem from 

the respondent’s experience as a homeowner / consumer. It is expected that this would 

have some influence on their responses. 

Based on a previous review of National Energy Efficiency Action Plans in the partner 

countries, the project team concluded that the following measures and technologies are 

found to be high priority EE measures amongst the partner countries. These measures 

are organised into the categories of: building fabric upgrade in general, heat pumps 

(efficient heating/cooling), LEDs (efficient lighting, efficient appliances, and building 

energy management systems (BEMS) (energy consumption management). These 
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categories guided the development of the survey. With this information, the survey was 

structured as follows: 

1. Introduction and purpose of the survey, with key information on the expected 

compilation time, data management and ethical principles to be followed by project 

partners within the survey, future use of the data, funding of the project, contacts for 

further information, glossary of terms used in the survey; 

2. Questions on barriers to energy efficiency in the building sector, structured in: 

a. General questions about implementation of EE policies; 

b. Barriers limiting interventions for building fabric upgrade; 

c. Barriers limiting the adoption of heat pumps; 

d. Barriers limiting the adoption of LEDs; 

e. Barriers limiting the adoption of more efficient appliances (A++ or A+++); 

f. Barriers limiting the adoption of BEMS and building automation systems. 

The survey comprised both closed and open questions. The closed questions were aimed 

to obtain a rating of the important barriers as determined through the literature review. 

Each closed question asked the respondent to provide a grade (none, low, medium, high, 

or don’t know) to a single barrier. Example of a closed question: According to your 

expertise, to what extent are the following barriers relevant in limiting interventions for 

building fabric upgrade? (select: none / low / medium / high / don’t know) 

 Lack of interest and undervaluing energy efficiency benefits; social group 

interactions (some individuals may negatively affect consumers that are willing 

to invest in new EE technologies). 

 

 Lack of funds or access to finance, lack of financial incentives, high capital costs 

and financial risk. 

 

 Etc… 

The open questions were aimed to collect suggestions on additional barriers, their 

importance and possible ways to overcome them. The open questions for each type 

category (e.g. economic, institutional) were as in the following example: Can you identify 

any other specific barrier/s that limits building fabric upgrades? If yes, specify and give a 

relevance grade (Low, Medium, High). 

Overall, 302 experts in the building sector across the partner countries from the 

following categories were surveyed: energy efficiency policy planning, policy makers, 

energy utilities, sector professionals, consumer associations and NGLS, and financial 

institutions. Of these, 174 responses were collected from the building sector specifically 

and 128 from respondents with expertise in multiple sectors (one of which is the 

building sector). About 46% of the respondents reported an experience of more than 

five years.  
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Most represented professions of the respondents were 1) experts in energy efficiency 

and energy policy, as well as of regional/local planning, 2) policy makers and regulators, 

and 3) energy utilities and other energy companies. The majority of respondents do not 

belong to any specific type of organization included in the options in table 1 however; 

that is, the category of “Other” was selected by about one third of respondents in each 

sector division. 

Table 1, Type of organization / sector of respondents 

Type of organization Building sector Building & other sector mix 

 N % N % 

Consumer association 1 0.6 0 0 

Energy utility 11 6.3 9 7.0 

Government institutions 40 23.0 33 25.8 

Non-profit organization 15 8.6 14 10.9 

University / Research centres 20 11.5 18 14.1 

Other 50 28.7 43 33.6 

Not specified 37 21.3 11 8.6 

Total 174 100 128 100 

 

RESEARCH RESULTS 

For the analysis of the impact of barriers, the barriers were categorised into the 

following categories: social, cultural, educational, economic and Institutional. Blanks 

indicate that the barrier is not mentioned in the respective country’s literature but does 

not necessarily indicate the barrier does not exist. In the UK, in terms of the main social 

/ cultural and educational barriers with the highest potential impact, the majority 

related to the lack of interest and undervaluing EE and unwillingness and/or inability to 

undertake energy efficiency improvements, particularly through a lack of motivation 

(inertia), awareness, knowledge and understanding as well as habitual behaviours and 

the socio-economic and demographic profiles of the end-users. The main economic 

barriers within the building sector related to prohibitive upfront/capital costs of energy 

efficiency measures (from national to local-scale), the lack of (or misaligned) financial 

incentives in terms of payback expectations and investment horizons as well as the 

embryonic energy efficiency market that requires substantial input in order to ensure 

economic growth and a self-sustaining energy efficiency market. The main institutional 

barriers included infrastructural and planning barriers (particularly in relation to 

medium-sized energy projects), as well as practical and construction-related barriers 

such as the inherent difficulties of the UK’s building stock in terms of suitable skills, 

standards and compliance, which subsequently results in the performance gap. 
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Each project partner also performed a review of barriers for their respective country. 

The following table lists common barriers across all countries in the listed categories 

with their impact (H = high impact, M = medium, and L = low). The table is designed to 

show the pre-survey assessment of (only) the same barriers which were selected by 

survey respondents as ‘highly relevant’ among all countries. There were, however, many 

other barriers assessed in the review. 

Table 2, Impact of common barriers (BE = Belgium, BG = Bulgaria, ES = Estonia, DE = 

Germany, GR = Greece, IT = Italy, RS = Serbia, UK = United Kingdom) 

 BE BG ES DE GR IT RS UK 

Socio-Economic status of building users (Social) M  H  L L M H 

Lack of funds or access to finance (Economic) H  H  M M M H 

Customs, habits and relevant behavioural aspects 
(Cultural) 

H M H  H H M M 

Lack of awareness on savings potential 
(Educational) 

  M M H  H H 

Lack of interest and undervaluing EE (Social) H M M H L H M H 

Limited payback expectations and investment 
horizons (Economic) 

   H M L L H 

Complex / inadequate regulatory procedures 
(Institutional) 

 H L M M M M M 

Building stock characteristics (Institutional) L  H  H H  H 

Split incentive (Institutional) M H H H M M M H 

Lack of trusted information and experience 
(Educational) 

 M M  M  H H 

Lack of relevant legislation (Institutional)  M   M H M M 

Training and skills of professionals (Educational) M M H  H M L M 

Uncertainty on investment (Economic) L H  M M   M 

Difficulties in using new EE technologies 
(Educational) 

M  M L M   M 

Social group interactions (Social) H   M L M L M 
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Among the partner countries, the cultural barrier of lack of interest and undervaluing EE 

and the institutional barrier of split incentives15 are the most common barriers. Lack of 

interest and undervaluing EE is a complex barrier that is related to aspects such as lack 

of knowledge, inertia and habit. Behavioural aspects linked to social norms and habits 

are also a major barrier across the majority of the countries. This refers to social norms 

and expectations requiring carbon-dependent lifestyles. The most cited institutional 

barrier, split incentives, refers mainly to the landlord-tenant split. This also appears 

where there are multiple owners and/or occupiers of buildings. 

Expert survey results 

To identify the most important barriers, those barriers rated only as ‘highly relevant’ 

were summed to obtain the total number of respondent’s votes. Figure 1 shows the 

percentage of ‘highly relevant’ votes for each barrier among all responses; the data in 

Figure 1 sum to 100 per cent of barriers considered ‘highly relevant’ by survey 

respondents.  

Accordingly, the two most important barriers in the building sector are: 

• Socio-economic status of building users, which represents 11,7% of the total 

grade;  

• Lack of funds or access to finance, lack of financial incentives, high capital costs 

and financial risk, which represents a 10% of the total grade. 

  

                                                           
15 Split incentive is a ‘circumstance in which the flow of investments and benefits are not properly 
rationed among the parties to a transaction or exchange’ (Bird and Hernandez, 2012), and can act as a 
barrier to the deployment of energy efficiency measures. An example of this is when the tenant is 
responsible for the energy/utility bills, there is little or no incentive for the landlord to increase his or 
her own expense to acquire efficient equipment (e.g., refrigerators, heaters, and light bulbs) because 
the landlord does not bear the burden of the operating costs and will not reap the benefits of reducing 
those costs. 
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Figure 1, Per cent of votes for “highly relevant” barriers in the building sector among 

all countries 

Barriers as related to specific interventions / technologies 

In detail, when analysing the rating for specific EE intervention types or technologies, 

the response was found to vary somewhat. Table 3 shows the highly relevant barriers as 

they correspond to the specific interventions / technologies questioned. Column two 

indicates the most commonly agreed upon barriers among the partner countries. In all 

cases the UK was among the countries which agreed upon the most commonly voted 

‘highly relevant barriers’. Though the UK respondents voted the barriers in column two 

as ‘highly rated’, the highest rated building fabric upgrade related barrier is different 

(column three). Though most counties (including the UK) agreed that lack of funding / 

lack of financial incentives / high capital costs was a highly relevant barrier, the UK 

respondents rated difficulty in installing EE tech due to aging building stock / split 

incentive as the most relevant to the intervention. This is an expected response 

considering the UK’s housing stock is one of the oldest and least efficient in Europe 

(Boardman et al., 2005). Furthermore, 43% of the housing stock is considered ‘hard to 

treat’, i.e. unable to accommodate ‘staple’ or cost effective fabric energy efficiency 

measures (BRE, 2008). To put this in perspective, the UK has the greatest percentage of 

dwellings aged pre-1946 among all EU28 member states. Among the remaining EU28 

project partners, the given percentage of dwellings are within the pre-1946 age range: 

Greece 7.6%, Bulgaria 10.5%, Estonia 17%, Italy 20.7%, Germany 24.3%, Belgium 37.1% 

(Nicol et al., no date). 
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Table 3, Overall survey rating of highly relevant barriers as compared to the UK 

Barriers 
limiting… 

Most commonly rated ‘highly relevant’ by 
partner countries (no. of countries out of 
8) 

Highest rated barrier in UK 

Interventions 
for building 
fabric upgrade 

Lack of funds or access to finance / lack of 
financial incentives / high capital costs (7 
of 8) 

Difficulty in installing EE 
tech due to aging building 
stock / split incentive 

Adoption of 
heat pumps (tie 
of two barriers) 

Lack of funds or access to finance / lack of 
financial incentives / high capital costs (2 
of 8) 

- 

Lack of trusted information and experience 
/ lack of expertise for professionals and 
technicians (2 of 8) 

 Same 

Adoption of 
LEDs 

Lack of funds or access to finance / lack of 
financial incentives / high capital costs (3 
of 8) 

 Same 

Adoption of 
efficient 
appliances 

Lack of funds or access to finance / lack of 
financial incentives / high capital costs (4 
of 8) 

 Same 

Adoption of 
BEMS 

Lack of trusted information and experience 
/ lack of expertise for professionals and 
technicians (7 of 8) 

 Same 

 

Regarding interventions on building fabric upgrades, all partner countries identified 

highly relevant barriers, mainly of economic and institutional type. These barriers 

include lack of trusted information and experience, split incentive, and low economic 

viability of interventions in addition to lack of funds or access to finance, lack of financial 

incentives, and high capital costs (table 3).  

For heat pumps, only three countries identified barriers of high relevance for their 

adoption, mainly of economic and educational type. The open answers provided by 

respondents for this technology highlighted economic factors such as the high costs of 

this technology, and educational factors linked to the expertise of professionals as 

important elements. 

For LEDs, half of partner countries identified barriers of high relevance, mainly of 

economic and cultural type. This may be due to the high purchase costs of this 

technology in comparison to other options, and to some technical features of LEDs 

which are perceived in a negative way by consumers, as highlighted in the open answers 

(e.g. light colour and intensity). 

Also for more efficient appliances, five out of eight partner countries identified highly 

relevant barriers of economic and cultural type. This may be due to the higher purchase 

costs of these appliances in comparison to less efficient ones, and to price policies of the 
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vendors, as well as from cultural patterns that lead to substitute the appliance in case 

of breakdown, and not for energy efficiency purposes, as reported in the open answers. 

For BEMS, all partner countries identified high relevance barriers, mainly of educational, 

socio-cultural and economic types. Educational aspects may be linked to the lack of 

qualification regarding this technology in the professional sectors, and also from the 

end-users, which have difficulties in familiarizing with it due to its complexity. The 

economic aspects may be linked to the high purchase costs and lack of finance for the 

adoption of this technology. 

DISCUSSION 

Many barriers to enhanced energy efficiency in the building sector exist, which are 

highly complex with multiple inter-relations. Barriers are often specific to subsectors 

within the building sector (e.g. domestic / nondomestic, existing / new builds, specific 

technology types) but some are also relevant across all sub-sectors. The main barriers 

relevant to all subsectors are classified as mainly social, cultural and economic; 

emphasising the importance of policy instruments and measures that consider the 

socio-cultural context and the capacity of key actors involved.  

There is a range of policy instrument types that seek to address these barriers including 

regulatory, economic, dissemination and awareness, and research and development. 

The majority of the barriers have been (or are being) addressed through previous and 

existing policies; using a variety of policy instruments including regulatory, economic, 

dissemination and awareness, and research and development. Such policy instruments 

include measures that have been (or are being) undertaken at national, regional and 

local levels. However, a recent change in UK Government has seen a number of key 

energy efficiency policy measures, that were critical in overcoming economic, 

institutional, social and cultural barriers scrapped and as this report is being written, 

there is uncertainty in terms of if and when replacements will be provided and if so, how 

they will look. 

The socio-economic factors appear to be highly relevant across many EU countries. 

Almost all of them, seven out eight respectively, identified the social economic status of 

building users and the lack of funds as a highly relevant barrier concerning the 

implementation of EE policies in the building sector. Also the limited payback 

expectations and investments horizons, which are also connected to the economic 

dimension of the investment, were rated as high in several countries (five out of eight). 

Cultural and behavioural aspects, such as the lack of interest in energy efficiency and 

customs and habits, were rated as highly important in half of the partner countries, 

together with educational barriers such as the lack of trusted information and 

experience. In addition, institutional barriers like the complexity of regulatory 

procedures emerged as highly important in half partner countries.  

Other barriers of educational type e.g., lack of awareness on energy savings potentials, 

and of institutional type e.g., the building stock characteristics and the split incentive, 

were rated high in a smaller number of countries, only three countries. Other barriers 
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of economic type e.g., uncertainty on investments, was rated as highly relevant only in 

two countries (Greece and Italy); understandably the two European countries with the 

greatest public debt (E.C., 2017). The specific educational issue linked to training and 

skills of professionals was highly important only in Greece. The difficulties in using new 

EE technologies as well as social group interactions do not emerge as highly relevant 

barriers in any of the partner countries. 

In the open question section of the survey most respondents identified additional 

institutional factors as significant barriers to all EE interventions except for EE 

appliances. For building fabric upgrades, institutional barriers included cultural heritage 

protection regulation in the UK and complexity of bureaucracy and length of waiting for 

approval in Serbia. Regarding heat pumps, negative perception of noise (Belgium, 

Estonia, Germany and the UK) and visual impact (Estonia and UK) were significant 

additions. For efficient lighting (LEDs), barriers include distrust of advertised bulb life 

and performance (Belgium, Bulgaria, Estonia, and Greece), light output (Bulgaria, 

Greece, and UK), colour (Belgium, Bulgaria, Germany, and UK), and compatibility with 

existing lamps (UK). Specifically, the higher purchase cost of EE appliances was the most 

significant barrier for appliance uptake (Bulgaria, Serbia, Italy, and UK). Finally, for BEMS, 

complexity and perceived disappointment with performance were notable barriers. 

CONCLUSION 

This report presents the key results from the literature and online-based questionnaire 

performed by HERON partners to obtain from experts and stakeholders a rating of 

barriers to energy efficiency policies in the building sector in their respective countries. 

The economic aspects, related to the lack of funding, access to finance, lack of financial 

incentives, high capital costs and financial risk, emerge as key barriers in all partner 

countries. Socio-cultural and behavioural aspects are of great importance in the building 

sector. The top two most important barriers in the building sector to overcome across 

the countries were the socio-economic status of building users (11.7% of experts) and 

lack of funds or access to finance (10% of experts). 

General suggestions for the building sector, also based on inputs provided by 

respondents, call for more ambitious policies and mandatory requirements for energy 

efficiency in this sector, to be accompanied by specific legislative and financial support 

as well as educational and awareness policies for all actors involved, from the building 

owners to tenants to professionals. In general, the results of the survey call upon the 

need to further explore the behavioural and cultural dimensions of EE policies 

potentially by targeting consumers through surveys. Consumer access to information 

related to incentive programs and to the existent policy tools aimed at promoting EE 

seems crucial for achieving more ambitious policy targets. 
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Abstract  

Throughout the life of a building, operational costs can be significant and clients 
may require estimations of potential future outlay. Whole life cycle cost (WLCC) 
models can help forecast the operational and maintenance costs to give clearer 
client expectations and manage financial risk. 

The EU drive to include renewable energy technologies in development, such as 
solar photovoltaic and wind turbines suggests that renewable energy 
technologies are beneficial for reducing energy costs for consumers and energy 
use for the host country. However, there are questions whether the financial 

performance over time meets levels of expectation. 

The aim of this research was to develop a WLCC prototype to test the life cycle 
costs of renewable energy technologies, and carry out an initial comparison 
comparing costs of a limited number of domestic-sized solar photovoltaics and 
wind turbine systems, using field designs and operating costs.  

To develop the WLCC prototype, a theoretical dwelling for comparison of the 
systems was defined, (located in South Yorkshire, UK) and the prototype tested 
and refined for the application of the two technologies. Cost data received from 
manufacturers and installers was used for the prototype input data, including 

assumptions and variables. The finished WLCC prototype was used for a 
comparable analysis using meter and bill data received from six property owners.  

Gaps in performance between predicted and actual costs were recorded. 
Extrapolating the data over 50 years, including maintenance and running costs, 
resulted in predictions of some financial viability for PVs but not for smaller wind 
turbines. 
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ECONOMIC COMPARISON OF DOMESTIC RENEWABLE ENERGY TECHNOLOGIES       

Introduction  

This paper presents findings from research more fully presented in an under-graduate 
dissertation (Sanderson, 2017). Although improving (IHS Markit, 2017), a recent lack of 
confidence in the construction industry has created a greater requirement to improve 
the management of cost for building projects, not just in the design and construction 
stages, but also throughout their lifecycle. Operational and maintenance costs can be 
significant in comparison to initial capital costs, and require reliably estimating to assist 
quantity surveyors in advising clients of potential future costs. 

Future costs can be analysed through the implementation of whole life cycle costing 
(WLCC). The development of WLCC models at the design stage can allow designer and 
client to select individual building elements, the specifications of which would be used 
to determine each element’s design life expectancy and what it will cost to replace the 
given element for a selected period of years from its original installation. The benefits 
of more accurate estimations of the operational costs of a building through whole life 
cycle costs can give clearer client expectations, reduce risk to the client’s budget, and 
allow for greater confidence for capital cost expenditure. 

The UK has adopted a target of producing 30% of electricity from renewable sources by 
2020 (European Commission, n.d.). Feed-in Tariff (FiT) payment rates for photovoltaic 

panel and wind turbine systems, set by the Department for Business, Energy and 
Industrial Strategy (BEIS), ensure fixed tariffs are paid for electricity generated and 
exported to the National Grid. This energy directly feeds into the customer’s regular 
electricity supply needs whilst the FiT scheme also pays a set amount for each unit 
generated (Scottish Power Ltd, 2017). However, a lack of clarity remains whether the 
actual performance and cost benefit meet the level of expectation and efficiency that 
designs and manufacturers suggest.  

The aim of the dissertation research was two-fold. Firstly, to develop, from a 
downloadable template, a whole life cycle cost prototype ‘model’ (herein after referred 
to as the model) to analyse the economic performance of photovoltaic (PV) panel and 

wind turbine (WT) renewable energy technology systems. It was not the intention to 
create software or a parameterised model. The second part of the aim was to analyse 
the outcome data from the WLCC model to determine whether cost reductions justify 
the capital expenditure of domestic sized renewable energy technologies provision. The 
aim of this paper is to present some of the main findings from the dissertation. 

Literature review and other specific work directly related to the research   

The literature indicates the potential for renewables to be useful for the overall energy 
production within the UK. Statistics given in “Energy Trends September 2016” (BEIS, 
2016) shows that the highest growth trend, over the second quarter of that year, in 

renewable technology capacity was from photovoltaic panels, which account for 12% of 
English renewable generation.  
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Duffy et al. (2015) focus on both environmental and economical competiveness of 
renewable energy technologies, recommending all costs in a project to be systematically 
modelled before being implemented, to develop models of energy inputs and outputs 
to be able to produce cash flow models and quantification of financial and 
environmental performances of projects. The book concludes that the design of efficient 
financial incentives, such as capital subsidies and feed-in tariffs are essential in achieving 
specific technological energy targets. 

From a European context, the research paper by Riccardo and Willis (2009), 
“Willingness-to-pay for renewable energy: Primary and discretionary choice of British 
households for micro-generation technologies”, researches the policy context of micro-
generation technologies for renewable energy production. Results suggest that whilst 

renewable energy adoption is significantly valued, the benefits are not sufficiently large 
for most households to cover the higher capital costs of micro-generation energy 
technologies. However, the cost of such renewable energy technologies has reduced 
dramatically in the last few years due to technology advances and higher demand.  

The research paper produced by Menezes et al. (2012) highlights challenges to ensure 
that predicted energy performance at the design stage is achieved once a building is 
occupied. It looks at the extent of performance gap and discusses the causes of 
discrepancies between energy modelling predictions and in-use performance of 
occupied buildings. The paper demonstrates how knowledge acquired from post-
occupancy evaluation can be used to produce more accurate energy performance 

models. The results showed by combining monitoring data with predictive energy 
modelling, the accuracy of the model can be increased, enabling designers to input more 
realistic parameters for predicting future values.  

The research paper by Puglia (2013) looks at the life cycle costs analysis approach when 
comparing the cost-efficient maintenance strategies of wind turbine systems as a tool 
for maintenance management. It shows that the use of a life cycle cost analysis can 
prove a fundamental instrument to achieve cost-effective maintenance. It applies life 
cycle cost analysis to a renewable energy technology, albeit on a large scale, ultimately 
showing how its application can reduce overall costs. 

The literature here and in the dissertation suggests that WLCC can be useful for clients, 
but that they must be flexible to allow for updating input data, especially for costs and 
conditions relevant to the project studied. Small, domestic-scaled renewable systems 
are regarded as beneficial for energy saving but their uptake is not great. Realistic WLCC 
could show clients the potential financial benefits of systems but there is little objective 
evidence of these benefits to domestic-scaled clients. 

Commercial software systems for renewable energy technologies feasibility analyses 
have been developed, for example RETScreen, based in Canada, although these were 
not freely available at the onset of the work for this research.  

Although not a new concept, the practical use of life cycle costs analysis in relation to 
renewable energy technologies is an interesting area. The focus for the dissertation was 
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to question whether the actual performances of domestic PV panel and wind turbine 
technology systems meet financial viability levels. The subjective term of financial 
viability was deemed to be reached when the savings resulting from the system 
installation were greater than the costs. This paper presents some of the research 
findings. 

Research method 

The research was carried out in two parts: firstly, to develop the WLCC model, and, 

secondly, to analyses the results using this tool with field performance data.  The tool 
created was not a parameterised model. A downloadable template cost model, “Cost of 
Renewable Energy Spreadsheet Tool” (CREST), was used as starting guidance and BCIS 

(2008) used for guidance. The CREST template was further developed to create a WLCC 
model for the purposes of this research. The developed model was designed to permit 
updating of the data and variables. The dissertation explains more fully the input 
variables used for the model. 

In developing the WLCC model, specific data parameters, assumptions and inputs for 
the model were sought through the analysis of capital costs data identified from the 
desktop research, and applied to a theoretical base model dwelling (BMD). The data 
inputs derived were specific to the capital costs and annual maintenance and repair 
costs of the systems. The process of sensitive data analysis was applied to the data 
collected from the field property participants which allowed for the synthesis of the 

specific data inputs, such as the energy output in kWh and the feed-in-tariff rates. The 
data inputs derived were specific to the annual revenue that the renewable energy 
technology systems would produce. Refinements of these will produce differing final 
results. 

The theoretical BMD, located near Doncaster, Yorkshire, UK, was defined to which six 
designed renewable energy systems were applied as indicated in Table 1. Weather 
conditions were not further considered. The site chosen for the theoretical BDM 
dwelling was close to all the field test properties and placed so that it has similar wind 
speeds and solar exposure.  

The BDM was a five-bedroomed detached farmhouse with south facing roofs, with 
parameters set for optimum efficiency and electricity production as well as for 
comparability between the two technologies. Specific installation and maintenance 
requirements for both technology systems were studied, so that the necessary criteria 
for the designs could be chosen and realistic parameters inserted into the model. Cost 
data was collected from recent construction projects. The cost data (Table 1) was taken 
from supplier and manufacture quotations, specifically focusing on materials, 
installation and maintenance costs and included current industry labour rates, price 
listings and costs databases.  
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Table 1: Base model dwelling (BMD) showing “Output” taken from manufacturer claims 

for the six designed systems 

Assumptions were established such as labour rates, inflation rates and maintenance 
costs. The specified exclusions of the model were also defined. Primary capital cost data, 
collected as part of the desktop research, was analysed for realistic cost data input into 
the WLCC model. 

The development of the WLCC model from the CREST template involved a reconstructive 
reiterative process, in order to make it operational including layout, logic, accuracy and 
presentation of the data inputs, accuracy of the data outcomes, specified capital and 
maintenance cost elements, and accurate engineered electricity output and FiT data. 
The model was also tested against the Standardised Method for Life Cycle Costing for 

Construction Procurement (BCIS, 2008), which sets out the UK standard cost data 
structure for life cycle costing and aligns with BS ISO 15686-5 (BSI, 2008).  

The WLCC model was then used with data from the field properties using photovoltaic 
panel system data from five properties and wind turbine data from one property. The 
field test properties were chosen from the projects run by the supporting building 
services company specialising in renewable energy technology installations. Approaches 

were made to clients and the properties used were those that responded positively. 
Although five PV properties supplied evidence, this was received by only one property 
with a WT system. 

The work included the establishment of data inputs for the energy output and feed-in 
tariff rates of both systems. The participants submitted electricity output meter readings 
from when their system was first installed up to the latest reading, plus associated 
invoices stating the actual FiT rates as agreed with their energy provider. This enabled 
realistic average annual data inputs to be applied and tested in the WLCC model. The 
data input for any particular item can be adjusted within the model for FiT rates, cost 
rises etc. as required. 

Possible criticisms of the results include few properties used, field data from only one 
WT property, and initial cost quotations now being 5-years old in three cases), are 
discussed in the dissertation. The process of research involving fieldwork cases can 

result in less than perfect or anticipated participating subjects, and providing these are 
acknowledged, the evidence they produce can still be valid. The literature regarding 

BMD 

Ref.
BMD Type

BMD 

Description
Site Location Orientation

Roof 

Inclination

Average 

Annual 

Wind 

speed 

(m/s)

Applied 

Renewable 

Energy 

Technology 

Type

Supplier / 

Manufacturer

Design 

Lifetime 

(years)

Max 

Power 

(kWp)

Output 

(kWh/annum)
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5 Bedroom, 

Farm house

Brodsworth, 

Doncaster

South 

Facing
42⁰ 5.3 - 6.6

Photovoltaic 
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10 No. PV 

Panels

Mounting area 

(17m²)

330W 

monocrystalline

Smith Brothers 

Ltd - Doncaster
25 2.45 2103
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Farm house

Brodsworth, 
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42⁰ 5.3 - 6.6
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Farm house

Brodsworth, 

Doncaster
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42⁰ 5.3 - 6.6

Wind 

Turbine

Blade dia. 
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Tower height 

(10.2m)

40 - 50m from 

property

Skystream 3.7 

2.6kW
20 2.6 5400
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5 Bedroom, 

Farm house

Brodsworth, 

Doncaster
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Facing
42⁰ 5.3 - 6.6

Wind 
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Tower height 

(11m)

40 - 50m from 

property
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Brodsworth, 

Doncaster
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42⁰ 5.3 - 6.6
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Tower height 

(12m)

40 - 50m from 

property

Eoltec Scirocco 

6kW
20 6 9881
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Facing
42⁰ 5.3 - 6.6

Photovoltaic 

Panels

20 No. PV 

Panels

Mounting area 

(34m²)

330W 

monocrystalline

Smith Brothers 

Ltd - Doncaster
25 4.9 4206

PV No.3 Detached
5 Bedroom, 

Farm house

Brodsworth, 

Doncaster

South 

Facing
42⁰ 5.3 - 6.6

Photovoltaic 

Panels

29 No. PV 

Panels

Mounting area 

(49m²)

330W 

monocrystalline

Smith Brothers 

Ltd - Doncaster
25 7.12 6097

WT No.1 Detached
5 Bedroom, 

Farm house

Brodsworth, 

Doncaster

South 

Facing
42⁰ 5.3 - 6.6

Wind 

Turbine

Blade dia. 

(3.72m)

Tower height 

(10.2m)

40 - 50m from 

property

Skystream 3.7 

2.6kW
20 2.6 5400

WT No.2 Detached
5 Bedroom, 

Farm house

Brodsworth, 

Doncaster

South 

Facing
42⁰ 5.3 - 6.6

Wind 

Turbine

Blade dia. 

(4.8m)

Tower height 

(11m)

40 - 50m from 

property
Aeolos-H 3kw 20 3 6307

WT No.3 Detached
5 Bedroom, 

Farm house

Brodsworth, 

Doncaster

South 

Facing
42⁰ 5.3 - 6.6

Wind 

Turbine

Blade dia. 

(5.6m)

Tower height 

(12m)

40 - 50m from 

property

Eoltec Scirocco 

6kW
20 6 9881

Tech Description
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comparisons between fieldwork and theoretical modelled predictions is extensive, 
especially in the area of actual versus claimed performance, and this research, albeit 
limited, adds to this body of research. 

Research results 

Examples of some of the input data taken from the dissertation are shown in Tables 1, 

2, 3, and 4. Table 2 is an extract from the developed whole life cycle cost model, which 
summarises the data inputs and assumptions and the reconfigured primary data 
collected from the participants. 

Tables 3 and 4 show the established data inputs for both capital costs and maintenance 

and repair costs, respectively, for the different systems. These values were inserted into 
the WLCC model and the calculated outcomes discussed. A summary of the costs and 
revenue produced from the WLCC model in relation to the renewable energy 
technologies installed into the theoretical BMD is shown in Table 5.  

The three comparisons share similar trends. Firstly, the capital cost of the wind turbine 

system is significantly greater than the photovoltaic panel system. Secondly, the 
maintenance and repair costs are roughly the same for both systems even though the 
photovoltaic panel system is in operation five years longer than the wind turbine system. 
Thirdly, the income from the wind turbine systems’ FiT rate is small in comparison to the 
photovoltaic panel system of similar maximum output, consequently only WT No. 3 

created enough revenue to cover the annual maintenance and repair costs. Finally, gross 
profit mark-up for all three WT systems is approximately equated to a loss of 80% of the 
initial capital investment, whereas the three PV panel systems show returns on 
investment ranging from 183% to 277%. 
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Table 2: Summary of data inputs and assumptions 

 

 

Table 3. Data inputs - established capital costs for BMD PV & WT systems (based on 2017 

Prices) 

 

Tables for all years, 1 to 50, were produced for analysis, and two examples (1 and 50) 
have been reproduced for illustration at Tables 6 and 7. Table 6 represents the extract 
of Year 1 (Base date: 2017) of the WLCC model analysis, stating the total cost outgoings 
as well as the incoming revenue with this period. Table 6 shows the final year of the 
WLCC model analysis stated as Year 50 (2066) and correlates with the final year of the 
second install designed PV systems, as these reach the end of their design life span. 

In comparison to Year 1, the Year 50 costs have increased significantly. The success or 
failure of the different systems can be gauged by the residual value, being the 

cumulative gross profit at the end of the 50-year period of analysis. These have been 
highlighted within Table 7 and show a major contrast between the two renewable 
energy technology systems. 

DATA INPUTS & ASSUMPTIONS

Assume Building Life Cycle is: 50.00 years

Assume Material costs increase 3% annually with inflation 1.030

Assume Labour costs increase 3% annually with inflation 1.030

Assume Labour hours to maintain PV per year (1.25hr/Q) 5.00

Assume Labour hours to maintain WT per year (2hr/Q) 8.00

JIB Hourly Labour Rate for Approved Electrician = £14.10 + 15% MU (Year 1 - 2017) £16.22

From Historical Cost Data Analysis

PV Average Feed-In Tariff Rate £0.43

PV Feed-In Tariffs Rate increase (%) 1.0282

PV Average Annual Energy Output for 1 No. Panel (kWh) 194.67

PV Average Annual Energy Output Increase / Decrease (kWh)(%) 1.006

WT Feed-In Tariff Rate £0.11

WT Feed-In Tariffs Rate increase (%) 1.0482

WT Average Annual Energy Output for per kilowatt (kWh) 429.19

WT Average Annual Energy Output Increase / Decrease (kWh)(%) 1.0158

PV No.1 PV No.2 PV No.3 WT No.1 WT No.2 WT No.3

Materials inc. VAT £4,203.50 £8,407.00 £12,190.15 £12,099.80 £13,961.31 £31,498.56

Install inc. VAT £1,202.60 £2,405.20 £3,487.54 £3,462.37 £3,995.04 £9,013.33

Commission inc. VAT £175.10 £350.20 £507.79 £504.50 £582.12 £1,313.32

Planning inc. VAT £0.00 £0.00 £0.00 £300.00 £300.00 £300.00

Total inc. VAT £5,581.20 £11,162.40 £16,185.48 £16,366.67 £18,838.47 £42,125.21
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Table 4. Data inputs - annual maintenance cost assumptions for BMD PV & WT systems 

(based on 2017 prices) 

 

 

Table 5. Summary cost analysis of renewable energy technology systems design lifespan  

 

Table 7 shows that installation of two 10 photovoltaic panel systems (PV No.1) over a 
50-year period will produce a gross profit of £49,675.48. Two 20 photovoltaic panel 
systems (PV No.2) will produced a gross profit of £111,881.41. Two 29 photovoltaic 

panel systems (PV No.3) over a 50-year period will produce a gross profit of £167,866.23. 

Conversely, the wind turbine systems showed huge financial losses at the end of the 
period of analysis, the greatest being the 6 kW wind turbine system (WT No.3), with a 
forecasted a gross profit of minus £234,392.90.  

  

PV No.1 PV No.2 PV No.3 WT No.1 WT No.2 WT No.3

Annual Material Cost (Year 1 - 

2017) inc. VAT £30.00 £30.00 £30.00 £50.00 £50.00 £50.00

Annual Labour Cost (Year 1 - 

2017) inc. VAT £81.10 £81.10 £81.10 £129.76 £129.76 £129.76
Inverter Cost (Changed every 

10 years) inc. VAT £325.10 £650.20 £942.79 £325.10 £650.20 £942.79

Total inc. VAT £436.20 £761.30 £1,053.89 £504.86 £829.96 £1,122.55

System Lifespan Summary Cost Analysis

Scheme Capital Cost
Maintenance & 

Repair Costs
Income from FITs Gross profit mark-up

Gross profit mark-

up

PV No. 1 (25 years)
£5,581.20 £5,074.31 £30,193.59 £19,538.08 183.36%

WT No. 1 (20 years)
£16,366.67 £5,267.33 £4,180.24 -£17,453.76 -80.68%

Difference £36,991.84

PV No. 2 (25 years)
£11,162.40 £6,098.26 £60,387.27 £43,126.61 249.85%

WT No. 2 (20 years)
£18,838.47 £5,704.19 £4,823.37 -£19,719.29 -80.35%

Difference £62,845.90

PV No. 3 (25 years)
£16,185.48 £7,019.99 £87,561.54 £64,356.07 277.33%

WT No. 3 (20 years) £42,125.21 £6,097.42 £9,646.74 -£38,575.89 -80.00%

Difference £102,931.96
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Discussion 

It could be argued that this huge loss would never actually occur. Once it was recognised 

that the wind turbine installed in 2017 made a gross profit loss of -£38,575.89 at the end 

of its design life in 2036, it would be reasonable to suggest that the property owner 

would not then pay to install another similar specification wind turbine. These correlate 

with the findings of the Energy Saving Trust (carried out by Element Energy (2009)) that 

the payback period based on a feed-in tariff rate ‘may not payback within lifetime’ for 

micro (<6 kW) wind turbines. 

Focusing on the total revenue produced from the electricity output and current FiT, 

these showed an increase when comparing Year 1 PV No.1 to Year 50 PV No.1. The 
forecasted output produced by the whole life cycle cost model shows an increase from 
1964.70kWh to 2519.03kWh and £0.43 to £1.02, respectively meaning total revenue of 
£2,569.41 in 2066 compared with £837.08 in 2017. In contrast, the total revenue created 
from the wind turbine systems, although steadily increasing per annum, was never 
substantial enough to cover the high capital and annual maintenance and repair costs. 

The capital cost and the annual maintenance and repair cost of the three theoretical WT 
systems were shown to be significantly greater than the PV panel systems with similar 
stated maximum output. The annual electricity output of the three theoretical PV panel 
systems was shown to be greater than WT systems with similar stated maximum output. 

The FiT rate was substantially smaller for the wind turbine systems when compared with 
the photovoltaic panel systems. The interactive effect of this meant that the total 
revenue created by the wind turbine systems was insignificant when compared with the 
total revenue of the photovoltaic panel systems of similar maximum power output. 

A key factor between the different renewable energy systems is the total revenue 

potential, which derives from the annual electricity output (kWh), combined with the 

specified FiT rate. Together this creates revenue which can offset the initial capital costs 

of the systems. The secondary data collected showed the PV panel system as having the 

advantages of an overall greater electricity output and a significantly greater FiT rate 

when compared to the wind turbine system of similar stated power output. The limited 

sample size of primary quantitative data collected from willing participants within the 

specified research period are insufficient sample sizes for conclusive results but do 

present evidence for further work. 

The crucial findings drawn from the results were that the total revenue generated from 
the largest domestic wind turbine system was insufficient to exceed the overall capital 
and maintenance costs of the system, over the system’s design lifespan of 20 years. The 
value of this system represented a loss in gross profit, equivalent to 80%. In contrast, 
the photovoltaic panel systems showed a return on initial investment following 7 years 
of installation and the subsequent accumulation of 18 years of annual gross profit. The 

value of this system represented a gross profit, equivalent to 277.33%. There is an 
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argument that net profit after depreciation should be used rather than gross profit. 
Depreciation costs values could therefore be inserted into the model.   

Conclusions   

The aim for the dissertation was to create a WLCC model, this has been achieved, and is 

now ready for further improvement. The model, which can be manipulated by applying 
different data variable inputs in order to establish different outcomes, was arguably 
successful and has become a working tool for the supporting company to forecast future 
costs of the specified technologies. Although the research is not intended to be 
continued, refinement of the model is on-going. 

Secondly, the dissertation research endeavoured to question whether the actual 
performance of domestic-sized photovoltaic panel and wind turbine technology systems 
meets levels of financial expectations. The subjective term of financial viability was 
deemed to be reached when the savings resulting from the system installation were 
greater than the costs.  

The key factor between the different renewable energy systems is the total revenue 
potential, which derives from the annual electricity output, combined with the specified 
FiT rate. Together this creates revenue which can offset the initial capital costs of the 
systems. The data collected for inputting into the model showed that the photovoltaic 
panel system currently has advantages over wind as it has an overall greater electricity 

output and a significantly greater FiT rate when compared to the wind turbine system 
of similar stated power output. The FiT rate is set politically and can change. 

It was concluded that domestic wind turbines up to and including a maximum power 
rating of 6kW were not found to be financially viable in that the savings achieved from 
installing such a wind turbine system would not outweigh the costs of installation and 
operation. The research findings of system performance portray a conflicting view to 
that found in manufacturers’ literature.  

Based on the limited sample size of data collected, these findings may not represent the 
overall trend in the UK renewable energy technology market. Further investigation 

should be undertaken with larger data sets, and/or data analysis taken from renewable 
energy technology systems that have been installed for 10 years or more. Nevertheless, 
a recommendation is that adoption of the method of WLCC should be considered as an 
integral part of a construction project, to gauge and quantify potential future risk 
associated with life cycle costs.  

Further testing of the model, possibly developing it further with different weather 
conditions, taxation implications, decommissioning costs and end-of-life value and 
costs. Further analyses using nett present value or internal rate of return derived from 
a discounted cash flow model might also be considered. It is recommended therefore 

that further research could provide a clearer perspective as to whether the 

manufacturers are accurate in their assessment of the actual efficiencies of both 
systems. Comparisons could also be made with commercially produced software.  
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Human Impact on the Earth and Sustainability 

J.L. Sturges 

Leeds Sustainability Institute, Leeds Beckett University. 

Introduction   

It is now 30 years since the word ‘sustainability’ passed into common currency following 

publication of the Brundtland Report, and in this SEEDS conference, we shall hear of a 

range of new materials and products, new methods and techniques for reducing our 

impact on our planet. Sustainability is more than just the mitigation of impact; it involves 

making a world that will provide not just for our needs but also for those of our children 

and grandchildren and into the future. We must remember that ‘nature does not need 

us, but we do need nature’, we do not control nature and we need to avoid creating a 

world that will no longer sustain us. We must also remember that everything is 

connected to everything else, and altering one thing may impact many other areas, as 

well as the one we wish to change. What kind of world do we want to live in? 

At the ‘Sustainable Building’ conference in Maastricht, Charles Kibert (2000) of 

University of Florida made an eloquent plea that since construction is the biggest sector 

of industry worldwide, there is a need for engineers to gain some understanding of 

Earth’s ecology to avoid damaging it. This keynote address will take a global overview, 

briefly reviewing those areas of anthropogenic impact which pose the greatest threats 

to a sustainable future. This subject has been extensively considered by Rockstrӧm, 

Crutzen, Hansen, Steffen and colleagues (2009) at the Stockholm Institute and they have 

identified the following nine areas of impact: 

 CO2 and climate change, 

 Biodiversity reduction, 

 Misuse of Nitrogen, 

 Land use and misuse, 

 Fresh water supplies, 

 Toxic and chemical pollution, 

 Aerosol particles, 

 Ocean acidification, 

 Damage to Ozone layer. 
 

In considering these topics, Rockstrὂm’s group sought to identify whether there are 

upper limits to human impact in each area, and if so, what these limits or boundaries 

might be. No one nation or group of people can insulate themselves from damage to 

our shared biosphere, but all nations and groups can and must contribute to improving 

the conditions for life. Before going any further, we must realise that these nine areas 

are inter-linked in many ways, and an outline of each and a few of these linkages are set 

out below.    
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Carbon Dioxide and Climate Change 

This is the best-known of the nine areas of impact, and it was in 1896 that the Swedish 

chemist, Arrhenius first pointed out that an increase in CO2 in the Earth’s atmosphere 

would lead to warming of the Earth. At that time this prospect was not viewed with 

alarm. However, one hundred years later John Maddox, former editor of Nature, saw 

increasing CO2 and global warming as one of the three main threats to the future of 

human life on Earth (Maddox, 1998). Today, we know that the composition of the 

Earth’s atmosphere and the Earth’s climate have varied and changed over the millions 

of years of the Earth’s history. However, over the past 11,000 years or so, the period 

that includes man’s known history, the climate has been remarkably stable (see figure 1 

below) and this period is called the Holocene era. From the analysis of air bubbles in ice 

cores we have shown that the CO2 content of the atmosphere was no more than 275 

parts per million (ppm) throughout the Holocene, and it stayed at this level until the 

advent of the Industrial Revolution, 200 years or so ago.  

 

 

 

Fig.1. The Earth’s temperature over the past 100,000 years.   

(Source: T. Appenzeller, 2012)  

 

We know that today the CO2 content of the atmosphere is 400 ppm, and rising, as is the 

Earth’s mean temperature. The effects of this are being felt in the Pacific islands, in 

tropical countries where certain crops can no longer be grown, in places affected by 

hurricanes and tropical storms, etc., but not so much in countries with temperate 

climates, such as the UK, where it is not so difficult to be a ‘climate change denier’. 
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However, we are now in danger of causing the complete melting of the summer icecap 

in the Arctic covering the North Pole (Wadhams, 2016). Loss of this Arctic ice cap in 

summer will significantly reduce the Earth’s albedo, tending to increased global 

warming. The construction industry is making strides towards the building of low-energy 

housing and mitigating its impact, but other large industry sectors including shipping 

and agriculture must also play their part. 

Biodiversity Loss 

Biodiversity is the next important topic of concern, as the health of life on our planet 

can be measured by the richness of its biodiversity. An ecosystem with the widest range 

and diversity of life forms is the healthiest and most resilient in the event of change. We 

know that so far, life on our planet has suffered five mass extinction events, the greatest 

of which was the Permian extinction of 250 million years ago. This was triggered by the 

Siberian Traps, a huge volcanic eruption which lasted for possibly up to one million years, 

in which time between 2 and 3 million cubic kilometres of molten basalt lava were 

spewed out, eventually covering 3.9 million square kilometres of eastern Russia to a 

depth of 400 to 1,000 metres. Also emitted would have been huge volumes of CO2, 

sulphur and nitrogen oxides, perhaps some chlorine and a great deal of particulate 

material including aerosol-sized particles. These emissions had the effect of cutting out 

sunlight, killing plant life and poisoning most animal species, so that more than 90% of 

all life on Earth was extinguished (Benton, 2003). Figure 2 overleaf shows the Earth’s 

history over the past 600 million years with the mass extinction events marked on it. We 

now know that following the arrival of humans in each part of the world, one of their 

first impacts was the disappearance of many local mega-fauna as men hunted for food. 

Today, animal and plant species are becoming extinct at the fastest rate since planet 

Earth was first formed 4.5 billion years ago, so we are now living through the sixth mass 

extinction event, and this one is an entirely man-made phenomenon. We are probably 

making some species extinct even before we have properly identified them, and we may 

be losing plant species with great potential for future medical and pharmaceutical use.  
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      90-95%        c. 50%   10-15% 

          EXTINCTION 

 

Fig. 2. The Earth’s geological time-scale, with mass extinction events marked by arrows. 

                                                                                                            (Source: Benton, 2003)   

 

Several of the areas of concern discussed below pose threats to biodiversity, and 

exemplify the inter-connected nature of the problems. 
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Nitrogen Misuse  

Nitrogen misuse is the next topic. The Earth’s atmosphere consists of 79% nitrogen, and 

nitrogen is essential for life, being an important component of protein. However, this 

atmospheric nitrogen is chemically inert, the bonds in the usual diatomic molecule (N2) 

being extremely strong. In nature, the only natural ways to chemically “fix” this nitrogen 

are via the enzymes present in the root systems of leguminous plants such as peas, 

beans, etc. or during lightning strikes. In 1797, Malthus (1797) predicted that the size of 

the Earth’s human population would eventually be limited by starvation, i.e. it would 

become impossible to grow enough food to feed everyone. Then early in the 19th 

century, huge quantities of guano – bird and bat droppings - were discovered in cave 

systems in South America, and these, being very nitrogen-rich, were exploited for the 

manufacture of fertilizers. The deposits were up to 50m deep, and contained 8 to 16% 

nitrogen (mostly as uric acid), 8 to 12% phosphoric acid and 2 to 3% potash (potassium 

carbonate or hydroxide). Towards the end of the 19th century, concerns were expressed 

about the exhaustion of these guano supplies, and this stimulated Fritz Haber, a German 

chemist, to invent a process for synthesising ammonia (NH3) from nitrogen and 

hydrogen using an extremely endothermic reaction, involving high temperatures and 

pressures. This reaction is shown below, heat and pressure are needed because of the 

very strong covalent bonds between the nitrogen atoms in the N2 molecule.  

 

                  N2             +              3H2                        →                        2NH3 

                                                          EXTREMELY ENDOTHERMIC  

                                               

Haber then teamed up with an engineer, Robert Bosch to devise an industrial-scale 

process to manufacture of ammonia in large quantities (Smil, 2004). Using this 

ammonia, ammonium nitrate can be manufactured which is an excellent fertilizer 

material, and this invention has made possible the growing of much larger quantities of 

food; earning Fritz Haber the Nobel Peace Prize in 1922. 

However, while many countries in Africa urgently need more and improved fertilizers, 

in other parts of the world far too much are used. Rainfall washes the surplus off 

compacted farmland soils into streams and rivers and it ends up in the sea. The very 

nitrogen-rich water leads to the rapid growth of algae and these algal blooms are easily 

visible as regions of bright green. The blooms quickly consume all the oxygen in the 

water, making it anoxic, and thereby killing off all life in the affected water, so producing 

a marine ‘dead zone’. This is yet another way in which biodiversity is reduced.  

Fresh Water Supplies 

Water is essential for life, so fresh water supplies are vital, but not always easy to 

provide. In 2015, a colleague from University of Manaus in Brazil visiting as part of the 

Agua Social project, informed me that while Brazil is a large and important South 
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American country, where everyone has electric power, only about 20% of the population 

have access to a clean, potable water supply. There are 1.4 billion cubic kilometres of 

water on our planet, 97% of which is saline (Pearce, 2006). Of the 3% fresh water, over 

half exists in ice-caps, so only something over 1% is available to drink. The world’s 

population now stands over 7 billion, but there can be no absolute increase in the water 

supply, and so many regions of the world (Saharan Africa, parts of Asia, etc.) now exist 

in a permanent state of water-stress. Other regions such as Iceland, with a tiny 

population, have water in great abundance. The world’s population increases, but we 

can do nothing to increase the limited amount of water. Access to clean water is 

becoming a vital factor in many places, and we need to do all that is possible to conserve 

our water supplies and to avoid all actions that would pollute or waste the water. 

Desalination of water is carried out in arid regions of the world (e.g. the Persian Gulf); 

the traditional method of evaporation and condensation is very energy-intensive and 

new techniques are currently under development, including using graphene and carbon 

nano-tubes as filtration materials. 

Industrial farming (see below) can have an adverse effect on water supplies (Lymbery & 

Oakeshott, 2015). Animals kept penned indoors in battery-farming conditions, produce 

huge amounts of manure which cannot easily be disposed of. In some cases the manure 

has leaked from storage ponds and into the local water table causing drinking water 

pollution.  

Although not stressed by Rockstrὂm’s group, it is worth mentioning, en passant, that 

while liquid water is vital to sustain life, water is crucially important in other ways. Firstly, 

water vapour is an important greenhouse gas, and secondly, solid water in the form of 

snow and ice plays several important roles in maintaining the conditions for life on Earth. 

Ice caps covered with fresh snow raise the Earth’s albedo and their loss will lower the 

albedo and increase global warming. Then millions of tonnes of methane are locked up 

as methane clathrates or hydrates in the icy conditions under the world’s seas and 

oceans. Further warming of the oceans could lead to melting of these hydrates and the 

release of large volumes of methane – a very powerful greenhouse gas.  

The presence of ice caps and sea ice shelves also play a crucial role in governing the 

ocean currents, and wind and weather patterns in numerous ways. The stability of our 

weather patterns depends upon the stability of the ice caps and regions of sea ice. Loss 

of this ice will drive increasingly unstable weather conditions. Sudden precipitation of 

large volumes of liquid water can be followed by sudden flooding, sometimes with 

disastrous consequences, as occurred at Lynmouth in 1952. Precipitation as snow will 

considerably attenuate the time before the water enters rivers and streams. Increased 

global warming can lead to increases in ice melting which, in turn, will lead to further 

warming – an unwelcome feedback loop (Wadhams, 2016). 

Land Use 

Land use or misuse is another area of threat. Our Earth is of fixed, finite size, and we 

have to make the best use of the space we have. Of course, large areas of the Earth’s 
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surface are covered with ice caps and deserts which we cannot use for such things as 

growing crops, raising animals, etc. Land is used in many ways, for farming, for buildings 

– accommodation and industry, for energy production, for forestry, for military and 

defence uses, for roads and other transport systems, and so on. There will also be some 

contaminated land left over from past industrial and military uses. If we discount deserts 

and ice caps, transport and building use, energy production, then not much land remains 

for potential further agricultural use. In this respect, so-called ‘industrial farming’ has to 

be seen as a retrograde step. Growing crops to feed animals reared under battery-

farming conditions, and for the manufacture of bio-fuels, rather than for food to feed 

people is a great misuse of our limited and precious land area. The large-scale take-up 

of industrial farming has contributed to present concerns about the reduction in bee 

populations, and crop and plant pollination. Industrial farming leads to habitat 

destruction and the loss of insect (including bees), bird and small animal populations. 

Many of these creatures make a positive contribution to crop growing.  

Land used for military purposes, especially where nuclear or chemical weapons and 

materials have been used can pose great clean-up problems. Extremely affected land, 

e.g. that on which stands the plutonium atomic piles at Hanford in Washington State in 

the USA, or that around Chernobyl in the Ukraine will take centuries to become clear of 

such pollution. Paradoxically, wildlife, both plant and animal is thriving as never before, 

inside the Chernobyl exclusion area from which humans are banned.  

Toxic and Chemical Pollution 

A serious problem that was recognised decades ago is that of toxic and chemical 

pollution. Some chemicals were used in the initial belief that their use would be 

beneficial, for example, the use of DDT to control mosquitos and their agency in 

spreading disease. However, they were found to be harmful, a fact first highlighted by 

Rachel Carson in her book Silent Spring.  

Since World War II, the chemical and pharmaceutical industries have produced 

thousands of pesticides, drugs and other substances, and in the early years these were 

immediately put into use without any testing to see if they had undesirable side effects 

(Wargo, 2009). These were days before our modern concepts of ecology had acquired 

wide currency, when we were largely ignorant of the complex inter-connections that 

exist between all the animal and plant life forms. The world’s weather patterns and long-

term atmospheric movements have caused many toxins to accumulate in the polar 

regions, particularly the Arctic. The eggs of Arctic sea birds have since been found to 

contain high levels of pollutants such as DDT, mercury, polychlorinated biphenols 

(PCB’s) and brominated flame retardants. In the 1970’s the toxicity of PCB’s became 

known and they were banned, but they continue to accumulate in the Arctic. This is an 

example of bioaccumulation, where the substance gets into the food chain and 

accumulates in the bodies of creatures at the top of the food chain, and since we stand 

in this position, we are potentially at risk.       
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Under this heading is included the uncontrolled and indiscriminate release of plastic 

materials and other chemicals into our environment, a problem which has now grown 

to massive proportions. Plastics have acquired a “cheap and cheerful, disposable” 

image. This is unfortunate, because the polymerization reactions are heavily 

endothermic, and the polymers produced are thermodynamically and chemically very 

stable. They do not biodegrade and are very durable, and the fact that they have so 

often been used to make items known to have a short life is disastrous. The retail sector 

has had a policy of issuing free plastic bags to its customers at the point of sale. As a 

result, shoppers do not take shopping bags with them any longer. Once back home the 

bags may be re-used or discarded, and since they are usually flimsy, they are discarded, 

often in a careless manner. Being of low density, particles of plastic float in water and 

are easily washed into rivers and into the sea, where they can be mistaken for particles 

of food. Sea birds often feed them to their chicks with fatal results, and this adversely 

affects biodiversity. Far too much plastic material now contaminates the seas and 

oceans. Any process for the manufacture of useful products from recycled plastics 

represents an extremely useful contribution to a more sustainable future. Many of these 

products replace timber applications. This brings a double benefit because it obviates 

the need to use timber preservative chemicals, a class of product that has, in the past, 

brought major health problems in its wake.   

It is not just visible particles of plastic that cause trouble, very small micro-particles and 

those of aerosol dimensions are also a major concern. These fine particles are not easily 

visible, and so their impact is not obvious, but one million tonnes per year are washed 

into the world’s oceans. Concern was originally expressed about the plastic micro-beads 

in personal care products, however research by the International Union for 

Conservation of Nature (IUCN) has shown that about two-thirds of micro-plastics come 

from synthetic textiles and tyres compared with just 2% from personal care products. 

These particles constitute between 15 and 31% of the 9.5 million tonnes of plastics 

entering the oceans each year. Table 1 below sets out the sources and relative amounts 

of this micro-plastic pollution in the world’s seas and oceans. Figure 3 below shows the 

global deep-ocean conveyor current circulation. This diagram shows how the Pacific 

Ocean floating gyres come about, and the Gulf Stream, which warms the British Isles 

and Scandinavia, is also visible as a surface current, 

These micro-plastics raise other concerns. They form a dilute plastic soup that lowers 

the freezing temperature of water, and this leads to accelerated loss of sea ice, which 

leads in turn to changes in the surface albedo and increased global warming. The tiny 

particles get into the food chain, and can enter the food chain. Since we sit at the head 

of this chain, they can thus pose a threat to human health. This is a very good example 

of the multi-faceted nature of many of these areas of impact. 
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Table 1. Sources of Micro-plastics washed into the sea each year. 

 

Source of Micro-plastics % of Total 

Plastic Coatings                                  3.7 

Road Markings                                  7.0 

City Dust                                24.0 

Tyres                                 28.0 

Synthetic Textiles                                35.0 

Plastic Pellets                                  0.3 

Personal Care Products                                  2.0 

 

Accidents with oil super-tankers, and oil well blowouts are an intermittent pollution 

source. 

 

 

 

Fig. 3. Global Deep-ocean conveyor current circulation.                     (Source: Maslin, 2013) 

Aerosol Particles 

The release of aerosol particles is another problem; industrial grinding and comminution 

processes, especially in the mining and metal extraction sectors are responsible for 

some of this. Such processes give rise to particulate material, with a range of particle 

sizes as they are designed to do, but a proportion of the particles will be of aerosol or 

colloidal dimensions, i.e. they will have diameters between 1 µm and 1 nm in size. These 

particles are so fine that if they get into the air they can take a long time to settle out. 

The atmospheric fluxes of aerosols can amount to millions of tonnes of material at any 

one time, as set out in table 2 below (Henderson & Henderson, 2009). The importance 
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of these tiny particles was first recognized by the affect that they can exert on the Earth’s 

albedo in reducing the amount of sunlight reaching the surface. After Mount Pinatubo 

erupted in 1991, so much aerosol-sized material was placed into the atmosphere that 

scientists noted a measurable drop in the Earth’s mean temperature for three years 

following the eruption (Wadhams, 2016).  

That they can also have adverse health effects emerged in the early 1970’s, with the 

discovery that children living near busy urban motorways were absorbing high levels of 

lead, in the form of nano-particles of tetra-ethyl-lead, put into petrol to prevent the 

problems of pre-ignition. This led to the widespread and eventually universal adoption 

of unleaded petrol. More recently, the actual and potential adverse health effects of 

aerosol particles in diesel fumes is now accumulating. In particular, it is the tiny particles 

of oxides of nitrogen that lead to increased incidences of heart attacks, strokes and 

certain forms of cancer that are leading to increased concern. Most recent studies 

indicate that the tiny particles in diesel fumes may be leading to the increased incidence 

of Alzheimer’s disease. Some people have ascribed this to increases in longevity, but it 

also the case that more of the 7 plus billion people on Earth now live in urban, traffic-

polluted areas of the world. The VW diesel emissions affair in early 2016 could lead to 

the eventual abandonment of diesel engines in road transport. As it is, sales of hybrid 

and electrically-powered vehicles are now increasing. 

Table 2. Atmospheric Aerosol Fluxes. 

        Natural Source     Average Flux (Mt.a-1) 
                Ref. A 

   Flux Range D < 25 µm 
              Ref. B 

Primary 
Windblown dust 

 
 

 
         1,000 – 10,000 

Mineral dust 0.1 – 5.0 µm                     917  

Mineral dust 5 – 10 µm                     573  

Forest fires                  3 – 150 

Sea salt                10,000          1,000 -  10,000 

Volcanoes                       30                 4 – 10,000 

Biological                       50               26 – 50 

Secondary 
Sulphates from DMS  

 
                      12.4 

 
              60 – 110 

Sulphates from volcanic 
SO2    

                      20               10 – 30 

From biogenic VOC                       11.2               40 – 200 

From biogenic NOX                10 – 40 
Note:  DMS  = dimethyl sulphide                    VOC = volatile organic compounds  

Ref. A. Seinfeld, A. & Pandis, S.N., (2006), Atmospheric Chemistry and Physics, 2nd Ed. 

John Wiley, New York. 

Ref. B. Brasseur, G.P. et al., (1999), Atmospheric Chemistry and Global Change, Oxford                   

University Press, New York. 

Source: Henderson & Henderson, (2009). 
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Ocean Acidification 

At the end of the 18th century, the world’s seas and oceans had a pH of around 8.2. 

Because of the increased CO2 emissions mentioned earlier, the pH of today’s seas 

measures 8.1, and it continues to fall. Carbon dioxide is soluble in water, and as the 

concentration of CO2 in the atmosphere rises, more and more of the gas dissolves in sea 

water forming dilute carbonic acid. A change in pH of 0.1 does not sound very much, but 

we must remember that the pH scale is logarithmic: 

  

                pH    =    - log10 [H+]       =     log10   1 

                                                                     [H+]   

where H+ is the hydrogen ion concentration. Acidic sea water damages corals, and coral 

reefs form very large and vital habitats for many fish and underwater life forms, plant 

and animal. Crustaceans, creatures with exo-skeletons, have problems because acidic 

water attacks their shells. The list of affected life-forms is a long one, but the important 

point is that the seas and oceans form a large and vital part of the Earth’s biosphere and 

damage to these ecosystems is a very serious matter. After all, the first life forms on 

Earth emerged from the sea many millions of years ago. While the seas and oceans 

constitute a huge ecosystem in their own right, there are many land-based animals and 

birds that depend on fish and other marine life for their existence. There are large fish 

and other sea creatures that feed on land-based animals too. Therefore, ocean 

acidification, if uncontrolled, will ultimately lead to a huge reduction in biodiversity, and 

we shall also lose many of our vital seafood supplies. Ocean acidification is another 

powerful argument in favour of cutting CO2 emissions.     

Damage to Ozone Layer 

Although invisible, the atmosphere acts as an important shield against small meteorites 

and radiation protection from extra-terrestrial sources. The ozone layer is an important 

part of this shield, and so damage to it is the final critical area of concern. Our planet is 

continuously bathed in solar radiation, visible light being the component with which we 

are most familiar. Radiation with wavelengths longer and shorter than those of visible 

light are also received. Short-wavelength radiation is particularly penetrating and 

damaging, and short wave ultra-violet light is especially so, as in humans it can cause 

increased incidence of skin cancer. Fortunately for us the Earth has an atmosphere, one 

of whose functions is to filter out damaging short wavelength UV radiation. Molecules 

of Ozone (O3) are very effective as filters against UV.  

Chlorinated-fluoro-carbons (CFC’s) were invented during the 20th century as 

refrigerants, and as propellants for aerosol sprays, etc. Forty years ago, James Lovelock 

(2014) discovered that they were ubiquitous in the Earth’s atmosphere and Crutzen, 

Molina and Rowland showed that they could destroy ozone in the Earth’s upper 

atmosphere in a series of photochemical reactions. Eventually the British Antarctic 

Survey discovered a large hole in the ozone layer over Antarctica caused by the CFC’s. 
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After much international discussion and lobbying, the Montreal Protocol, was signed in 

1987, whereby the large, mainly Western industrial powers agreed to phase out the 

manufacture, sale and use of CFC’s. However, only in 2016, 28 years later, did the oter 

nations agree to phase out CFC’s, signing the Montreal Protocol and so finally achieving 

a worldwide ban on their use. CFC’s can survive for decades in the atmosphere, and 

therefore it will take a long time for their effects to completely disappear.   

Discussion and Conclusions 

This short paper cannot provide an anywhere near exhaustive treatment of what is a 

huge subject, but has sought to set out the main areas of anthropogenic impact, 

indicating the scope of the issues about which we need to be aware. It makes no attempt 

to discuss the various philosophical approaches of those seeking to define the 

relationship of humankind to our physical world, in the manner of Bonneuil & Fressoz 

(2016), for example. Simply, and for the sake of completeness, all the areas of impact 

have been included, some being more relevant to construction and civil engineering 

than others. Some aspects of each of the nine areas of concern caused by anthropogenic 

activity have been examined, pointing out some of the many linkages between them; 

some of these are obvious and some more subtle. For example, concern about CO2 

emissions led governments in Europe and America to encourage the sale and use of 

diesel-powered cars. However, this has resulted in a large deterioration in urban air 

quality in large cities all over the world because of the high levels of aerosol particles of 

oxides of nitrogen and carbon black produced by diesel engines. So this issue links CO2 

emissions, aerosol particles and toxic substances. Similarly, ocean acidification links to 

CO2emissions and to biodiversity loss.  

Again, the advent of industrial farming has seen great tracts of land turned over to 

monocultures where just one crop is grown. Grain is grown to feed to animals kept in 

battery conditions and also to make biofuels. To create large fields, miles of hedgerows 

are grubbed out, removing the habitats of millions of birds, insects and other small 

animals, reducing local biodiversity. Disposal of all the manure from all these densely-

packed animals, has led in some cases, to pollution of local water supplies. This 

represents gross misuse of land, because the starving are not fed, biodiversity is reduced 

and water supplies can be polluted. This issue links land use, biodiversity loss, water 

purity and nitrogen misuse.  

One lesson to be drawn from this work is the inter-connectedness of the impacts; one 

factor can bring about several different impacts. For example, while it is possible to 

make an apparently sensible decision on the basis of one important factor, it is also 

important to look at the possible consequences. Timber is a renewable material, and in 

principle, a sustainable one. It has a low density and excellent thermal insulation 

properties. It can be machined easily, and bonded cross-grained to give uniform 

mechanical properties and take out its propensity for moisture movement. For these 

reasons, it would be logical to consider timber for sustainable UK building design. 

Buildings could be pre-fabricated from engineered timber under factory conditions 

before delivery to site, where construction time on less substantial foundations would 
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be significantly reduced. On the debit side, however, most of the timber would have to 

be sourced from sustainable forests in countries like Russia and Canada, and the impacts 

of harvesting, conversion and transport need also to be taken into account. What 

initially appears to be a simple decision, turns out to be more complex.      

Rockstrὂm’s group has proposed values of upper limits for these nine topics, and 

concluded that in several areas including carbon emissions, biodiversity species loss rate 

and nitrogen use, we have already breached our safe upper limits. No country is 

insulated from these effects, we share our planet, internationally-coordinated action is 

therefore needed as a matter of extreme urgency. Further information on these topics 

can be found by consulting the literature cited below, or on the internet. Finally, anyone 

researching the topic of climate change needs to be aware of the activities of those 

seeking deliberately to sow doubt about its reality (Oreskes & Conway, 2010).   
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ABSTRACT 

There is a growing trend for urban areas in the UK, USA and elsewhere to change 
over-roadway and residential lighting from high-pressure sodium [HPS] to blue-
rich LEDs, often simply on the basis of saving energy, yet without health- or 
environmental-impact assessments. The views presented in this paper are from 
a historical perspective based on research conducted by the author in the City of 
Chicago. A literature review was also conducted of research that showed blue-
rich LEDs’ effect on human health and well-being, wildlife circadian rhythms, 
road safety and the view of our night sky. Studies also now provide evidence on 
a national scale of the relationship between the amount of artificial night-time 
light and budburst in woodland trees. 
 
The purpose of this paper is to raise awareness of the potential impact on urban 
and rural areas of blue-rich LEDs to ensure that city designers and arbourists 
make informed decisions about the choice of street and road lighting. 
 
It is not a newly discovered problem that there are harmful effects of street 
lighting as botanists were made aware of the deleterious effects of incandescent 
street lighting on trees 81 years ago by Matzke in 1936. Horticulturalists learned 
of such effects on both wild and domesticated plants from research by Cathey 
and Campbell in 1975.    
 
Research in 1974 by the Chicago Audobon Society and District 14 Environmental 
Education Project (Gewirth, 1974) was ignored. The City installed HPS lamps 
primarly based on the report of a consulting arbourist, and the HPS lamps were 
more energy efficient, yet 11% failed after 13 months. There were effects on 
young trees, with 60% of a group of saplings suffering death or damage to growth 
over their first spring and summer. The Chicago politicians installed the street 
lights to show residents the city was taking proactive steps to address our primal 
fear of darkness, and the idea that lighting systems would reduce crime was 
politically popular. 
 
Research has shown that making choices about the kind of roadway lights we 
use, simply on the basis of energy consumption, is shortsighted. Energy-saving 
measures need to be linked to health and ecology considerations. Soybean 
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farmers learned not to plant in fields adjacent to HPS roadway lighting. The night-
time illumination can reduce crop yield by 20–40%. 
 
In the UK, Public Health England (Price L. L. S., 2016) recommend using CCT 
2700K blue-rich LEDs to minimize glare and discomfort. Street lighting should be 
tested ‘in situ’ before a lighting scheme is rolled out to ensure it does not cause 
harm to human well-being, trees and wildlife. It is crucial for local communities 
be involved in deciding how streetscapes, including trees and lighting, are 
planned, managed and maintained.  
 

BACKGROUND 
 
As a resident and environmental education teacher/trainer of the City of Chicago District 
14 Environmental Education Project in the 1970s, I first became interested in the effects 
of street lighting on residential-street trees, wildlife and humans. At the time, we were 
planting trees and shrubs in and around school buildings, and in vacant-lot gardening 
projects. 
 
In my review of City of Chicago records and local newspapers, I discovered that every 
four years, and always in election years, residential streetlights were replaced. The City 
of Chicago politicians’ policy was to replace security street-lighting systems, as this was 
often seen to address the primal fear of darkness. For instance, in 1974 the decision to 
replace mercury vapour (MV) residential streetlights with 85,000 400-watt, high-
pressure sodium (HPS) lamps was based on the City being advised that HPS lamps would 
address the politically popular idea that the city was taking proactive steps to reduce 
crime and save energy. The elected city ward alderman also had the recommendation 
from its appointed consulting arbourist, which revealed that there had been no harmful 
effects observed of the HPS lamps on any trees. As a result, legislation to purchase the 
HPS lamps was passed at the City Council meeting held in July 1974. 
 
The arbourist’s recommendations were based on two weeks’ observation of 210 trees 
in Chicago, Cleveland, and Milwaukee, and telephone interviews with officials in 16 cities 
in the US. The report by the arbourist was considered inadequate that no harm would 
befall Chicago’s trees because the selection of trees for the study was biased. (Ruddat, 
1975). An example of his sampling procedure showed that mature trees comprised 90% 
of his sample, while the young trees being planted would be most vulnerable. In 
addition, at the Chicago Avenue site 16 honey locusts were planted. It was found that 10 
of these young trees were dead or damaged.   
 
Research by Chicago Audubon Society (CAS) in collaboration with the Chicago District 14 
Environmental Education Project questioned the value of the arbourist’s observations 
and conversations, indicating that there were no harmful effects due to HPS lamps. The 
field surveys conducted by CAS showed that 11% of the HPS lamps failed after 13 
months. The surveys also observed and recorded the effects of the HPS lamps on the 
young trees being planted, with 60% of a group of saplings suffering death or damage to 
growth over their first spring and summer. (Ruddat, 1975). It was also observed that 
young trees growing under the HPS lamps were eight times more likely to be holding 
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their green leaves (Figure 1: Leaf hold near HPS lamp) at the time of the first killing frost 
than those growing under MV lamps. As a result, the young trees under HPS lamps 
became vulnerable to frostbite. The HPS lamps also had a bad effect on privet, roses and 
chrysanthemums. A breaking of dormancy of hybrid and wild rose specimens, privet, 
pachysandra and chrysanthemums within 15 feet of the light standards was observed in 
December. (Gerwirth, 1973) 
 

 
                                        Figure 1 Leaf hold near HPS lamp 
 
A report of the analysis of the surveys was presented at a private meeting of the City of 
Evanston’s (which borders the northern boundary of the City of Chicago) elected 
councillors and officers. The City of Evanston was considering installing HPS lamps. It was 
decided not to install the HPS lamps on Evanston’s residential streets. The effect of street 
lighting on roadside trees is not a newly discovered problem. Botanists were aware of 
the damage of incandescent street lighting to trees 80 years ago (Matzke, 1936). 
 
TRANSITION FROM HPS LAMPS TO BLUE-RICH LEDS: ISSUES AND PROBLEMS 
 
There has been a growing trend for urban areas in the UK, USA and elsewhere to 
transition from HPS lamps for roadway and residential-street security lighting to cool-
white (blue-rich) LEDs at an alarming pace during the past several years. The rush to 
replace roadway-lighting systems with blue-rich LEDs is a real cause for concern, and 
needs to be urgently addressed. 
 
Funding for this changeover to blue-rich LEDs in the UK has been encouraged by the UK 
Technology Strategy Board (TSB) Future Cities Demonstrator programme (TSB, 2014) The 
focus has been on establishing wireless technology to provide more efficient roadway-
security lighting while cutting CO2 emissions. 
 
Through a literature review, it was found that there is evidence of a large body of 
research to show that making choices about the kind of lights used on residential streets 
and roadsides, simply on the basis of energy consumption, is shortsighted. The analysis 
of this research has shown that by changing urban lighting from HPS lamps to blue-rich 
LEDs, “we may – and again, the emphasis is on may – be upsetting the ecological balance 
in unexpected ways.” (Ashdown, 2016) 
 
The problem is that UK local authorities, such as the Westminster City Council, as well as 
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Balfour Beatty and CU Phosco, a UK designer and manufacturer of outdoor lighting 
equipment, support the installation of blue-rich white LED street lights. The initiative is 
supported with funding from the TSB to cut energy bills in order to reduce carbon 
emissions, but without the requirement of health- or environmental-impact 
assessments – even though it is recognised that blue-rich white light is detrimental to 
human and wildlife circadian rhythms. 
 
Studies have also found that energy-saving measures need to be linked to health and 
ecology considerations, such as the presence of heavy metals in the manufacture of 
LEDs. A study published in late 2010 in the journal Environmental Science and 
Technology (Seong-Rin, et al., 2013 found that LEDs contained lead, arsenic and a dozen 
other potentially dangerous substances. 
 
“LEDs are touted as the next generation of lighting,” says Oladele Ogunseitan (Seong-Rin 
et al., 2013, one of the researchers behind the study. Yet, as we find better products that 
do not deplete energy resources, we must be vigilant about any toxicity that may be in 
the supply chain of these products.   
 
SKY GLOW AND ROAD SAFETY 
 
Blue-rich LED streetlights are the nemesis of astronomers due to unacceptable levels of 
light pollution for astronomical observations, as they emit more blue light on a per-
lumen basis than the HPS lamps they are replacing. Two studies have also concluded that 
to focus simply on CCT LEDs to reduce sky glow misses the problem, as it is caused by all 
of the white LED sources. (Luginbuhl, et.al, 2014; Aube, 2013) 
 
The blue-rich LED’s are detrimental to road safety and contribute to undesirable sky 
glow, due to excessive glare caused by the ‘Rayleigh Scattering Effect’. (Ashdown, 2015). 
There is also a considerable negative aesthetic impact, particularly in areas with heritage 
lighting. Light affects our health and well-being in more ways than one, not to mention 
the aesthetic component. The health hazards from lighting are not exclusive to LEDs. 
 
Blue-rich LEDs have been shown to double drivers’ peripheral vision and increase brake 
reaction time by 25%. (Mokhoff, 2015) ‘Modern’ headlights (without automatic 
adjustment systems) and street lamps are causing glare and prolonged retinal recovery 
following light ‘stress’. (NHTCA, 2007) 
 
NIGHT-TIME CRIME 
  
Many believe improving visibility will reduce night-time crime, including sexual assault. 
When there is no outdoor lighting, pedestrians may genuinely feel fear. Simply being 
able to see makes us feel safer. However, feeling safe and being safe are not the same. 
There is no clear scientific evidence that increased outdoor lighting deters crimes. It may 
satisfy the ‘feeling of safety’, but has not been shown to make us safer. This has been 
confirmed in Chicago (Parks, 2014) and other cities. (Steinbach et al., 2015) One of the 
largest, most scientific studies of outdoor crime and lighting at night was the 1998–99 
Chicago Alley Study. (Morrow, 2000) 
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Feedback from Chicago residents was mostly positive; the only problem was that the 
residential-light replacement program did not reduce crime. To the contrary, in the areas 
where ‘enhanced lighting’ was installed, the incidence of crime increased. Studies in the 
UK comparing communities with similar demographics in which the only difference was 
the introduction of street lighting have found no significant variation in the rates of 
crime. (Parks, 2014) 
 
HEALTH AND WELL-BEING 
 
Peter Boyce, professor of lighting and human factors, wrote that there were three kinds 
of lighting: bad lighting, nondescript lighting and good lighting. Bad lighting, which has 
identifiable faults, should be avoided, and the new LED lamps have faults: glare, light 
trespass and colour temperature. (Boyce, 2014) 
 
Light affects our health and well-being in more ways than one. LED-based streetlights 
are whiter than traditional ones and contain more blue light, which can disrupt people’s 
circadian rhythms. 
 
Studies recognized by the World Heath Organization (WHO) show that white LED lights 
emit a form of blue light that suppresses the production of melatonin, which is 
responsible for regulation of the body’s biological clock. Interference with the body’s 
internal clock has been associated with health problems including sleep disruption, 
depression, diabetes, obesity and cancer. (Stevens, 2016) 
 
The American Medical Association (AMA), at its annual meeting on 14th June, adopted 
an official policy statement about street lighting: 'Cool it and dim it'. This was in response 
to the rise of new LED street lighting sweeping the country. An AMA committee issued 
guidelines on how to choose LED streetlights to minimize harmful human health and 
environmental effects. Although the streetlights deliver energy-saving benefits, the 
AMA’s stance reflects the importance of proper design of new technologies and the 
connection between light and human health. (AMA, 2016) 
 

CORRELATED COLOUR TEMPERATURE of 2,700K VS CCT 400K-4,800K 
 
It is now widely accepted that lighting on streets, roads and other outdoor public places 
should have correlated colour temperature (CCT) of 2,700K – but, in any event, must not 
exceed a CCT of 3,000K. (Benya, 2015) 
 
The City of Davis, California replaced newly installed 4,800K lighting with 2,700K at a cost 
of $350,000 in 2015, following surveys that showed residents’ complaints about what 
they called ‘prison-white lighting’. (Ashdown, 2015) The US Department of Energy 
published a Gateway report on pedestrian lighting and, had city officials acted on the 
report, they might have saved $350,000 and the wrath of the citizenry. (DOE, 2014) The 
results of the surveys also revealed that pedestrians might have different criteria for 
lighting than those of drivers, especially in areas in Davis where cars are subordinate to 
bicycles and foot traffic. In addition, the city of Montreal suspended its $110 million 
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project to replace 110,000 standard streetlights with LED lighting until the health risks 
and potential for light pollution is better documented. (Bruemmer, 2016) 
 
Yet, in contrast, Sheffield City Council (SCC) is installing 4,000K-plus LEDs. The SCC seems 
to have taken no notice of the US Department of Energy’s Gateway report on pedestrian 
lighting and other research. Neither is the SCC taking the advice of the AMA (American 
Medical Association), IDA (International Dark Sky Association), CPRE (Campaign for Rural 
England) and PHE (Public Health England), which all recommend using warm-white CCT 
– ideally 2,700K lights – to minimize glare and discomfort. (Stevens, 2016) 
 
PHOTOPERIODISM – THE CIRCADIAN RHYTHM 
 
Trees have to sleep at night. 'Research shows that trees near street lights die earlier. Like 
burning a lamp in your bedroom at night, it is not good for you.' (Wohlleben, 2016) 
Sensitivity to day length, known as photoperiodism, determines when a plant bolts, 
fruits or produces storage organs (as potatoes do). It occurs in plants and animals. It can 
also be defined as the developmental responses of plants to the relative lengths of light 
and dark periods. 
 
Scientific research has confirmed it is the length of the dark periods that controls plant 
growth. Almost all living things have internal circadian clocks that control many of life’s 
processes. According to University of Washington researcher Takato Imaizumi, whose 
Imaizumi Laboratory studies seasonal response and circadian rhythms in plants, 'The 
circadian clock is not constantly sensitive to light. It has a light-sensitive window at the 
end of the day that acts as a gating mechanism'. (Imaizumi and Kay, 2006) 
 
The specific band of wave lengths of light tells a tree or shrub to grow, while, through 
shorter days and cooler nights, mother nature tells it to get ready for winter. Trees 
prepare for winter by becoming dormant. Come a cold snap, a young tree still growing 
could be killed. 
 
Red light from streetlights are the problem. This can have harmful effects on both wild 
and domesticated plants. Horticulturalists became aware of the problem as a result of 
research by Cathey and Campbell in 1975 using 40 ornamental trees. When compared, 
the five light sources used promoted vegetative growth and delayed dormancy of woody 
trees in the order from most to least effective. The sensitivity of the 40 trees to security 
lighting was then placed into three groups, i.e., High, Intermediate and Low. For example, 
Betula papyrifera (Paper birch) was in the high group.  (Cathey and Campbell 1975). Birch 
were placed in the high-sensitivity group (Fig. 2: Birch near HPS lamp with dead crown), 
while Oak species were placed in the low-sensitivity group. 
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Figure 2 Paper Birch near HPS lamp with dead crown 
 
LED streetlights, likewise, emit more red light on a per-lumen basis than HPS lamps. For 
example, 'It is the specific band of wave lengths at the red end of the spectrum that were 
the controlling factor in preventing morning glory buds from opening normally'. (Ott, 
1958) 
 
The LEDs will affect the short-day/long-night plants, which flower in spring or autumn. A 
plant that requires a long period of darkness is termed a "short-day" (“long-night”) plant. 
Short-day plants form flowers only when day length is less than about 12 hours. Many 
spring and autumn flowering plants are short-day plants, including tomatoes, roses, 
nasturtiums, chrysanthemums, poinsettias and Christmas cacti. 
 
Street lighting is causing spring to come at least a week early in the UK. Researchers from 
the University of Exeter, in collaboration with independent environmental consultants 
Spalding Associates in Truro, have found that buds were bursting by up to 7.5 days earlier 
in brighter areas, and that the effect was larger in later-budding trees. (Richard H. 
ffrench-Constant et al., 2016). The research was led by a team of biologists based at the 
Penryn campus. It highlighted for the first time, and on a national scale, the relationship 
between the amount of artificial night-time light and the date of budburst in woodland 
trees. 
 
The study was of data collected by citizen scientists from across the UK – part of a 
phenology network of The Royal Society and the Woodland Trust. The data provided 
evidence to scientists that phenology of woodland tree species (i.e., advanced in 
budburst) may be affected by light pollution. The data also suggested that smaller plants 
growing below the height of streetlights were even more likely to be affected. This 
advance of budburst illustrated the need for further experimental investigation into the 
impact of artificial night-time lighting on plant phenology and subsequent species 
interactions. As light pollution is a growing global phenomenon, the findings of this study 
are likely to be applicable to a wide range of species interactions across the world. 
(Richard H. ffrench-Constant et al., 2016) 
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The night-time illumination can also reduce crop yield by 20–40%. As a result, soybean 
farmers learned not to plant in a field adjacent to HPS roadway lighting.  (Chen et al., 
2009) 
 
Long-day/short-night plants flower in summer: hollyhocks, irises, sweet clover, barley, 
and wheat. (The cessation of growth us usually induced by long nights.) Many summer-
blooming flowers and garden vegetables are long-day plants, such as asters, 
coneflowers, California poppies, lettuce, spinach and potatoes. 
 
Depending on the species and various environmental factors, even low levels of light 
trespass from roadway and outdoor luminaires can have harmful effects on both wild 
and domesticated plants. LED streetlights likewise emit more red light on a per lumen 
basis than HPS street lights. Sensitivity of trees, distance from lamp standard, season, 
temperature and age are factors that need to be considered. 
 
According to research (Cathey and Campbell, 1975) conducted at the US Agriculture 
department centre, in Beltsville, Maryland, the lights are injurious to most trees and can 
be fatal to young ones. Low vigor is due to a number of causes: limited sunlight, carbon 
monoxide, little water, sulfur dioxide, ozone, fine particulate matter from smoke stacks, 
interference with transpiration and respiration, and lack of humus in soil.   
 
Finally, excessive outdoor lighting disrupts many species that need dark environments. 
Poorly designed LED lighting disorients some bird, insect, turtle and fish species. 
Knowing this, US national parks have adopted optimal lighting designs and practices that 
minimize the effects of light pollution on the environment. (AMA, 2016) 
  
DISCUSSION 
 
Trees can significantly influence the urban environment. Further research is needed to 
quantify and monetize the environmental benefits of urban forest ecosystems, and to 
measure their effects on our health and wellbeing. 
 
The results of The Royal Society and the Woodland Trust study in 2016 highlight the need 
to carry out experimental investigation into the impact of artificial night-time lighting on 
phenology and species interactions. It also suggests that looking at other aspects of 
phenology, such as leaf senescence, would be highly worthwhile. Importantly, further 
studies should also consider differences in light quality, such as the specific wavelengths 
of light generated by different lighting types. (Richard H. ffrench-Constant et al., 2016) 
 
I urge city officials to carefully select such trees that are day neutral and hence 
unaffected by the blue-rich LED’s.  Day-neutral plants form flowers independent of day 
length. However, as a result, there is concern over creating a monoculture on the urban 
streets. 
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We need to create responsible standards to guide urban- and outdoor-lighting design 
and not continue to allow uncontrolled lighting. The rush to replace roadway lighting 
systems with blue rich LEDs could degrade our quality of life and have a negative impact 
on human health and ecology. 
 
A better understanding of how and to what degree urban trees influence the 
environment will lead to better management of urban trees, significant monetary 
savings for urban residents and a more pleasant and healthy urban environment. 
 
The wavelength, angle and intensity of new or replacement lighting intended to save 
energy should be tested in situ before a scheme is implemented. This will ensure that it 
is the minimum required and does not cause harm to human well-being, trees and 
wildlife, and be preceded by thorough health and environmental impact assessments.  
 
As there are various factors in selecting urban tree sizes municipal authorities should 
survey their residents to find out how much they are willing to pay to preserve and 
improve urban environments. (Sanchez-Medina et al., 2017). It is imperative for local 
communities to be listened to and be involved in deciding how streetscapes, including 
trees and lighting are planned, managed and maintained to ensure that citizen concerns 
and complaints about excessive lighting are taken seriously and demand action. 
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Abstract 

Current modeling designers of large-scale complex network systems are becoming more 
concerned with the energy consumed by the network infrastructure. Such concerns 
conceived technologies like Energywise with its management information base (MIB). 
However, while research efforts are relatively recent in IT network research, energy 
consumption patterns have been heavily studied in the area of power generation in the 
electric grid. Recently, the electric grid has integrated intelligent ICT based monitoring and 
control capabilities which forms today’s Smart Grid technology. This convergence enabled 
clear visibility, control, and monitoring of the energy use and provides real time information 
and data for energy consumers. Smart Grid research induces metrics that are used for data 
collection such as the real-time energy cost, latency, reliability, cybersecurity, renewable 
energy, and CO2 emissions. 

This paper proposes to identify and implement smart grid metrics into the architecture and 
design process of communication networks in order to achieve higher sustainability and 
efficiency.  To date, Energywise MIB designed by Cisco gathers information for monitoring 
and controlling energy in communication network infrastructure. However, energy is not the 
unique indicator to be considered for greening a network.  Thus, the objective of this paper is 
to propose an extension of Energywise MIB that includes other metrics covering all the facets 
of sustainable development directly available from smart grids.  

1. INTRODUCTION 

Data generation is growing at an unprecedented rate. Consequence of the evolution of the 
Internet and Cloud computing, the Big Data phenomena, and the hot topic of Internet of 
Things, the amount of data and user demands is incrementing at a very high rate and will 
continue to grow exponentially in the following years (Samsung Networks 2016). Hence, IT 
infrastructures, networks, data centers and ICT equipment are becoming crucial in order to 
respond to the demand of the digital era. This increment is generating an outrageous usage 
of electric power. It is said that by 2030 the electric demand is expected to grow from 21,000 
TWh to 33,300 TWh in Europe. In order to generate this amount of power, significant 
quantities of coal and fossil fuels are needed, which directly impact the environment by 
increasing carbon emissions and non-renewable resources expenditure. (Lee et al. 2010) 

The problem that enterprises are facing today is that 70% of the energy consumed by offices 
is used for ICT equipment and lightning (Institute 2002). With the rise of electricity prices, 
companies are becoming aware of the necessity of making their networks “greener”, by 
implementing new technology, methods, protocols and measurements of metrics for better 
efficiency and management of resources, both technical and monetary. It’s worth noting that 
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ICT equipment is responsible for 2% of the global carbon emissions (Tuppen Cisco Systems 
Juan Carlos Castilla-Rubio et al. n.d.), contributing to climate change. This, however, offers a 
window of opportunity for sustainable ICT technology capable of mitigating inefficiencies. An 
efficient ICT environment needs to achieve a balance between the social, economic and 
environmental sector to accomplish sustainability.  

The concept of Green ICT emerges as a major player in order to reduce impact, energy use, 
carbon emissions, and costs, by implementing the use of renewable energy and efficient 
resource management. Today’s research is mostly focused on new methods and 
implementations to enhance network management and energy efficiency, which is improving 
the systems energy consumption. However, energy is not the only metric to take into account 
to increase sustainability. Smart grid is one example of a sustainable solution that implements 
Green ICT on a conventional electric grid. This technology was created in the interest of 
automation, connectivity and management of the energy use efficiently between customers, 
suppliers and networks (Huang et al. 2010).  

With the use of metrics, the Smart Grid technology provides useful information to the 
customer about energy consumption. Additionally, it provides information about carbon 
emissions, cost, reliability, capacity, security and so on.  

2. SMART GRID 
2.1 Principles of Smart Grid. 

The integration of information and communication technology into the existing electric grid 
is what generated the concept of Smart Grids. In comparison to the typical electric grid in 
which the electric power flows in one direction from remote power plants transmission and 
distribution lines to customers, Smart Grid  is considered an intelligent network because it 
combines hardware, software and management systems (CeciliaA n.d.; Ancillotti et al. 2013). 
This integration makes the grid bidirectional; there is a two-way flow of electricity and real-
time data collected by intelligent devices such as sensors, smart meters, embedded 
computers and monitoring systems, ensuring real-time communication between consumers 
and suppliers. This approach allows better control, automation, power management, 
security, reliability, energy efficiency, consumer collaboration, optimization of power 
generation and distribution, and enables renewable energy resources to be safely plugged 
into the grid, making it a very sustainable solution in the energy and ICT sector (Colak 2016; 
Tuballa & Abundo 2016). 

The National Institute of Standards and Technology (NIST) proposes a conceptual model 
which divides a Smart Grid into seven domains that exchange information. These domains 
can communicate to devices, individuals, systems, buildings or programs. First, for the 
generation of power, the bulk generation domain is needed. It includes components such as 
the plant control system and the electricity generators. Secondly, the transmission domain 
contains the devices and controllers that will carry the electricity generated on the previous 
domain, it can also store it if not used. The transport of the energy between components is 
made by the distribution domain. Additional domains such as market, service providers and 
system operators are fundamental for functions such as the management of the electricity 
flow and billing customer service, in order to deliver the electricity to the user, which is the 
end customer.(CeciliaA n.d.), (Tuballa & Abundo 2016), (Momoh 2012) 
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The domains are shown in Figure 1, where they communicate via two-way links. The physical 

power system with the electric flow is shown in the lowest layer. 

 

Figure 1. Smart Grid Domains 

The Smart Grid technology is composed of three core layers (Lee et al. 2010; Leeds 2009),: 

1. Power and Energy layer, which includes the bulk generation, transmission and distribution 

of power to the customer. 

2. Data transport and control layer, which consist on a bidirectional communication between 

the domains and layers. 

3. Application layer, which consist of techniques for Smart Grid applications such as Advanced 

Metering Infrastructure (AMI), Demand Response, Distribution grid management, 

Distributed energy resources and storage, and so on (Singh et al. 2013) (Emmanuel & 

Rayudu 2016).  

The Joint Research Center (JRC) of the European Commission included 459 European Smart 
grid projects in 2014, and the number of projects will keep growing. The European countries 
that have more than 50% of the total projects on Smart grid are Denmark, Germany, Italy, 
Austria, United Kingdom, France and Spain (Colak et al. 2015). The main applications of the 
Smart grid projects that the JRC focuses are Smart Network Management, Demand Response, 
Integration of large scale Renewable energy sources, Smart customer and Smart home, Smart 
Metering, Electric Vehicles and others like distributed storage. For instance, the Greenlys 
project in France, INCAP in Denmark, Capacity to Customer C2C project in U.K are some 2012 
projects in which dynamic power pricing metric for controlling the customers power load as 
well as customer rewarding strategies are presented (Giordano et al. 2013). Countries outside 
Europe such as USA, Canada, Australia, Japan and China are also investing in Smart Grid 
technology and projects (Tuballa & Abundo 2016). 

2.2 Smart Grid metrics 

In order to achieve the economic, technical, customer, environmental and safety objectives 
as well as to enable the functionality of Smart Grid applications, metrics are essential. Experts 
on Smart grid gathered in Washington, DC to discuss about the appropriate metrics for the 
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implementation of this technology. As a consequence, two types of metrics were defined (U.S. 
Department of Energy 2012):  

1. Build metrics, which are the metrics that describe the attributes that are built in support 
of Smart Grid capabilities. 

2. Value metrics, which describes the value created by Smart Grids. 

The U.S. Department of Energy presented a report and appendix with 21 Smart Grid metrics, 
which describes the measurable elements of each metric and calculation formulas. It also 
contains information about future recommendations, challenges, deployment trends and 
stakeholder information. (U.S. Department of Energy 2012), (Anon 2012). The metrics are 
described and listed on (U.S. Department of Energy 2012; Anon 2012) as follows: 

1. Dynamic Pricing, is a build type metric that refers to the fraction of customers and total 
load served by Real Time Pricing, Critical Peak Pricing and Time of Use tariffs. 

2. Real-Time System Operations Data sharing measures the number of transmission-grid 
measurement points such as voltage, power flow, etc. 

3. Standard Distributed- Resource Connection policy, which measures the percentage of 
electricity service providers with standard distributed-resource interconnection 
policies. 

4. Policy Progress is a weighted average percentage of investment recovered through 
rates. 

5. Load participation, which refers to the fraction of load served by interruptible tariffs, 
direct load control and consumer load control with incentives. 

6. Load served by microgrids is a metric that measures the number of microgrids in 
operation and percentage of total summer grid capacity, which refers to the ability of 
microgrids to meet electricity-supply requirements of the entire grid. 

7. Grid-connected Distributed Generation and Storage. On this metric, the renewable and 
non-renewable distributed generation and storage percentage its measured. 

8. Electric Vehicles (EVs) and Plug-In Hybrid Electric Vehicles (PHEVs), as the name of the 
metric suggests, it measures the total number and percentage shares of on-road light-
duty of those vehicle types. 

9. Grid-Responsive, Non-generating demand-side equipment measures the effectiveness, 
load and penetration of grid-responsive equipment such as communicating 
thermostats, responsive heating, ventilation and air conditioning (HVAC) equipment, 
consumer energy monitors, etc. 

10. Transmission and Distribution Reliability is composed of different measures which are:  
a. System Average Interruption Duration Index (SAIDI), which is the average number of 

minutes that customers’ power is interrupted each year. 
b. System Average Interruption Frequency Index (SAIFI), which is the total number of 

power interruptions per customer. 
c. Momentary Average Interruption Frequency Index (MAIFI), which is the total 

number of customer interruptions per customer that lasts less than five minutes. 
11. Transmission and Distribution Automation, which is the percentage of substations 

having automation. 
12. Advanced Meters, which measures the number of meters installed and the percentage 

of total demand served by AMI customers. 
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13. Advanced Measurement Systems, which measures the total number of advanced 
measurement devices networked. 

14. Capacity Factors, where the yearly average, peak generation and peak distribution-
transformer capacity factor are measured. 

15. Generation, Transmission, and Distribution Efficiency, which measures the percentage 
of energy consumed to generate electricity. 

16. Dynamic Line Ratings measures the number of transmission lines, percentage miles of 
transmission circuits operating on dynamic lines and the yearly average transmission 
transfer capacity expansion. 

17. Power quality issues measures the total complaints about the power quality to the 
service providers. 

18. Cyber Security metric measures the electric power industry’s compliance with the 
North American Electric Reliability Corporation Critical Infrastructure Protection (CIP) 
standards. 

19. Open architecture / standards refer to the Interoperability Maturity Level—the 
weighted-average maturity level of interoperability realized among electricity system 
stakeholders. 

20. Venture capital investment measures the total annual venture capital funding of smart 
grid startups in USA. 

21. Grid-Connected Renewable Resources is the last metric on the report that was added 
because of the actual situation on carbon emissions and green energy. It measures the 
renewable electricity as a percent of total electricity and the tons of CO2 reduced by 
renewable energy resources. 

With the demand of services and availability of data, the fundamental need of data centers 
and the upgoing trend of sustainability, some of these metrics and benefits are starting to be 
implemented. For instance, in (Wang 2016) energy cost minimization for distributed data 
centers with the use of workload and renewable energy data is presented. Moreover, in 
(Zhang et al. 2014) an electricity cost optimization for dynamic energy storage metric is 
presented by the use of Markov decision process. Furthermore, research on the 
implementation of algorithms for minimizing the electricity and latency costs by focusing on 
load metric has been made in (He et al. 2012), where a network flow theory is used to model 
the optimal load scheduling, which also incorporates information such as energy consumption 
of a server and electricity cost.  

3. GREEN NETWORKING 

3.1  Green ICT 

Advances in technology and systems architecture have allowed the ICT sector to grow rapidly. 
Services such as e-learning, e-commerce, teleconference and cloud computing are revolutionizing 
the way industry delivers products and services today. However, these services can have a 
negative impact on the environment, by demanding a large amount of energy consumption and 
increasing carbon footprint. The concept of Green ICT emerged as an opportunity for engineers 
to do innovate and implement new technologies in order to minimize these impacts. In order to 
do so, throughout analysis of sustainability in terms of economic and technical performance is 
needed. The use of meaningful metrics is required to validate and evaluate the performance of 
ICT systems. 



225 
 

As of today, data centers are a major contributor of carbon footprint. It is expected that by 2020 
the amount of CO2 generated by data centers will be of approximately 259MtCO2, more than 
300% increase compared to 2002 (Paruchuri 2011). This, combined with the economic impact of 
energy consumed by the datacenters proves the need of “greening” data centers. The Green Grid 
proposed metrics to estimate the energy efficiency and productivity of data center sites. For 
instance, Power Usage Effectiveness (PUE) which refers to the total facility power divided by the 
total IT equipment power. The PUE reciprocal is called Data Center infrastructure efficiency 
(DCiE), which is the percentage of the total facility power used on the IT equipment. Other metrics 
are proposed such as the Data Center Density (DCD) to quantify the space efficiency, or Data 
Center Productivity (DCP) metric, which is the useful work divided by the total facility power (Grid 
2007). The metrics are used in the study of data centers energy consumption. Additionally, some 
metrics such as IT Equipment Energy Efficiency (ITEE) and Green Energy Coefficient (GEC) are used 
to measure the energy efficiency on carrier-grade networks (Maaloul et al. 2017). It is worth 
noting that besides the metrics described previously, more technical measures, such as the 
bandwidth, delay, reliability, data throughput and more, need to be consider in order to have a 
global assessment of efficiency in ICT systems (Rondeau et al. 2015).  

Although data centers are a big contributor as mentioned previously, other equipment such as 
PCs, laptops, printers and telecommunication infrastructure also have a significant impact on the 
environment. For instance, the CO2 emissions generated by PCs and monitors is 39%, 15% by 
fixed-line telecommunication and 9% by mobile telecoms (Paruchuri 2011). Besides energy, the 
amount of e-waste generated is outrageous, it reached the 41.8Mt in 2014 described on the 
Global e-waste Monitor and is directly impacting people and animals’ health, mainly because of 
the toxic materials that the products contain (Baldé et al. 2015). Hence, ICT contributes in making 
the sector “greener” by focusing on solutions such as reuse and recycle to reduce e-waste and 
the use of dematerialization, renewable sources and energy efficiency of network equipment for 
reducing energy use and carbon footprint.  

The energy business is the main sector that has been focusing the most on implementing green 
technology. Smart Grid is a typical example of using ICT for greening energy distribution and 
monitoring. By adapting renewable energy sources, the grid can reduce the carbon emissions on 
the ICT sector while the smart power metering provides more transparency for the user 
(Paruchuri 2011). 

3.2 Solution for greening network 

A survey containing studies on energy-saving for transport networks is presented in (Maaloul 
et al. 2017), where an assessment to make the network greener is made by implementing 
energy efficiency on the devices, architecture and services. The paper suggests the following 
strategies that can be implemented in order to implement a green network: 

1. Building a new generation of devices that are low-carbon emitters and energy-efficient.  
2. Efficient network design, by dimensioning the architecture in a way that all the devices 

consume the minimum amount of energy. The obstacles for implementing it are; first, the 
effort required to change or modify the existing topology, and second, most existing 
architectures include different models of network and computing devices from different 
vendors. These issues make the estimation of energy consumption of the infrastructure 
more difficult. 

3. Green routing by the use of energy-efficient protocols. 
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4. Renewable energy use by implementing renewable sources for generating power on the 
networks. 

The paper presents a taxonomy for green networks, and involves strategies for energy 
optimization on the node and the network level. Firstly, on the node level, the hardware and 
software optimization is covered. The Adaptive Link Rate (ALR) technique is used for the 
hardware optimization; this mechanism switches the data link rate automatically between 
network devices to minimize energy use, minimize packet delay and to meet traffic 
requirements (Gunaratne & Christensen 2006). In terms of the software optimization, the 
improvement on operating systems to minimize the energy consumption is crucial. The 
Advanced Configuration and Power Interface standard proposes different states, such as an 
active power state for the performance of CPU tasks and the sleep or idle states to minimize 
the energy use (Maaloul et al. 2017). Secondly, for the optimization on the network level, 
proxying, virtualization and traffic engineering are the concepts proposed on (Maaloul et al. 
2017).  

I) The proxying concept provides a sleep state for the devices on the network. When a node 
is asleep, the proxy will respond to the messages sent to the sleeping node, which will be 
awaken if necessary on urgent messages. 

II) Virtualization minimizes the physical resources by creating a virtual environment in which 
the use of software is used to simulate the functionalities of a hardware component, hence, 
decreasing energy use and cost. (E et al. 2016) introduce an algorithm which combines the 
ALR concept with virtualization in order to “green” the network.  

III) The energy-aware traffic engineering concept refers to smartly route the traffic on the 
network. This can be done with load balancing and routing protocols that transmit the traffic 
over energy efficient paths and disabling the links that are not being used. Green Load 
balancing Algorithm (GLA) is an algorithm that enhances load balancing and energy efficiency 
by optimizing the Interior Gateway Protocol (IGP) link weight of the network presented in 
(Francois et al. 2013). Additionally, a load scheduling algorithm on cloud computing based on 
power consumption and temperature policies is presented in (Cloud 2016).  

It is worth noting that the solutions presented in this section, improve sustainability by 
decreasing energy consumption. However, a complete sustainable solution should also 
encompass social, environmental and economic aspects, which are the three pillars of 
sustainable development.  

3.3 Energywise protocol and MIB 

Energywise is a protocol developed by Cisco with the ability to manage and control network 
power usage. It uses a network-based approach to send messages that describe energy 
consumption on each one of the devices connected to the network. The features of the 
protocol described in (Cisco Systems 2009) are the following: 

1. Discover. The network discovers all the devices monitored by Energywise and manages 
the power consumption on them. It uses a neighbor relationship to locate the devices 
under the management of the protocol. Additionally, a parent-child relationship is used 
in order to broadcast the power consumed of the neighbors. 



227 
 

2. Monitor. With the use of the command line interface, SNMP or TCP, the user can 
manage, optimize and regulate the overall power of the network and the power on each 
device. 

3. Optimize. Provides to the user the feature of applying policies that control the energy 
use. For instance, it has different power levels and states, so it can put on sleep state 
the devices that do not have high priority. 

4. Advise. It can let users know about which devices can change power level and informs 
about the energy that will be saved if the user takes the advice. 

5. Regulate. The user can change the protocol policies depending on the needs of the 
enterprise or network administrator. 

Energywise stores all the information on a Management Information Base (MIB), which 
organizes data in a hierarchical tree structure. To identify the exact parameters inside the 
tree, the MIB uses Object Identifiers (OID). The MIB contains information of a significant 
number of objects, such as notifications if a neighbor is added or deleted, the status, energy 
level, usage, MAC address of the devices and more options. 

Additional information from the objects can be found on the tables on the MIB. The name of 
the objects with their specific OIDs can be observed in the following figure. 

 

Figure 2. Neighbor Table Energywise MIB sample 

4. TOWARDS A GREEN MIB 
4.1 Identification of Green metrics in Smart Grid 

The consideration of the social, economic and environmental pillars of sustainable 
development in the design of ICT-based solutions is complex because many new parameters 
should be added during the design process. The purpose of this section is to select some of 
the Smart Grid metrics that can be integrated in the design of an IT Network in order to 
improve every pillar of the sustainable development and therefore increase the “greening” 
of the network.  

The selected metrics are listed as follows: 

1. Cost: This metric is based on the dynamic pricing metric on Smart Grid which is used to 
change the cost based on the consumption and load of the customer. We propose this 
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metric in order to provide real-time pricing of the energy consumption of IT equipment. 
The metric should encompass costs associated with different types of energy and 
ensure transparency of the information to the user or enterprise. In addition, the Cost 
metric is one of the pillars of the sustainable development.  

2. Power Load: It is based on the Load participation metric which measures the fraction of 
power load served on Smart Grid. It is important for companies to clearly measure the 
load on each of the IT components throughout the day to ensure a better load 
management and enhance the efficiency of the network. Moreover, the power load has 
a direct impact on the cost pillar and on the decrease of sustainability through pollution, 
since it requires additional energy that can be provided through different sources. For 
example, in France, energy from coal is used to compensate nuclear energy, and the 
percentage of energy per source can drastically affect sustainability of the system. This 
metric can drive actions on the IT Network, like switching off equipment when the load 
is low, or redirect traffic to the most efficient devices.  

3. Reliability: Based on the Transmission and Distribution reliability metric, it measures the 
capability of the network components to complete their tasks without power 
interruption. Also, it refers to redundancies of energy sources. We propose this metric 
in order to determine the performance of the network. By measuring it, we can define 
and minimize the likelihood of failures within the infrastructure, improving user 
satisfaction. Additionally, by managing the reliability we can reduce the cost of 
maintenance of equipment and minimize the number of e-waste generated.   

4. Energy sources: this metric is based on the Grid- Connected Distributed Generation and 
the Grid-Connected Renewable Resources metrics which measures the percentage of 
renewable and non-renewable distributed generation and total electricity. This metric 
is proposed because it provides information on the type and efficiency of each of the 
sources that supplies energy to the network. The focus is not to collect Energy sources 
from network equipment, but to collect this information already available from Smart 
Grid and use it to reduce carbon emission when using network equipment. 

5. CO2: it is also based on the Grid-Connected Renewable Resources metric, which 
measures the tons of CO2 that are reduced by the use of renewable resources. This 
metric defines ICT carbon footprint of the equipment and subsystems. 

It is worth noting that many of this metrics are related in the sense that modifying one metric 
will most certainly affect others. The relations between the proposed metrics can be observed 
on figure 3, which shows that changes on the power load, reliability, power quality or energy 
sources metrics can affect directly the cost metric and that the CO2 depends on the energy 
source type. In addition, the diagram shows how this system extends the MIB and will directly 
complement the information already processed by Energywise. 
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Figure 3. Proposed metrics diagram 

4.2 Declaration of Green metrics in Energywise MIB 

In this section, we provide a proposal on how to implement the selected metrics on the 
Energywise MIB. The objective of using a MIB is to make the metrics accessible from SNMP 
requests.  Each one of the metrics need to define variables and methods to get and provide 
valuable information of Smart Grid to other subsystems. The information on one metric 
should not be repeated on others and must complement the information that is already 
available through conventional modules of Energywise. Finally, the use of this modules on an 
algorithm should be seamless and provide the level of scalability and performance that the 
applications demand.  

It is important to mention that the electricity price varies depending on the country. Hence, 
a preload of the pricing profile of the provider, or a data access to the energy provider is 
needed in order to get the pricing information for the Cost metric.  

For the Energy sources metric, we propose some functions depending on renewable and non-
renewable sources. So, when we propose metrics per source type we can refer to the ones 
that Smart Grid considers, which are: wind, photovoltaics/solar thermal electric, biomass and 
hydroelectric. The system must be able to receive this information in the form of preload 
presets, or directly acquired through the energy provider.  The company´s energy sources 
(emergency, batteries, renewable, etc.) should also be added. 

The proposed Power Load metric can be extended to also have a Data Load metric, in order 
to have real-time information such as total throughput, throughput per device on the 
network, requests per second and so on. In addition, it is important to mention that the 
energy usage of a network device will have to consider the Power Load generated by the 
Smart Grid. 

The example of the proposed tree taking the metrics and considerations into account can be 
observed on the following figure: 
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Figure 4. Proposed green metrics tree 

4.3 Future Work 

This paper serves as a set of guidelines to select metrics used today on Smart Grids that can 
be added on the design of an IT Network. The next steps on the research proposal involve the 
implementation of a tree based on the selected metrics in the Energywise MIB. The SNMP 
agent will need to be configured as well in order to access the data from the MIB. Using the 
YANG modelling language to cover data taken from the selected metrics of Smart Grid can 
also be taken into account, since it will enable the support of southbound protocols like 
NETCONF. Each metric proposed would have to be transferred to the MIB, and the set of 
metrics should be able to provide reliable, complete and accurate information for algorithms 
to leverage, like sustainability optimization algorithms. The end goal is to provide a framework 
for IT Sustainability that can grow depending on the specific metrics that each use case 
requires and can be further enhanced with additional metrics and devices.   

5. CONCLUSIONS 
 

In order to create a truly sustainable network, it is essential to have a broader view of all the 
components, interconnections and sources of energy feeding the network devices. Smart grid 
technology provides this information. By jointly combining metrics used in Smart Grids with 
Energywise, we are able to enrich the systems local information and provide a broad set of 
tools for IT designers to define better architectures, develop algorithms to optimize the ICT 
impact, improve each one of the three pillars of sustainable development and maximize 
efficiency in today’s IT networks.  
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Creating a framework for IT networks is not a one-step process. However, correctly selecting 
the metrics that will define the foundations of a framework is the first and most important 
step to create fully extended and truly efficient sustainable systems. It serves both as a model 
for a sustainable architecture and a building block towards more complex and specific use-
case implementations. 

Metrics are extendable. Metrics that today are used for a specific application can be reused 
to further improve other environments. This can directly impact the way systems are 
designed today, while also providing a methodology to analyze interdependencies between 
systems.   
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Abstract 

 

The dense usage of networks in peak times forced network designers to over-provision 
resources to satisfy the needs during these specific times. Resources such as bandwidth, 
processing power, and memory are prepared oversized to handle high traffic loads, 
however, most of these devices are underutilised during the non-peak times and this 
unlocks the potential to optimise the energy consumption of the resources proportionally 
to its actual traffic utilisation. Due to the vertical integration of the control and data plane 
in the conventional network, managing the network is challenging. Software Defined 
Networking (SDN) is a novel networking approach, which provides a programmable and 
logically centralised control plane, separating the network control from the forwarding 
devices. Thanks to the features introduced by SDN, the decisions for the network such as 
routing and forwarding are made globally. In this paper, considering GÉANT network, we 
proposed a method by which we can remove up to 41% of the link during the peak time 
traffic and save energy consumption consequently.  

 
 

INTRODUCTION 
 
The telecommunication sector is growing rapidly. According to GSMA (Intelligence, G. S. M. 
A., 2017) by the end of 2016, 65% of the world’s population had a mobile subscription – a 
total of 4.8 billion unique subscribers and by 2020, almost 73% of the world’s population – or 
5.7 billion people – will subscribe to mobile services.  In addition, according to Elmirghani et 
al. (2014) the global wired Internet traffic will have an increase of a factor of 16, to reach 250 
Exabyte per month. To keep the pace, Internet Service Providers (ISP) have to update their 
infrastructure to support this growing demand by enlarging the bandwidth, capacity of 
routers and switches. With exponential demand for telecommunication services, significant 
attention has been driven toward energy consumption of this sector from both the economic 
and environmental perspective. Studies show that Information and Communication 
Technology (ICT) has consumed more than 4.7% of worldwide energy (Gelenbe and Caseau, 
2015; Van Heddeghem et al., 2014) and this will increase CO2 emission consequently. 
According to several studies (Webb, 2008; Lambert et al., 2012), by 2020 the emission of CO2 
produced by the ICT sector could range from 2% to 10% of the total CO2 emissions.  
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With the aim of obtaining the desired quality of service, having reliability in network 
architecture, and to sustain peak time traffic, the networking system is mainly designed based 
on over-provisioning and redundancy to assure Service Level Agreement (SLA). The switching 
capacity of the backbone networks is usually more than twice the peak hour traffic volumes 
(Bolla et al., 2011). Moreover, networks are dimensioned in a redundant manner to fulfill 
resiliency and fault-tolerance in case of software and hardware failure while the rest of the 
network is underutilized. 
On the other hand, the energy consumption of the devices is not proportional to the traffic 
loads but it grows linearly from 𝐸0 to  𝐸𝑚𝑎𝑥 (Mahadevan et al. 2009). Therefore, without 
energy consumption control policies, all the equipment in the network consumes energy to 
the maximum and consequently increases the global energy consumption of the network 
which is in opposition with green networking. 
 
Management in the current network architecture is complicated, as each device has a vertical 
integration in which routing decisions are made in each single device that results in a 
distributed management. This heterogeneous network requires specific configurations for 
each device which is not easy and quick in large networks.  
 
Software Defined Networking (SDN) (Open Networking Foundation, 2017) introduces a new 
paradigm to overcome the limitation of the conventional network. By separating the data 
plane and control plane, this architecture will enable programmability and provides central 
control over infrastructures. This eventually results in optimising functionality and 
performance. Moreover, this will help to have an agile and dynamic network which is always 
ready to be changed according to the demands while the network design and architecture 
remains untouched. Figure 1. demonstrates a comparison of these two architectures.  
 

 
Figure 1.Traditional Network versus SDN 

In this work, we evaluate the probability of saving energy in GÉANT core network from the 
SDN perspective. GÉANT project launched in November 2000, operating the European 
network for research and education community. It interconnects National Research and 
Education Networks (NRENs) across Europe.  This project then followed by a second 
generation network, named GÉANT2, covering 30 national networks in 34 countries. The next 
GÉANT project (GN3) started in 2009 and continued for four years. The project entered its 
fourth phase named GN4-1 followed by a second version, GN4-2. GN4-2 is the current phase 
as part of the GÉANT 2020 Framework Partnership Agreement (FPA). The main objective is to 
provide an innovative and stable environment for the growth of the GÉANT network, ensuring 
that Europe remains in the forefront of research by providing the best possible infrastructure. 

https://www.geant.org/Projects/GEANT_Project_GN4/Documents/GEANT%20Project%20Highlights%20GN4-1.pdf
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Currently, the GÉANT network is the largest and most advanced research and education 
network in the world by gathering 38 NREN partners. It’s connecting over 50 million end-users 
at 10,000 institutions across Europe. The backbone network is operating at speeds of up to 
500Gbps and links to research networks in other world regions covering over 100 national 
networks worldwide. (Geant.net, 2017) 
 
In this paper we formulate the network model and the energy consumption of the network 
and of each individual device. Later, we evaluate the potential of a real backbone network to 
decrease the energy consumption. We prove our assumption by describing and evaluating a 
scenario by real traffic data. In the last part the future work is explained. 

 

RELATED WORK 
 
In communication networks, energy efficiency can be achieved via two main approaches: (i) 
link rate adaptation and (ii) energy-aware routing (EAR). The first work on the Internet’s 
energy consumption was evoked by Gupta and Singh (2003) in which they analysed the 
possible approaches to reduce the energy consumption in a network of computers.  Bilal et 
al. (2013) did a survey on link rate adaptation. In this approach the probability of saving energy 
is high, however, it cannot be applied on current devices and it requires new hardware design. 
To be more specific, Dynamic Voltage Scaling makes the devices to be power-proportional 
and it is considered as a futuristic scenario.  EAR is a classical approach for turning off the 
unused devices (Bolla et al., 2011; Bianzino et al., 2012; Giroire et al., 2010; Zhang et al., 2010; 
Cianfrani et al., 2012).  In this approach a new routing algorithm must be considered which is 
capable of aggregating the traffic load over a specific number of network components and 
their links, allowing the other devices to be switched off. As the traffic level in a given network 
follows a well-known daily and weekly behavior (Qureshi et al., 2009), there is an opportunity 
to adapt the utilisation of the network according to the current request. However, there are 
a number of issues for this method that should be considered for the solutions. Firstly, the 
time required to shut down or activate a link is substantial. This problem is studied in IEEE 
802.3az standard in which the sleeping/activating time can be decreased by up to 5μs for 
10GBASE-T links (Christensen et al., 2010). Moreover, as traffic varies over time, EAR 
computes and applies a new routing configuration which results in network oscillation. In 
section IV, with the explanation of the solution we show that this approach is more efficient 
compared to other EAR solutions and decreases the number of decisions for each device. 
 
Similar studies for optimising energy consumption of network in the SDN environment has 
been done. In Elastic Tree (Heller et al., 2010) the authors proposed a system in which the 
energy consumption is dynamically adopting in data center networks by using SDN. Their 
proposed solution functions in three modules; optimiser, routing and energy control. 
Optimiser finds the subset of the network, which is suitable for the incoming flows to be 
traversed. The routing module calculate the set of paths for the flows and then pushes routes 
into the network. In the last step, power control determines the power states and turns the 
device on /off according to the decisions of the previous steps. The work by Markiewicz et al. 
(2014) and Rahnamay-Naeini et al. (2016) also aims to reduce the energy consumption in SDN 
by powering down links or nodes. Markiewicz et al. (2014) consider a campus network and 
try to turn off as many nodes as possible according to the traffic load for different times of 
the day. Similar work by Rahnamay-Naeini et al. (2016) is trying to reduce as many links as 
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possible by considering the value that is assigned to each link based on their energy 
consumption.  
 

NETWORK MODEL 
 
We propose a model representing the physical topology of a network with SDN by an 
undirected graph 𝐺 = (𝑉, 𝐸) that V is a set of nodes 𝑖 ∈ {1,2, . . . , |𝑉| = 𝑛}and E is a set of 
links (i,j) between two nodes. For a simple graph with nodes of V, the adjacency matrix is a 
square 𝑉 = |𝑉| × |𝑉|such that the element 𝐴𝑖,𝑗 ∈ {1,0} has the value of 1 when a link exists 

between two nodes i and j, and 0 when there is no edge between the nodes. The diagonal 
elements of the matrix are zero, as the edges from a vertex to itself are not allowed in simple 
graphs. The weight of matrix A is known as the capacity of each link and it is gathered in matrix 
C in which 𝐶𝑖,𝑗represents the capacity of the link between node i and j.  

 
The graph G represents the static part of the network, while the forwarding plane is the 
dynamic part of the network and interacts with the changing traffic. The traffic to be 
transmitted via network is defined by the exchange matrix 𝑋 = |𝑉| × |𝑉| in which the  𝑋𝑖,𝑗 ∈

𝑅 + is equal to the flow that needs to be transported from node i to node j. As each node for 
a common destination might have different (sub) flows, we discard this fact for simplicity and 
only the aggregated traffic will be considered. 
 
The forwarding plane decides the output port of each node based on the destination and 
defines the overall path 𝑃𝑖,𝑗between node i and node j. A path is an ordered set of nodes such 

that 𝑃𝑖,𝑗 ∈ 𝑉 and 𝑃𝑖,𝑗 = {𝑣1, 𝑣2, . . . , 𝑣𝑙} with 𝑣1 = 𝑖, 𝑣𝑙 = 𝑗 such that 𝑣𝑖 is adjacent to 𝑣𝑖+1. And 

the second notation of the path is introduced by 𝑄𝑖,𝑗 ∈ 𝐸 with  𝑄𝑖,𝑗 =

{𝑒𝑣1,𝑣2, 𝑒𝑣2,𝑣3, . . . , 𝑒𝑣𝑙−1,𝑣𝑙} . 
 
To show the forwarding decisions of the nodes, the matrix 𝐹 = |𝑉|2 × |𝑉| is introduced such 
that  𝐹(𝑖,𝑗),𝑣 = 0 ,if the flow from node i to node j will not be forwarded by the node 𝑣 ∈ 𝑉,i.e. 

∀𝑣 ≠ 𝑗, 𝑣 ∉ 𝑃𝑖,𝑗 , otherwise 𝐹(𝑖,𝑗),𝑣 gives the node 𝑣 + 1 that is the node adjacent to the node  

v  within the path 𝑃𝑖,𝑗  . In other words 𝐹(𝑖,𝑗),𝑣 = 𝑣 + 1 that is the next hop from node v. 

Therefore, the path between node i and node j can be defined as follows; 
𝑃𝑖,𝑗 = {𝑖, 𝐹(𝑖,𝑗),𝑖, 𝐹(𝑖,𝑗),𝐹(𝑖,𝑗),𝑖

 . . . , 𝑗} 
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Network Constraints  
 
In a redundant topology, several paths can be designated, however, only paths satisfying the 
flow requirement can be chosen. Constraint (1) ensures that the capacity of the link has to be 
greater or equal to the flow throughput. 

(1) ∀𝑒𝑘,𝑙  ∈ 𝑄𝑖,𝑗 , 𝐶𝑘,𝑙 ≥  𝑋𝑖,𝑗 

Since a single link might be participating in different paths, the capacity of the link can be 
shared for different flows. Constraint (2) ensures that a path can only be a good candidate if: 
 (2) ∀ 𝑣 ∈ 𝑃𝑖,𝑗 , ∑ 𝑋𝑘,𝑙 ≤  𝐶𝑣,𝐹(𝑖,𝑗),𝑣

  

Regarding the aforementioned constraint, to choose the next hop for a given path can be 
determined with the constraint (3) as follow; 

(3) ∃ 𝑣 ′ ∈  {𝑉 −  𝑃′𝑖,𝑗} , 𝐶𝑉,𝑉′  −  ∑ 𝑋𝑘,𝑙(𝑘,𝑙) ∈𝑉2,(𝑘,𝑙) ≠ (𝑖,𝑗) | 𝐹(𝑘.𝑙),𝑣=𝑣′  ≥  𝑋𝑖,𝑗 

Multi-commodity flow model is a classical routing problem in a network with multiple flows, 
which ensures the flow conservation at source, destination and in transit (Barnhart et al., 
2009). This is guaranteed in constraint (4). 

 ∃ 𝑒𝑖,𝑗  ∈ 𝑄𝑠𝑑 ,            ∑ 𝑒𝑖,𝑗

𝑒𝑖,𝑗∈ 𝐸

−  ∑ 𝑒𝑗,𝑖

𝑒𝑖,𝑗∈ 𝐸

= {

1, 𝑖 = 𝑠   
−1, 𝑖 = 𝑑

0, 𝑖 ≠ 𝑠, 𝑑
 

 
Therefore, the Matrix F can be seen as the global forwarding table of the entire network. 
 
Energy Consumption Model 
 
Several researches were done to model energy consumption of the network devices. In 
Hossain et al. (2015), authors introduced a model for the energy consumption of Ethernet 
switches. However, this model is specifically for Ethernet switches and cannot be used for our 
scenario. Therefore, we assume a generic energy consumption model.  
 
As mentioned earlier the energy consumption of a switch is not proportional to the traffic 
load (Mahadevan et al., 2009). However, the dynamic part contributing to the energy 
consumption of the switch is considerable. The fans, chassis, switching fabrics, etc., are 
considered as the fixed energy consumption of the switch, while working ports and their 
capacity are referred to the dynamic part. The Equation (1) describes the energy consumption 
of a switch: 

(1) 

𝜖𝑣 =  𝛼 +  ∑ 𝜇(𝐶𝑖,𝑗)
(𝑖,𝑗) 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑡𝑜 𝑣

 

 
Where α represents the fixed energy consumption, and µ is the energy consumption of the 
ports considering the link capacity from matrix C. And the overall energy consumption of the 
network can be derived from matrix A and Matrix C as follows (2); 

(2)   

𝜀𝑡𝑜𝑡 =  ∑ 𝑎𝑖,𝑗

𝑎𝑖,𝑗 ∈ 𝐴

 ( 𝛼 +  ∑ 𝜇(𝐶𝑖,𝑗)  )
(𝑖,𝑗) 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑡𝑜 𝑣
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METHODOLOGY 
 
To analyse the possibilities for reducing energy consumption of core networks, we consider a 
set of scenarios with the GÉANT network. As explained earlier the GÉANT project operates 
the European network for research and education community. The latest network map of 
GN4-2 is shown in Figure 2. As can be seen, the links are operating at mediums with capacity 
of 1.2 Gbps, 10 Gbps and 100 Gbps.  
 

 

 
Figure 2. GÉANT Network (Geant.net, 2017) 

We synthesise matrix X similar to the data sets available in SNDlib (Sndlib.zib.de, 2017), which 
represents the dynamic traffic of a subset of nodes with the granularity of 15 minutes. In this 
matrix all the nodes send traffic to other destinations. Figure 3 illustrates the graph of our 
scenario.  

 

Figure 3. Graph of GÉANT Network 
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The method that we considered only focuses on the paths that were already used. We route 
the traffic by using the used path while satisfying the constraints (1), (2) and (3) mentioned in 
the previous section. Nevertheless, by violating any of the constraints a new path with enough 
capacity will be calculated to accommodate the flow, using the minimum number of 
resources. We name this approach Shared Path First (SPF). As an example, assume the first 
flow from AT to BE (Figure 4). For the first flow the shortest path will be chosen similar to 
Figure 4. And for the next flow from AT to FR, although a shorter path through CH exists, the 
path from BE to FR will be chosen. Moreover, while choosing this path, the network 
constraints are considered. Having the first flow, traffic from AT to BE, the selected path 
respects the constraints. As for the first constraint, each link has the capacity higher than the 
size of the flow. For the second constraint, the overall path consisting of several links can 
accommodate the traffic. Considering the second flow, traffic from AT to FR, both constraint 
(1) and (2) are ensured. However, since the medium is used by other flows the third constraint 
guarantees that the shared links have enough capacity to handle the traffic. Similarly, for all 
other flows this method is applicable.  
 

RESULTS AND ANALYSIS 
 
In order to evaluate the method in the GÉANT network, we considered 15 minutes of flow 
transmission for different times in night time and day time, which are expected to have 
different traffic loads. We compared SPF with the Dijkstra’s algorithm to evaluate the final 
gain of the proposed model.  According to the available dataset, to find the shortest path 
between each pair of nodes for the required flows all the edges in the network were utilised. 
However, with SPF we only route the traffic by using the used path considering the 
constraints, otherwise, a new path with enough capacity will be generated. By applying SPF 
we could save up to 41% of the links compared to the shortest path approach. Figure 4 
demonstrates the adjacency matrix of the two mentioned approaches. The black boxes 
represent the active link between two nodes. We could fulfill the constraints and successfully 
transfer the flows by using only 21 out of 36 links. Since all the nodes were sending traffic it 
was not possible to turn off any node. From each node, there is a path to other nodes that 
are using the shared path only. 
 
 

         

           

 
Figure 4. The traffic from AT - BE and AT - FR by using SPF 

Path from AT to FR 

Path from AT to BE  

According to the Equation (2), the energy consumption model of each device consists of a 
static and dynamic portion. If we assume the dynamic part consumed ρ% of the static portion, 
the equation will be as follows, assuming that all the devices are using the same amount of 
energy; 
 

  

AT BE 

CH FR 

NL DE 
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(3) 

𝜀𝑡𝑜𝑡 =  ∑ 𝑎𝑖,𝑗

𝑎𝑖,𝑗 ∈ 𝐴

 ( 𝛼 +
𝜌

100
 𝛼) 

 

Considering sequential values of ρ as (1, 2, 5, 10, …), we can observe the impact of removing 
links on the overall energy gain percentage of the network (Figure 6). In fact, this graph shows 
the energy gain of the network by comparing two different algorithms, SPF and shortest path. 
The value of the gain has been normalised in this graph in the following way:  
 

𝜀𝑆ℎ𝑜𝑟𝑡𝑒𝑠𝑡 − 𝜀𝑆𝑃𝐹

𝜀𝑠ℎ𝑜𝑟𝑡𝑒𝑠𝑡
 

 

As we can see, if we consider that each link considers 10% of the energy consumption of static 
part, SPF can have a power gain of a little over 10% over shortest path first. One important 
point to be noticed is that when we are considering a link, it is actually two interfaces of two 
different switches. While calculating the gain, we have also considered this particular 
information.  
 
And finally, this gain is purely based on reducing the number of links. There are several other 
factors that should be considered. For example, for each flow a new path is calculated, SPF is 
not causing device oscillation since the new path is utilising the previous used links compared 
to shortest path first. However, this requires more research and it is out of the scope of this 
work. 
 

            
 (A)        (B) 

Figure 5.   (A) Adjacency Matrix with Dijkstra's Algorithm 

 (B) Adjacency Matrix with Shared Path First 
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Figure 6. Power Gain of the network with SPF vs. Shortest Path 

 

 

DISCUSSION 
 
The obtained results are according to the traffic data set for different times of the network, 
when all the nodes were active. In this case, GÉANT network and in general all core networks, 
the probability of avoiding nodes in routing is low as each node has a critical position in the 
architecture and several sub-nodes are connected to it. Each main node has several sub-
nodes and they are always active with sending or receiving data and there is no possibility to 
turn off any node. However, unlike the core network architecture, the campus network 
architecture and other enterprise networks have a specific pattern of traffic load due to 
working hours (Qureshi et al., 2009). Therefore, reducing energy consumption has a 
distinguishing probability by eliminating nodes and links. 
 
Moreover, a specific energy consumption model for SDN switch can make a more precise 
decision. In addition, as the network is wide across Europe it is interesting to consider the 
energy consumption of supporting infrastructure such as repeaters and the effect of distance 
on energy consumption of the links.  
 

Conclusion 
In the traditional network architecture, redundancy and over provisioning are design 
techniques to ensure reliability and to improve the fault tolerance in special occasions, such 
as peak traffic times or in case of a hardware or software failure. This is due to vertical 
integration of the network while there is absence of a global vision of the network. By SDN, 
however, the global view provisioned can help to make decisions dynamically and adjust the 
consumption of resources in accordance with the demand. In this paper, we proved that by 
managing the routing and forwarding decisions in a network, the possibility of decreasing 
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energy consumption is high. Specifically, in GÉANT network in peak traffic time we could save 
up to 41% of the links. 
 
Since this problem is a Mixed Integer Linear Problem (MILP) (Giroire et al., 2010), a heuristic 
algorithm can be a solution to apply our proposed method to solve the problem of routing. In 
the related works (Rahnamay-Naeini et al., 2016; Heller et al., 2010; Markiewicz et al., 2014), 
authors solved this MILP to perform their approach of power saving. For future works, we will 
solve the problem with a heuristic algorithm and validate the results with a simulation tool. 
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Abstract 

Modern smartphones have become indispensable for many people around the world as they 
continue to evolve and introduce newer functions and operations. Battery capacity has 
however failed to keep up with the rate at which smartphones have evolved in recent years, 
which has led to rapid battery drain and the need for users to discard and replace them very 
frequently. This inevitably leads to increased greenhouse gas emissions and harmful 
consequences the world over due to poor disposal and reuse practices among users. 

Using the Samsung Galaxy Note as an android platform for experimentation, the factors most 
responsible for energy consumption and battery drain in smartphones are identified as the 
network, the device specifications, the applications on the device, and the common practices 
by the smartphone user. Interviews conducted with varied respondents further reveal that 
user practices impact energy consumption in smartphones more significantly than perhaps all 
the other factors. 

It is recommended that information be better conveyed to smartphone owners, while 
smartphone manufacturers should improve their design specifications in keeping with the 
Green Code. Further study is also suggested to distinctly clarify the impact of the stated 
factors on smartphone battery drain. 

 

INTRODUCTION 

Smart devices such as smartphones can interconnect to share data and functionality due to 
recent innovations which imbue them with computing capabilities comparable to artificial 
intelligence. Modern smartphones blend cellphone features with hypermedia proficiencies to 
do everything from basic phone calls and SMS, to data manipulation, multimedia playback, 
internet access, social media optimisation, and suchlike, atop state-of-the-art processing 
platforms (Gartner, 2016), made possible by batteries enabling portability. This portability 
represents the primary attraction to end-users; but batteries need periodic charging as they 
are frequently drained through power consumption, and must soon be discarded and 
replaced. (Newman, 2013)
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Offhand disposal of smartphones has become commonplace so that they typically last an average of 
two years with a user before they are unceremoniously discarded to produce the unwelcome 
consequence of mountains of toxic waste added to the environment each year. Consequently, 
recognising and categorizing the factors that produce drain in smartphone batteries is important as the 
devices continue to evolve and improve, both for manufacturers to improve on design and for owners 
to improve on usage patterns, as this will contribute to longer lasting devices and reduced 
environmental fallout, in keeping with Green Computing ideals (Saha, 2014; Ferreira et al. ,2012). 

To this end, this research aims to proffer supportive recommendations to the public regarding 
manufacturer specifications and common practices among smartphone owners that can potentially 
help lower greenhouse gas emissions the world over. 

The following research objectives will benefit the accomplishment of this aim: 

Research Objective 1 – Critically surveying known factors affecting smartphone battery drain and 
energy consumption; 

Research Objective 2 – Developing a framework for the identified factors; 

Research Objective 3 – Experimentally determining and analysing energy consumed by certain 
smartphone apps (software programs on smartphones); 

Research Objective 4 – Conducting interviews to determine and document user behaviour and their 
impact on smartphone battery consumption; 

Research Objective 5 – Developing targeted recommendations to improve smartphone battery 
performance based on identified factors. 

REVIEW OF LITERATURE 

Evolution of the Smartphone 

Telephony used to occur with or without transmission cables and wires, merging development with 
deployment of electronic transmission. Nikola Tesla and Guglielmo Marconi founded wireless 
technology late in the 19th century through ship-to-shore radiotelegraphy. Soon there were 
radiophones and radiotelephony speech transmission, then broadcasting by 1900, soon two-way voice 
communication, and then television across the early to mid-1900s. Martin Cooper operated the first 
cell-phone system in 1973, and it was Motorola who 10 years later introduced actual cellular telephony 
(Clark, 2013). 

The first generation (1G) of mobile phones employed the electromagnetic spectrum like a 2-way radio 
but were big, heavy, costly and ungainly, such as the 794g Motorola which required 10 hours to charge 
its battery for a 30-minute call. The second generation (2G) introduced digital technology and out-of-
band signaling, with texting, ringtones, and digital content, ushering in GSM (Global System for Mobile) 
Communications in Finland 1991 (Clark, 2013). Examples were the Nokia 1100, 3310, 3410, and 6310 
series; and the Motorola v60, v70, v600; and the Samsung SPH-V9900, which had slow data connectivity 
but were more affordable (Miyashita, 2012). 

3G smartphones arrived in 2007 with improved connectivity and speed, pioneered by the Sony Xperia, 
Samsung Galaxy, and iPhone; and complimented by the BlackBerry, Windows Phone, BlackBerry, and 
LG G-Flex (Miyashita, 2012). 4G-LTE (Long Term Evolution) smartphones, which have been around since 
2012, today possess higher diversity and adaptability, coupled with enhanced user experience. 
Interactive TV, mobile video blogging, advanced gaming, over 100 Mbps downlink peak connectivity, 
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and less than 10ms RAN (Radio Access Network) round-trip time, are all features found in the fourth 
generation of smartphones, which continue still to evolve and improve (Kumaravel, 2011). 

The Smartphone and Battery Capacity 

The ‘rapid development of wireless technologies’ resulted in urgent need for portable power, while 
modern batteries were limited generally to 1500 mAh, which is unable to keep up with the functionality 
of contemporary smartphones (Ferreira, et al., 2011; Nawarathne, et al., 2014; Ta et al., 2014). Makers 
try to manage this demand by introducing standby states to keep batteries from draining too rapidly 
each day (Vallina-Rodriguez et al., 2010). In the meantime, clever protocols remain the best approach 
to energy-efficient design (Ta, et al., 2014). Vallina-Rodriguez, et al. (2010) blames poor battery capacity 
mostly on user behaviour, while Xia, et al. (2015) fault multiple network interfaces and processes 
running parallel for pushing processors to consume more energy. 

Factors responsible for consumption and drain in smartphones are: 

a) network 
b) device 
c) apps (applications/software), and 
d) the user (Chen et al., 2015) 

Amid others (Carroll & Heiser, 2010; Ta, et al., 2014; Xia, et al., 2015). 

Chen, et al. (2015) added that battery drain varies with each generation of the device, as newer mobile 
phones are faster and stronger, but work and drain the battery more. Apps consume large amounts of 
energy in use, pointing to their culpability as well.  

Moore’s Law posits that technology evolves at a rapid measurable rate (Brock, 2006). Smartphones 
have become the world’s most popular electronic devices. Sales are reaching unprecedented levels 
worldwide each year, to top 1.7 billion by 2014, and with up to 1.4 billion units shipped in 2017 alone 
(Wollenberg and Thuong, 2014; Molina and Cava, 2015). They generally last about two years until 
owners want the next new thing with enhanced functionality and sensor-applicability (Li, et al., 2012; 
Ta et al., 2014). 

Smartphones and the environment 

Discarded handsets often remain functional but harm the planet by seeping chemicals into the 
ecosystem. Makers seek raw materials, exploiting the planet. The damage done is difficult to quantify 
(Babatunde et al., 2014). According to Li et al., (2014) increasing smartphone lifespan through 
manufacturer dexterity is one potential remedy to this; but Lilius (2012) affirms that reuse and recycling 
will produce the desired outcome of controlled adverse effects on the environment. Li et al., (2014) 
opines that effective reuse trumps recycling, although challenged by indifferent demand for 
refurbished devices, hence used smartphones can be broken down into individual counterparts for later 
reuse. 

Reuse options vary with functional counterparts having their key mechanisms still viable, notably, the 
processor, screen, storage units, and the battery (Li et al., 2014). 

An unbroken screen is reusable in almost any other electronic appliance with user-interactive capacity. 
Processors can be degraded via hot-election effects or gate-oxide breakdown into basic transistor 
assemblages, with altered performance that last up to 7 years longer than the parent smartphone; and 
storage units can be outfitted into external storage and reused almost interminably. Smartphone 
batteries however degrade rapidly so that options for reusing them remain appallingly restricted (Li, et 
al., 2014). 
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Smartphone Batteries 

Primary batteries can be used only once and must be discarded once depleted. They have high 
densities, weigh more, and their applicability is limited low-power-drain devices or portable gadgets 
not in constant use. ‘Dry-Cell Batteries’ like alkaline and zinc-carbon batteries fall in this category. They 
are different from secondary batteries (such as the lead-acid, nickel-cadmium, and lithium-ion 
batteries) which can be restored by recharging. A third category of batteries blend properties from the 
two previous types. Examples are the Nickel-Metal Hydride (NiMH) and the Nickel-Cadmium (Ni-Cd) 
battery (Linden and Reddy, 2002). 

Most smartphones use lithium-ion batteries, well-known for being rechargeable and portable, their 
high-energy density. They self-discharge slowly when not in use and are easily manufactured to varied 
shapes, albeit expensively, while losing their capacity to hold charges over use. They tend to overheat 
or explode if short-circuited, with their terminal voltages (Valøen and Shoesmith, 2007; O’Farrell, 2014).  
It has been found that if a smartphone is connected to a network, Wi-Fi or cellular, there will be some 
battery discharge, which shortens battery life. The same is true for when the smartphone screen is on, 
as its level of brightness is directly proportional to energy consumed (Boyden, 2014). 

The exponential rise in smartphone users has increased e-waste disposal, with 20 to 50 million metric 
tonnes produced annually in Nigeria alone. The UK is only marginally better, landfills laden with more 
than a billion primary batteries carelessly discarded yearly (Babatunde, et al., 2014). If Waste from 
Electronic and Electrical Equipment (WEEE) continues to grow at this pace, it will expand by more than 
30% in a few short years and contribute to chemical substances harming the planet (Boyden, 2014). 

Green computing attempts to protect the environment by laws regulating smartphone use and 
disposal. Smartphone makers, users, and governments imbibe these guidelines to better protect and 
preserve the environment (Babatunde et al., 2014). 

METHODOLOGY 

This study uses a quantitative research method of mathematical investigations applied to data collected 
from experiments, questionnaires or surveys, employing statistical models and computations to 
examine energy consumption features. The findings are applied to hypothesising submissions that 
potentially improve usage practices in keeping with green computing for preserving the planet. 

Research Approach 

An experiment is carried out in a controlled laboratory environment, where battery drain factors are 
regarded as variables while measuring consumption and other battery drain parameters of specified 
apps on an android smartphone by a Trepn Profiler – an app developed by Qualcomm Technologies to 
measure energy consumption by tracking the processor, network, screen resolution or brightness, set 
to its advance mode. 

Experiment 

The device elected for this study is the Samsung Galaxy Edge with the following specifications: 

Network Technology – 2G/3G/4G LTE 
Body Dimension – 151.3 x 82.4 x  
CPU    – Quad-Core 
Operating System  – Android 
Display   – Super AMOLED capacitive touchscreen 
Resolution   – 1600 x 2560 pixels 
Communication – Wi-Fi 802.11 a/b/g/n/ac, dual-band, Wi-Fi Direct, hotspot 
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Battery Capacity – 3000mAh 

The following well laid-out guidelines were observed to obtain accurate results: 

1) Setup 
i. Trepn application downloaded from Google play store to the device 

ii. Smartphone charged to 100% and disconnected from mains to rely solely on battery power 
iii. Smartphone app is profiled in preparation for measurement capture. 

2) Software Tool profiling  
i. Preset Trepn profiler to advance mode and adjust settings for researcher objectives  

ii. Set baseline power measurement and reading unit to current (mA) or power (MW) 
iii. Acquire wake lock icon to prevent CPU and the phone screen from ‘sleeping’. 
iv. Set data point to power and CPU statistics. Ensure icon depicts desired readings for CPU loads 

1,2,3,4, all checked. 
v. Check network statistics to ensure Wi-Fi or cellular readings at any point in time  

vi. Maintain thermal reading for battery and processor temperature statistics 
vii. Check other statistical readings, viz., app state, screen brightness, and screen state.  

3) Saving readings 
i. Stop profiling at the end of each experiment 
ii. Save reading on device memory in CSV format 
iii. CSV file is converted to an excel format with all calculations. 

Interview 

Interviews were conducted to explore user awareness and practices with respect to their smartphones. 
Time constraints necessitated a semi-structured approach to draw the needed information from three 
carefully selected respondents in 15- to 20-minute sessions, ensuring quality facts were drawn 
regarding usage practices and subsequent effects on smartphone lifespan with a view to possible 
solutions that prolong battery life. Respondents were decided upon based on their perceived 
ownership and knowledge of smartphones. Interaction was direct and data collection took the primary 
approach. 

Results obtained are reasonably construed as representative of the collective UK populace both in 
smartphone models and in common usage practices. Battery charging fluctuations are assumed to be 
even. Interpreting the data collected went through preparation, similarities, transcription, validation 
and representation as required (Denscombe, 2010).  

Ethical Considerations 

The research process adhered to research-standard conduct for academically empirical results, 
precluding data manipulation and ensuring acceptable behaviour without violating human rights where 
collaborative effort became necessary. 

1) Interview respondents were accorded and informed of their absolute rights to participate or 
withdraw. 

2) Absolute anonymity of all contributors was assured. 
3) Participants were clearly informed of the study’s aim and objectives even with respect to the data 

being collected. 
4) A decent, courteous, and morally conscientious study atmosphere was maintained. 
5) Contributors and data were sustained in a risk-free setting. 
6) The questionnaire was painstakingly constituted to consider participants’ disposition to violence. 
7) Effort was made to ensure an independent, objective, and unbiased enquiry. 
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RESULTS AND ANALYSIS 

The experiment carried out on the Samsung Galaxy Note smartphone with an Android platform 
included taking temperature, CPU load, and battery power readings while operating various apps on 
the device, produced the following findings: 

Table 1 – Tabulation of Experiment Findings 

   Power Consumption 

(µW) 

Temperature (Heat 

Dissipated) (1/10C) 

CPU load 

(%) 

Audio 

Applications 

Wi-Fi Samsung music 

Google music 

12,296.5283 

502,736.4003 

 46 

49 

Cellular Samsung music 

Google music 

  27 

46 

Video 

Applications 

Wi-Fi YouTube Video 

Samsung video 

VLC Player 

1,216,692 

568,572 

1,239,238 

340 

321 

326 

62 

49 

50 

Cellular YouTube Video 

Samsung video 

VLC Player 

800,212 

547,904 

10,449,609 

326 

322 

334 

60 

43 

55 

Social Media 

Chat 

Wi-Fi Viber 

WhatsApp 

490,769 

463,569 

319 

345 

41 

42 

Cellular Viber 

WhatsApp 

290,102 

620,256 

358 

344 

32 

34 

 

Audio Applications 

Two audio player apps were tested and results graphically illustrated in Fig. 4.1. 

The same song was played ten times on the two apps, first over Wi-Fi and then the other cellular 
(mobile) network. The temperature generated was recorded, and it was observed that the Samsung 
music app consistently generated lower temperatures than the Google music app. Lower temperatures 
naturally translates into less energy consumed and vice-versa. Evidently, some apps generate higher 
temperatures when they run, hence consuming more energy and draining the battery faster. 

Fig. 4.1b illustrates battery power consumption when operating audio apps on the Samsung Galaxy 
Note. Here, consumption under Wi-Fi appears heavier than on the cellular network, indicating that 
higher battery power consumes more energy over the same task. 

From Fig. 4.1c, a 46% CPU load was realised for the Samsung music app over the Wi-Fi network, 
compared to a 49% load by the Google music app. On the cellular network, the Samsung app pulled 
27% while Google music pulled a 46% CPU load. Evidently, CPU load is higher on the Google music app 
than on the Samsung music app; and playing music on Wi-Fi consumed more energy/power than when 
music was played on the cellular network, as higher CPU load implies higher power consumption and 
subsequent battery drain. 
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Fig. 4.1a   Smartphone Battery Temperature when  Fig. 4.1b  Smartphone Battery Power when Operating Audio 

Applications    Operating Audio Applications 

 

    

Fig. 4.1c    Smartphone CPU Load when Operating  Fig. 4.2a   Battery Temperature when Operating Audio 

Applications    a Video Application 
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Fig. 4.2b   Smartphone Battery Power when    Fig. 4.2c Smartphone CPU Load when  

Operating Video Applications     Operating Video Applications 

  

Fig. 4.3a Battery Temperature    Fig. 4.3b Battery Power                Fig. 4.3c CPU Load 

Fig. 4.3 Smartphones and Social Media Applications 

Video Applications 

Readings were again taken when three different video apps were run on the device, namely the 
Samsung video app, VLC player, and YouTube video streaming. As with the audio apps, they were run 
both on Wi-Fi and on the mobile network. 
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The smartphone battery temperature reading was 340 (1/10C) for YouTube streaming, 326 (1/10C) for 
the VLC player, and 321 (1/10C) for the Samsung video app, all on Wi-Fi. On the cellular network, the 
readings were correspondingly 326 (1/10C) for YouTube Streaming, 334 (1/10C) for VLC player, and 322 
(1/10C) for the Samsung video app, illustrated in Fig. 4.2a. 

Observably, battery temperature with the Samsung video app varied only minimally from Wi-Fi to 
cellular network, but rather significantly with the other two apps. Taking battery power readings, we 
obtained 1216692µW for YouTube video, 1239238µW for VLC player, and a paltry 568572µW while 
running the Samsung video app on Wi-Fi; while the readings were 800212µW on YouTube, 
10449609µW on VLC, and 547904µW on the cellular network. 

Respectively, CPU load readings were 62% and 60% for YouTube video streaming first on Wi-Fi and then 
on the mobile network. For the VLC player they were 50% and 55% respectively; and for the Samsung 
video app they were 49% and 43% on Wi-Fi and the cellular network, as depicted in Table 1 and 
illustrated graphically in Fig. 4.2c. 

Social Media 

Whereas there is a myriad of social media apps that can be employed for this study, two of the most 
common ones were chosen – Viber and WhatsApp – experimented upon using both cellular and Wi-Fi 
networks, and illustrated in Figs. 4.3a-c. Fig 4.3a depicts battery power consumption, while Fig. 3.3b 
illustrates battery temperature readings, both on Wi-Fi and cellular. Viber brought in a 319 (1/10C) 
reading on Wi-Fi compared to WhatsApp readings of 345 (1/10C). On the mobile network, Viber chat 
raised the battery temperature to 358(1/10C), and WhatsApp made it 344(1/10C). Evidently, Viber at 
higher temperatures drained the phone battery faster than WhatsApp did. 

When it came to CPU load, both apps had more impact on the smartphone under Wi-Fi than they did 
with the cellular network. 

Viber chat brought about a CPU load of 41% on Wi-Fi compared to WhatsApp’s 42%, showing a higher 
CPU load on the battery. On the cellular network, CPU load was 32% for Viber on cellular, and 34% for 
WhatsApp, indicating that WhatsApp drained more energy than Viber. 

The following points were observed from the experiment: 

a) Batteries function best at room temperature 
b) The app in use significantly affects power consumption/battery drain 
c) Different apps produce different power drain characteristics on the battery 
d) Higher CPU loads drain battery power faster 
e) Higher processing capacity lowers temperature and reduces battery drain 
f) There is notable difference in battery drain between Wi-Fi and cellular network connectivity. 

 
Interview Findings 

Interview questions carefully selected to divulge usage patterns with respect to battery drain features 
in smartphones reveal markedly different practices among smartphone owners/users, justifiably 
resulting in significantly dissimilar results based on these patterns of usage. Due to time and spatial 
constraints, the interview respondents are limited to merely three (3) in number, with the responses 
presented in Table 2 below. Two of the respondents are female and both make use of the iOS platform 
yet with markedly different usage practices and subsequently different battery drain results, as taken 
from how frequently they must charge their smartphones in a day. 

 



254 
 

Table 2  Interview Questions: Responses 

S/N QUESTIONS RESPONDENT 1 RESPONDENT 2 RESPONDENT 3 

1 Age 29 A bit above 40 37 

2 Gender  Female Male Female 

3 Do you own a smartphone? Yes Yes Yes 

4 Smartphone platform? iPhone 6s Android  iPhone 

5 Functions performed on 

smartphone 

Basically – 

Everything 

Browsing and 

watching movies 

Videos, calls, messaging, 

chatting; planning, alarm, 

GPS, etc. 

6 Any noted (battery) 

challenge with using the 

smartphone? 

No Battery runs down fast 

when watching videos 

Yes. Battery runs down 

the faster it is used 

7 Audio applications? Not really No Yes 

8 Time spent on audio app 

daily 

  About 1-2 hours 

9 Video applications? Minimally A lot Yes 

10 Time spent on video apps 

daily 

5-10 minutes Usually over 3 hours Less than 1 hour 

11 Social media applications? Yes: Facebook; 

Facetime; 

WhatsApp; Glider 

Facebook and 

WhatsApp 

Yes: 

Facebook; WhatsApp 

12 Time spent on Social Media 

Apps daily 

About 1 hour About 1 hour 4-5 hours 

13 Other frequently used 

applications 

Google; calendar; 

(looking for a flat) 

Photo editing 

Christian message 

apps 

Instagram; SatNav; 

calculator; Facebook 

14 How many times do you 

charge you phone in a day? 

Once a day 

(nightly) 

Twice daily Twice daily 

15 Do you think there is a need 

to conserve energy in 

smartphones? 

Don’t really think 

about it. 

A heavy user, would 

love makers to 

produce phones with 

longer lasting 

batteries.  

Yes – to conserve battery 

for the apps that will be 

used. Would take much 

discipline otherwise 

 

Results obtained from the interviews appear to be in keeping with the experiments’ findings, notably 
that certain apps – such as video apps – appear to drain smartphone batteries more heavily than others, 
such as audio applications, while heavy use of social media apps tend to produce the same effect. Both 
female respondents (Respondent 1 and Respondent 3) report that they do ‘everything’ with their 
smartphones, however, it is obvious that Respondent 3 spends more time on audio and video 
applications, and a lot more time on social media apps such as Facebook, WhatsApp, and Instagram. 
Even though neither seems particularly aware of how this drains their device battery, Respondent 3 
reports having to recharge this smartphone’s battery twice in a day whereas Respondent 1 does this 
only the one time. 

The report from Interview Subject 2 is markedly like that of Respondent 3, indicating a relatively heavy 
user. This user however appears to be more aware of the implications of comparative substantial use 
on the device battery, stating that ‘a heavy user would want smartphone manufacturers to produce 
phones with longer lasting batteries’, while also establishing that he must charge his device twice in a 
day. 
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A closer look at the replies from Respondent 2 reveals that this is a relative heavy user of the video app 
on his android smartphone, indicating the assertion that video apps perhaps contribute meaningfully 
to battery drain features in smartphones. Respondent 3 is contrarily a heavy social media app user, 
depicting as found earlier that weighty and consistent use of social media apps on a smartphone 
contributes profoundly to the draining of the battery. 

Within reason, smartphone owners who report heavier usage of the software applications (apps) on 
their devices appear to require charging for their devices more frequently than users who do not 
employ their smartphones so exhaustively. As a matter of fact, the interviews reveal that users who are 
more conscious of the effects of heavy use on their smartphones appear to be more careful with how 
they make use of their devices. The implication of this is that these latter class of users do not require 
frequent charging for their smartphones because they do not drain their batteries with incessantly 
heavy usage. 

Observably, users who are more conscious of energy consumption and battery drain features on their 
smartphones and other electronic devices tend to expect smartphone manufacturers to produce better 
devices with longer lasting batteries. As such, it can be inferred that awareness or education concerning 
the factors and implications of battery drain among smartphone users can contribute conspicuously to 
improved design features in smartphones, in addition to improved usage and disposal practices 
amongst end users the world over. The small number of respondents however make it impossible to 
decisively conclude that these results are universal. 

These findings, while agreeing in some way with previous observations from the experiment results, 
are in themselves inconclusive due to the small number of subjects interviewed. 

 

CONCLUSION AND RECOMMENDATION 

Conclusion 

Smartphones indeed are rapidly proliferating but battery drain and energy consumption as 
consequences of four primary factors limits their use and increase the risk of harmful effects on the 
environment. With respect to the specific objectives of this research, these factors have been 
determined to be the network, the device specifications, apps on the device and habits of the 
smartphone user. 

Developing a framework for the identified factors has been accomplished as well and laid out in the 
study. It centers around user awareness and manufacturer astuteness with respect to improved design 
features and specifications during production. These were determined experimentally in keeping with 
Research Objectives 3 and 4, targeted to analyze energy consumption (and consequent battery drain) 
by respective smartphone apps; augmented by interviews conducted to determine and document user 
behaviours and their impact. 

Based on these, the user is determined to be the biggest determinant of battery drain/consumption in 
smartphones based on how much time they spend on their devices and what they do with them. The 
only way to completely stop battery drain is if the device is turned off because ongoing background 
processes still contribute to energy consumption. Drained batteries are largely discarded, which brings 
about the release of carbon dioxide and other greenhouse gas emissions that are harmful to the planet. 
The manufacturer however bears some responsibility in that they need to work more levelheadedly to 
design better smartphones, while also communicating better to their consumers the recommended 
usage practices for optimal use and improved preservation of the planet. 
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Recommendation 

It is recommended that further study be carried out with more attention given to hardware and 
software functionalities to lower drain features. In addition, effort can be made as stated above, to 
more effectively communicate to smartphone users how best to preserve their batteries and protect 
the environment through improved usage practices. Smartphone manufacturers will also do well to 
employ the Green Code in design considerations to further lower power consumption in batteries. A 
further recommendation is for deliberation to be given to keeping battery evolution at pace with the 
rate of development of general smartphone technology as this has been shown to be lacking in recent 
years. 
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ABSTRACT 

It is now widely accepted that human behaviour accounts for a large portion of total global emissions, 
and thus influences climate change to a large extent (IPCC, 2014). Changing human behaviour when it 
comes to mode of transportation is one component which could make a difference in the long term. In 
order to achieve behavioural change, we investigate the use of a persuasive multiplayer game. 
Transportation mode recognition is used within the game to provide bonuses and penalties to users 
based on their daily choices regarding transportation. Preliminary results from testers of the game 
indicate that using games may be successful in causing positive change in user behaviour. 

Introduction 

This work presents an approach to change human behaviour by using persuasive serious games, where 
the intention is to evaluate if and how we can decrease our overall carbon footprint. More specifically, 
the work looks at changing behaviour when it comes to selecting modes of transportation. 
Transportation accounts for a large portion of our total emissions. According to Bin and Dowlatabadi 
(Bin & Dowlatabadi, 2005), 22% of total emissions stem from ‘personal travel’, of which 68% comes 
from direct usage and 32% from indirect influences. If we could influence our daily choices of transport, 
it could therefore have a significant impact on the total emissions. 

As an example in Sweden, the overall emissions within the country have decreased over time, making 
it seem like a good role model for change. Nevertheless, when studying the emissions generated by 
Swedes due to consumption, the total emissions have in fact increased (Naturvårdsverket, 2017). Figure 
shows the consumption-related emissions caused by Swedes. Labelled in the figure are 3 lines: 
Emissions in Sweden, which corresponds to consumption of domestic goods; Emissions in other 
countries, which includes emissions relating to imported goods; and Total, the sum of the two former 
lines. One can see in the figure that consumption-related emissions have decreased within Sweden by 
30%, but increased by 50% outside of the country (due to increased import). The data presented there, 
however, is mostly calculated on consumption and investments of households, government and 
companies, and is not directly related to traffic-related emissions. Figure 2 shows, similarly, the 
emissions caused by Swedes in transit.  
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Nevertheless, in order to achieve change we have to consider all stages of change. Information is a key 
element to begin to contemplate change, and strong motivators are key elements for maintaining 
change. These elements are all prominent in games and gamification, and with good design a game can 
make learning about sustainable transportation fun, as well as help users adopt and maintain a new, sustainable 
behaviour for choosing transportation. 

To build a convincing game, techniques from augmented reality and transport detection machine 
learning algorithms are used. The game has embedded multiplayer interactions, as this is often lacking 
in contemporary serious games. 

Two of the main research questions posed at the start of this work were as follows: 

 How well can we induce greener transportation choices by persuasive games? 

 What aspects of persuasive games are impactful on transportation choices?  

Persuasive Games  
Persuasive games, serious games and gamification are often aimed at health-related topics, such as 
exercise and healthy eating, or learning in general (Connolly, et al., 2012). Some other topics explored 
by persuasive games include smoking (Khaled, et al., 2007), views on homelessness (Lavender, 2006), 
and greening transportation (Froehlich, et al., 2009). 

Khaled et al. (2007) discuss some of the difficulties in managing player attention, balancing the game 
contents with reality, and questions concerning identity and target audiences, as these impact the 
effects of persuasive games. Orji et al. (2013) analyse persuasive games and target players, and propose 
an approach to motivate players of certain gamer types with specific game mechanics.  

Sebastian Deterding (2017), shows in his presentations and publications number of ways one can work 
towards persuading users. Some examples include constraints (making the unwanted impossible), 
default settings (to use the ‘path of least resistance’) and facilitation (easing change somehow, e.g. by 
making behaviour change relevant data visible). He also argues that games are good platforms for 
persuasive design as they are generally voluntary (already have intrinsic motivators for players to play 
the games), are generally prestructured and have clear goals – while still fostering interesting 
interactions. Extrinsic motivators such as money and grades are generally proven to work well only in 

Figure 1, Consumption-based emissions by Swedes within 
and outside of Sweden in million tons of carbon-dioxide 
equivalents. (Naturvårdsverket, 2017) 

Figure 2, Emissions from transports by Swedes within and 
outside of Sweden. (Naturvårdsverket, 2017) 



261 
 

the short-term. For social multiplayer games, there are also social motivators such as recognition, 
belongingness, cooperation, competition, etc. 

Ferrara (2013) argues that serious games and gamification can cause real change, but highlights that 
inattention to the quality of the player experience threatens its success. In effect, he argues that we 
should design games for change, rather than only applying specific gamification elements and hope that 
they achieve the same effect that a whole game does. 

The project by Froelich et al. (2009) to promote greener transportation is interesting as it is one of few 
which have the same goal and setting as our work. In their work they combined a self-reporting system 
with a special pedometer and a dynamic graphic design to promote greener transportation. Among the 
many feedback participants gave, they suggested to use negative feedback as well as positive, to include 
more statistical figures of transport usage, and mentioned a discomfort of having to wear an extra 
sensor. The participants also appreciated visual stimuli, but requested diversity over time (as it only 
featured linear positive graphical progressions).  

Methodology 
The methodology is largely split into two parts: the design, testing and implementation of an appealing 
persuasive game, and methods for evaluation of the promotion of green transportation when 
employing the game with embedded transport-detection algorithms. 

Persuasive Game Development 
For game genre, a turn-based strategy and role-playing game hybrid was chosen. There are several 
reasons for this. Firstly, it enables an iterative approach to try and persuade players for each turn or 
day that they are playing the game. Secondly, players of role-playing games tend to play them for a long 
time, as long as they are well-designed. In the game, each turn would correspond to one real-life day. 
Actions in the real life (transports taken) would affect, to some extent, results in the game, and thus, 
give an incentive for players to choose greener modes of transportation later. Using a turn-based 
approach also makes it available to a larger audience, as less time is required to play it (a few minutes 
per turn or day), whereas a real-time game may distract and interfere with daily life. Pokémon Go is a 
great comparison as it is also in the same kind of genre, gathered a large popularity, caused a distinct 
change in behavioural patterns of players, but also has its disadvantages and hazards inherent in the 
game design (Serino, et al., 2016). 

In the game, daily actions are chosen such as gathering food or materials, inventing and crafting 
weapons, armour and tools, building defences, scouting, interacting with other players, etc. The daily 
actions are then used as input for the game once each new turn is simulated. Skills are also chosen by 
players so that they may specialize and become better in one thing or another, to try and motivate 
cooperation. Some actions and skills were also competitive, such as stealing from or being able to attack 
other players. Active actions such as sending resources, items or messages between players can be 
performed whenever the players want, to allow some flexibility and not only keep all actions being 
evaluated only when the turn ends. 

Within the game there are some relevant statistics, with emissions being the most important one 
(affecting overall game difficulty) besides hit points (the standard statistic used to represent a 
character’s vitality in many role-playing games). Different modes of transport give varying amounts of 
bonuses to the in-game Daily actions, as well as generating various amounts of emissions. Choosing 
specific actions within the game which consume resources (crafting, inventing, building defences) also 
increase the emissions statistics, while some actions and skills actively reduce or indirectly reduce 
future emissions generation. 
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To adhere to good game-development and software development practices, the development lifecycle 
was preceded with the development and evaluation of a paper prototype (Hedemalm, 2016). Testers 
of the paper prototype found the game interesting, after which a digital graphical prototype was 
developed (see figure 3).  

 

    

Figure 3. Early design stages of the persuasive game titled Evergreen. Far left: First page of the initial paper prototype (11 pages in 
total). Middle-left: Early design of the game’s splash-screen. Middle-right: early design of the game’s main screen showing player 
statistics in the top, buttons for actions and a log of what has happened previously. Far right: early design of the results-screen, 
which is presented after each new day. 

Using volunteer testers and the help of a graphics artist, an Android-based version of the game was 
developed. Figure 4 shows some screenshots of the game as it was published in social media. 

Evaluating Behaviour Change  
To evaluate potential behaviour change, one expectations questionnaire, as well as pre- and post-
intervention questionnaires were given out to volunteers. The questionnaires were administered to 
testers before software development and testing began, as well as approximately 10 days after the 
testing period had started. Both quantitative and qualitative answers for each respondent was 
recorded, and additional interview questions were posed to all testers throughout and after the testing 
period to further evaluate both the game design as well as the potential impact on behaviour change. 
Volunteers and participants for testing the game were mainly recruited over social media with no extra 
incentive added to play the game. 
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Figure 4. Screenshots from the Android version of the game Evergreen. Far left: splash-screen. Middle-left: Main screen, showing 
statistics in the top 6 icons. The background changes colour as emissions increase, and the representation of the shelter changes as it 
is being upgraded. Middle-right: ‘Daily Actions’ selection screen. Far-right: the results-screen showing what has happened the most 
recent days/turns. 

Results 
The primary outcome of this research is a persuasive game, Assaults of the Evergreen or just Evergreen. 
Its official Facebook page with links to some relevant questionnaires can be found here: 
https://www.facebook.com/AssaultsOfTheEvergreen/ 

As for the questionnaires, the initial expectations-questionnaire got over 40 respondents, the pre-
testing questionnaire received 24 respondents and for the game evaluation there were 4 testers who 
played the game in multiplayer mode for at least 10 days.  

Respondents for the initial expectations-
questionnaire were asked to which 
extent they thought a game could impact 
their lifestyle, if they were willing to play 
a game designed to improve their daily 
choice of transportation, and asked how 
they would imagine such a game would 
look like or be designed. A majority of the 
respondents had a background of playing 
digital games (Smartphone, Console or PC), and were of the opinion that games can have some impact 
on their lifestyles. Figure 5 shows response distribution for one of the questions, where 1 was labelled 
‘Not at all’ and 5 was labelled ‘A lot’.  

Responses to an open free-text question concerning how a persuasive game would be designed were 
diverse. Respondents suggested features such as showing real-life data and personal statistics, adapting 
to players’ personal schedules, and using notifications and achievements. Among the concerns were 
battery life, privacy of collected data (e.g. locational), and that the game not demand too much time 
from players. Some respondents said they would play any game if it was fun, while others stated that 
they wouldn’t play the game to improve their daily choices since they already were using the greenest 
modes of transport (walking or biking). Some respondents also highlighted the social aspects, including 
competitions, and leader boards that may motivate players. One respondent mentioned that they 

Figure 5. Expectations of how much a game can impact respondents' 
lifestyles 

https://www.facebook.com/AssaultsOfTheEvergreen/
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would be more interested in features that help them choose greener modes of transport for a specific 
journey. 

When asked how successful a persuasive game could be concerning transportation, some respondents 
underlined that the choice of transport is mostly one of practical nature: some distances and journeys 
are just not practical with greener modes of transport. One respondent recalled a long-term biking 
contest that was held at their workplace on a regular basis (weekly, monthly, yearly), and described 
that people participated mostly because of the competition (as part of the gamification) even though 
the website of the leader board was not very good.  One respondent mentioned that even if the game 
is just entertainment for some players, it may encourage others to contemplate changes in their 
lifestyle. One respondent likened the concept to the success of Pokémon Go, claiming that it could be 
successful only by looking at how that game made players walk around everywhere. Some respondents 
mentioned that it all depends on the quality of the game and of the marketing: that any game can be 
successful if marketed well. 

For the pre-testing questionnaire, respondents were asked in more detail who they are and their 
current habits. 15 men and 9 women responded, of varying ages (26-35) being the most common age-
group. 11 were working full-time and 10 were students. 11 were recruited personally by us, while 13 
were recommended to try out the game by a friend. 

Similar to the results in the initial 
expectations-questionnaire, 
respondents of the pre-testing 
questionnaire had an overall 
positive view of the potential 
effects of a persuasive game such 
as Evergreen, as can be seen in 
figure 6. When responding to the 
question, the value 1 was labelled 
as ‘No’ and 5 as ‘Yes’, with 
respondents left to interpret the 
values in-between themselves. 

The four testers that played the game for at least 10 days each spent either 1-5 minutes or 6-10 minutes 
a day playing the game, and a similar amount of time talking about it with friends, colleagues or others. 
They generally thought the game was well-designed and well thought out, that it was generally not too 
hard to understand and play, and that it had enough character customization. Similarly, the testers 
generally thought the game had well-designed graphics that made it easy to understand what was 
happening in the game and enjoyed playing the game. 

Some criticism from the players included a lack of players to interact with and a lack of a tutorial 
(responses to the questionnaire were done assuming this will be added to a final version of the game). 
One player suggested that a more significant decrease of emissions should be added if the player was 
indeed walking or biking, and that there was too vague of a connection between transports chosen in 
the real world with consequences in-game. One player also suggested it needs more “in-your-face” 
pop-ups used in contemporary smartphone games.  

Most players felt that their choice of transport was influenced to some extent while playing the game, 
where half of participants tried walking more than before, and one tried to drive cars less than before. 
When asked how much of their total traveling time was influenced, the answers were 0%, 5%, 10%, and 
25% of total travelling time respectively between testers. 

Figure 6. Respondents views on the potential success of persuasive games. 
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When asked why they were not influenced and what would have had an influence on their choices, one 
mentioned that the effects of actual transports did not really feel like it was reflected in the game. 
Another tester stated that while it made them more aware of their actions, other factors were still more 
important (distance, weather, time, etc.). One participant mentioned that they need a car to get 
anywhere due to where they live, but that if they had lived closer to a city they would have walked or 
tried taking busses more often. 

Discussion 
Persuasion as a tool to change people’s behaviour has already been studied by many and persuasive 
games as a useful tool is still being explored. One key disadvantage is that the effects are possibly only 
short-term. Not so many persuasive games make use or focus on multiplayer interactions, however, 
and by analysing the responses from our questionnaires it seems that social factors such as competition 
would encourage more users to be persuaded to change their lifestyles. To answer the initial research 
questions:  

 How well can we induce greener transportation choices by persuasive games? 
Travel time may be reduced by between 0 and 25% for participants, depending primarily on the 
participant’s current living situation.  

 What aspects of persuasive games are impactful on transportation choices?  
Using a game design based on iterative playing, highlighting co-operative and competitive 
interactions, and highlighting the impact of real-life vehicle usage within the game. 
 

The testers of the game, Assaults of the Evergreen, were few but gave some insight into the possible 
effects of deploying such a game on a larger scale. Further testing of this game and similar games is 
suggested to verify if the potential behaviour changes would indeed come to realization or if they are 
merely expectations.  

Due to the study being short-term, and few respondents played the game in multiplayer mode for the 
measured 10-day period, at this point only a hypothesis can be made on the possible long-term effects 
and impacts a game such as Evergreen could have. Assuming Evergreen or a similar game gets popular 
and more than 5% of the Swedish population start playing it, and assuming an average behavioural 
change of 10% would be realized, then an estimated one hundred thousand tonnes of carbon dioxide 
equivalents could be saved each year. This is shown in equation 1, and is based on the Swedish 
transports emissions for the year of 2014, where Swedes emitted a total of 19.95 MtCO2 from 
transportation alone (Naturvårdsverket, 2016). Seeing as the Swedish population has begun emitting 
more emissions internationally, however, such a game would have to properly identify and integrate 
transportation by plane. This figure also does not account for the increased battery usage from playing 
the game. 

19.9522255 𝑀𝑡𝐶𝑂2e ×  0.05 × 0.10 = 99.7611275 𝑘𝑡𝐶𝑂2𝑒  (1) 

What is worth noting is that even for those people who would not play Evergreen or a similar game for 
a long time, it could still have effects on the long-term.  

Some future development of the game would include updates to the transport recognition and its effect 
in-game to diminish ambiguity, adding a tutorial, updating its design, and testing it with a larger set of 
players. With a large set of players and a longer study period, quantitative results could also be gathered 
on the detected transports and amount of time for each and study how the players’ habits are changing 
over time. 
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Conclusion 
We have presented a prototype persuasive game with multiplayer interactions, called Assaults of the 
Evergreen, embedded with a transportation detection algorithm to enable a feedback from real-life 
actions into the game. Quantitative and qualitative data was gathered by the help of questionnaires 
and interviews to measure the expectations and possible effects of deploying a persuasive game such 
as Evergreen. Preliminary results from the game-testers show that deploying persuasive games to 
promote greener transportation may be successful, but that it will vary depending on each individual’s 
situation. Testers playing the game for at least 10 days stated that they were trying to choose greener 
forms of transportation between and 0 and 25% or their total travel time. 
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Abstract 

Today’s world has a new important agenda: tackling environmental issues and adopting 
environmentally sound practices in all industries. However, achieving sustainability is challenging 
because, it needs significant changes in legislations, business models, processes and human behaviour 
across the whole world. In this context, ICT arises as an important enabler to interconnect these 
elements through software-intensive systems and deliver up to 15% of total world emissions savings 
by its enabling effect on other industries. This paper evaluates the focus and effects of various ICT 
projects on sustainability. For this purpose, different perceptions of sustainability are studied and a 
model is proposed for evaluating different dimensions in existing ICT projects. In this study, a literature 
based model is applied to analyse the thesis projects of the first year students in an ongoing Erasmus 
Mundus Master programme focused on pervasive computing and communications for sustainable 
development.  The outcome of this model-based analysis will better the understanding of the 
sustainability perceptions within the selected ICT projects. 

INTRODUCTION 

Sustainability and sustainable development are becoming the focal point of this millennium. News 
headlines emphasize the climate change and the severe consequences of it16,17.  The need is obvious 
but the ways of preventing it remain under discussion. The Paris climate conference (COP21)18 in 
December 2015 managed to achieve the first-ever universal, legally binding global climate agreement 
that has been ratified by 144 stakeholders at the moment. The follow-up meeting (COP22) in Marrakesh 
in November 2016 resulted in decisions related to the implementation of the Paris Agreement.  These 
agreements set out a global action plan to put the world on track to avoid dangerous climate change 
by limiting global warming to well below 2°C. Although this agreement does not aim for decreasing the 
temperatures, immediate actions are needed. The planet does not have much time to spare 19. 
Rockström et. al. propose 9 planetary boundaries for safe operating space for humanity in [1]. They 
state that in three of those; climate change, rate of biodiversity loss and nitrogen and phosphorus cycles, 
humankind has transgressed their boundaries. These boundaries are directly linked to the sustainable 
future of the planet as passing them can cause instability in the planet’s ecosystem. Every year the 
Earth’s overshoot day20 (the date when humanity has exhausted nature’s budget for the year) becomes 

                                                           
16 http://www.theguardian.com/environment/climate-change 
17 http://climate.nasa.gov/effects/ 
18 http://ec.europa.eu/clima/policies/international/negotiations/paris/index_en.htm 
19 http://www.businessinsider.com/when-will-climate-change-be-out-of-control-2014-9 
20 http://www.overshootday.org/ 
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earlier. For the year 2016 this date is on August 8th for the whole world (e.g. for Germany and Finland 
it is already in April and in USA in March) showing that we continuously live over the limits. 

Although the climate and other environmental issues have been emphasized as the outcome of 
sustainable development, underneath the surface sustainability is much more. CO2 emissions play an 
important role in global warming, which in turn melts the polar ice and rise the sea level, changes local 
climate conditions and affects the local ecosystem etc. Sustainable development is needed in order to 
achieve the objectives of the Paris and Marrakesh climate conferences. Dictionaries, in general, define 
sustainability with two different perspectives; ecological and general. Table 1 presents some of the 
sustainability definitions given by the dictionaries. Although the words in these definitions differ, the 
meanings point towards a similar understanding of the concept. 

 

Table 1. Sustainability definitions by dictionaries. 

 Ecological General 

Oxford dictionary The idea that goods and services 
should be produced in ways that 
do not use resources that cannot 
be replaced and that do not 
damage the environment 

The ability to continue at 
a particular level for a 
period of time 

Cambridge dictionary Avoidance of the depletion of 
natural resources in order to 
maintain an ecological balance 

The ability to be 
maintained at a certain 
rate or level 

Merriam-Webster 
dictionary 
 

of, relating to, or being a method 
of harvesting or using a resource 
so that the resource is not 
depleted or permanently 
damaged 

capable of being 
sustained 

 

The ecological definitions of sustainability in Table 1 refer to the use of natural resources in a 
sustainable way, meaning that the irreplaceable resources should not be over consumed. The usage of 
these resources should not disturb the ecological balance or destroy the environment. These definitions 
refer to the ecosystem thinking in which the consumption should not exceed the production. The 
general definitions emphasize the ability to continue at a given level. This could also be considered the 
equilibrium between consumption and production. These general definitions are not associated with 
only the ecological or environmental constraints. 

Sustainability and sustainable development are much more than the dictionary based approaches to 
ecology and ability to sustain at certain level. Diverse communities have defined sustainability and 
sustainable development in various ways depending on their perspective ([2] gives an environmental 
perception, [3] business perception, [4] society perception etc.). These perceptions differ like the 
definitions in dictionaries. ICT has an important role in this development.  ICT is an inseparable part of 
modern business and societies. This also implies, a greater ICT carbon based generation. Furthermore, 
ICT usage has different levels of effects (Figure 4) on the environment, societies, and businesses that 
can lead up to the sustainable triangle [5], [6], [7].  
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Figure 1. ICT influence in Business, Society and Environment leading up to the sustainability triangle 
(adapted from [5]). 

The purpose of this paper is to study different perceptions of sustainability and develop a model for 
evaluating the consideration of these dimensions in existing ICT projects. As such, this paper aims to 
answer the following research question: How can we evaluate the focus and effects of various ICT 
projects on sustainability?  The work is based on existing literature that is used for creating a model for 
evaluation. The outcome of the model provides a better understanding of the sustainability perceptions 
the selected ICT projects are considering. The model is applied to analysing the thesis projects of the 
first year students in an ongoing Erasmus Mundus PERCCOM programme [8], [9].  

The rest of this paper is organized as follows. Following this introduction to the topic we present 
different perceptions to sustainability in Chapter 2. This related work section will present the 
dimensions of sustainability based on existing literature. Chapter 3 sets the requirements for the 
evaluation model and uses literature to create the evaluation model. Chapter 4 presents shortly the 
Erasmus mundus PERCCOM programme and uses the model for the evaluation of the thesis projects of 
our first year cohort students. Finally, lessons learned and conclusions are presented. 

 

PERCEPTIONS OF SUSTAINABILITY 

Perhaps the most known and cited source for the definition of sustainable development is given in the 
so-called Brundtland report – “Our Common Future” [10]. This report refers to sustainable 
development as “a development that meets the needs of the present without compromising the ability 
of future generations to meet their own needs”. Although this definition has been widely criticized due 
to its general nature, it is essentially in line with the definitions presented by different dictionaries 
above. The development needs to fulfill the needs (maintain a certain level) without over-consuming 
(ecological balance). Although the Brundtland report presents one of the most cited definitions for 
sustainable development, more importantly it emphasizes sustainability in three different dimensions; 
ecological, economical and social.  

Depending on the perspective taken on sustainable development, different aspects are emphasized. If 
looking at the natural ecosystems and their limits (carrying capacity), sustainability takes the ecological 
perspective. Sustainability is defined in that context as the environment’s capability to sustain the 
population and to adjust to the changes. The business sector looks at sustainability from the economical 
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perspective while following the same principles; the environment needs to be able to sustain the 
business population. The business ecosystem works just like a natural ecosystem. Internal and external 
pressures change the business landscape and companies change their business models and visions (e.g. 
Apple entered to the mobile phone market and changed the mobile ecosystem. The carrying capacity 
of the market supported only a certain number of manufacturers and that changed the whole 
ecosystem). The social perspective of sustainability has not been analyzed and discussed as much [4] 
as the two other perspectives although people, in the end, will be in the key role in our quest for more 
sustainable future. Technology might be good or bad but the people are deciding what to use it for. Too 
often people are linked more to the economical sector than the ecological one, and decisions are mostly 
made with economy in mind. Figure 1 presents elements of sustainability and their interrelations as 
understood for this article.  

    

Figure 2. Brundtland elements of sustainability [11] 

From the Brundtland perspective, sustainability is achieved when all the elements are considered in 
balance. When only two elements out of three are considered we get Social-Environmental, 
Environmental-Economic or Economic-Social approaches to sustainability. Although the Social-
Environmental perspective follows the spirit of the original Brundtland definition (Inter-generation 
equity), more emphasis in literature and actual activities has been put to Economy-based approaches. 
Business ethics and fair trade within corporate social responsibility approach have been studied 
intensively during the last few years [12], [13]. Similarly, eco-efficiency of products and services has 
been realized as “green” solutions. It seems that in modern market driven society the social aspects of 
sustainability are not seen as important as economical and ecological [4], [14]. Environmental 
catastrophes get more visibility than use of child labour in some developing country. 

The three main dimensions, ecological, economical and social, have been used for some time. In 
addition to the three most cited dimensions, technical and individual dimensions have recently been 
proposed to be added to the model [15], [16]. Robert Goodland presents in his article [15] a human 
perspective to sustainability, i.e. sustainability that “is a private good of individuals, rather than 
between individuals or societies”. This individual dimension is close to social dimension with the 
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exception of personal interests for or against the sustainability. The other proposed dimension to the 
sustainability is related to the technical development. Penzenstadler defines in [15] the technical 
perspective as “longevity of systems and infrastructure and their adequate evolution with changing 
surrounding conditions”. In this definition, the technical perspective could be seen as a target for 
sustainability rather than a tool.  If considering the tool aspect, technology could have a more important 
role in our quest towards sustainable future. Bill Tomlinson in his book Greening through IT [17] 
emphasizes the role of IT/ICT in achieving sustainability in other domains as well. 

All these five proposed dimensions of the sustainability have been combined by Becker et al. in [18]. 
Illustration of this approach is presented in Figure 3. Compared to the original Brundtland report based 
model (Figure 2) the representation of elements in between two sustainability dimensions is harder 
and the model emphasizes more on the effects and consequences of selections in various sustainability 
dimensions.  

 

SOFTWARE AND SUSTAINABILITY  

In the last decade, the role of ICT and software systems in particular in sustainable development 
including the protection of the environment and climate change has received significant attention in 
different types of international societal forums as well as academic societies. Several conferences and 
workshops on the topic of “Green informatics ICT” and “Green Software Engineering’’ have been 
organized and the interest in ICT’s applications is not as much appreciated and often fails to get the 
attention it deserves to develop innovative solutions instead of just raising problems and basic usages 
of ICT such as environmental information Web sites (E.g. WWF). 

The ICT research community at large should focus more deeply on the power of design techniques, 
interactive technologies, techniques for environmental information visualization and mining that lead 
to an optimal environmental governance and better sustainable development strategies. We do believe 
that one way to achieve this will be via ICT tools, services and technologies that are based on the best 
green practices and behavior of the citizens. We argue that via ICT, user/citizen can contribute not only 
to the protection and restoration of the environment, the reduction of natural resources consumption 
but also the risk of ecological/environmental disasters with consequences on the quality of human life. 

Originally, green ICT was understood to be limited to the direct effects of ICT on the environment, but 
nowadays, it is often considered to include the use of ICT to improve the environmental efficiency of 
other industries and domains [19], [20], [21].  
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Figure 3. Effects of selection on various sustainability dimensions [18] 

 

DEVELOPING MODEL FOR SUSTAINABILITY EVALUATION OF ICT PROJECTS 

The aim of this study is to develop a model that allows evaluation of the ICT projects with regard to its 
sustainability effects. In order to do this, various elements need to be taken into account. We divided 
our approach into three levels: Effects, Domains and Readiness.  

 

Sustainability effects 

Sustainability effects can be considered both from the sustainability dimension and from the 
sustainability impact perspectives. Sustainability dimension perspective focuses on the dimensions the 
ICT project is emphasizing while impact perspective looks at how and when the effect is achieved.  

In sustainability dimension we focus on the traditional Brundtland based approach (Figure 1) with only 
ecological, economical and social aspects. The extended Becker approach (Figure 2) would bring some 
new perspectives but would lack the possibility to express solutions with for example only economic-
environmental effects and it would be too complex to present several projects in a single figure. The 
ability to simply visualize project in relation to the emphasized sustainability dimensions is considered 
important and as such the simple Brundtland visualization is appropriate. 

The sustainability impact perspective as visualized in Figure 3 emphasizes how and when the effects of 
sustainable solution are achieved. The three-level perception to the impacts of ICT on environmental 
sustainability was given by Berkhout and Hertin in their report to OECD [22].  The first order effects 
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mainly consist of consequences of ICT manufacturing, distribution and disposal. At the same time, they 
also create opportunities for improvements (which on the other hand may cause the rebound effect). 
The second order effects are consequences of ICT usage in its application domain. In general ICT enables 
efficiency improvement though “intelligent” or smart solutions or in general through “digitalization”.  
The third level effects are presented as long-term effects due to structural and societal changes. The 
European Information Observatory in their article about the impacts of ICT on sustainable development 
[23] connected the impacts to the different sustainability dimensions. Later on Hilty [24] presented a 
model, LES, which captures the various effects and shows the relationship between them. Hilty also 
connected the impacts to the perception of “ICT as a part of the problem” and “ICT as a solution to the 
problem” giving a two dimensional presentation of the impacts. The outcome of all these perceptions 
is that the sustainability effects of ICT solutions need to be considered in various time scales. Some 
effects (negative or positive) are immediate, while others may take time. Some effects are direct while 
others are indirect.  

The original Brundtland visualization does not consider the orders of effect while the Becker approach 
does. The simplicity and sustainability dimension is so important that in our approach the Brundtland 
visualization is used for sustainability dimension and the orders of effect are connected to other metrics 
(Domains and Readiness). 

Sustainability domains 

Like the sustainability effect works [22], [23], [24] have demonstrated ICT solutions are often applied 
to other sectors for the second order effects – the so-called application domains. This second order 
effect is often seen more important and influential than the direct first order effects because it 
accumulates. The publications of global e-sustainability initiative [19], [20] and [21] have presented 
both the enhancement possibilities of ICT technologies as well as the possibilities for ICT to enhance 
other fields. The #SMARTer2030 report [21] estimates the ICT benefits to be 9,7x the actual ICT 
footprint. The reports from global e-sustainability initiative provide eight main application domains 
(Energy, Health, Buildings, Work & Business, Education, Food, Manufacturing, Mobility & Logistics) for 
ICT solutions. In our sustainability evaluation these domains are used for pinpointing the effects of the 
solutions. The domains approach can easily be combined with the effects analysis and the readiness 
assessment. 

Sustainability readiness 

Technology readiness levels (TRL) like presented by Mankins [25] can be used to evaluate how far the 
solution is from actual utilization. The original article by Mankins divided the readiness into 9 levels 
from basic observations and reports (Level 1) to solution proven in actual operation (Level 9).  Mankins 
was focusing on NASA space technology but the terminology can be changed to support any technology. 
Some studies have shown that it is not easy to use the approach [26], especially when not all of the 
topics focus on technology as such. EU Horizon 2020 programme has defines technology readiness with 
technology agnostic way21. Levels 1-2 represent technology in theoretical level, levels 3-4 represent 
technology in lab, 5-6 in relevant environment, and 7-8 in operative environment. Finally, level 9 
represents a system that has been proven in operation. We find it important that in addition to the 
application domain and intended impacts the readiness level of the solution is to be evaluated. For 
example, a proof of concept implementation of some new energy-efficient algorithm is on level 3 while 
the same algorithm demonstrated in relevant environment like in a router would be on level 6.   

                                                           
21 https://ec.europa.eu/research/participants/data/ref/h2020/wp/2014_2015/annexes/h2020-wp1415-annex-g-
trl_en.pdf 
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Sustainability evaluation model of ICT projects 

In our sustainability evaluation model we emphasize the effect, domain and readiness factors. The 
effect is partly presented by Brundtland visualization (Figure 2) and partly by OECD impacts. The domain 
evaluation uses Global e-sustainability initiative domains. Both the domain and readiness evaluation 
happens in relation to the impacts. Figure 4 below presents the visualizations of the ICT project 
evaluation. 

 

CASE ERASMUS MUNDUS PERCCOM 

The sustainability evaluation model was applied to the thesis projects implemented in the Erasmus 
Mundus PERCCOM programme during the first cohort of students.  

Erasmus Mundus programme 

PERCCOM – Pervasive computing and communications for sustainable development [8], [9] is an 
Erasmus mundus master’s programme (2013-2019) on sustainable development. Objective of this 
programme is to fill the gap between sustainable development challenges and education activities, 
especially on ICT sector. PERCCOM aims to transfer emerging sustainability challenges of the businesses 
and society into educational activities with the emphasis on ICT as a main driver. PERCCOM is a multi-
perspective approach as it aims to combine the strengths, competences and views of experts in 
different ICT domains.   

One of the key elements of the PERCCOM programme is that each PERCCOM student does a master’s 
thesis project that combines sustainability and ICT solutions. As such the outcome of the programme 
suits well as a case study for the evaluation model.  

Analysis of first year thesis works 

Table 1 lists the thesis works done by the first cohort of the PERCCOM programme.  
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Table 1: Thesis topics of the first cohorts 

Cohort Thesis topic Location 

1 

Power consumption measurement and scenario based energy model in 

wearable computing applications Bremen 

1 Load balancing in p2p smartphone based distribution system CSIRO 

1 Analyzing and computing the sustainable gains of building automation Harz 

1 

Development of an Ecology-Oriented Software-Defined Networking 

Framework ITMO 

1 

Implementing Green IT approach for transferring Big Data over Parallel 

Data Link ITMO 

1 Energy consumption of applications on mobile phones Leeds 

1 

A web-based environmental toolkit to support small and medium-sized 

enterprises in the implementation of their own environmental 

management system Leeds 

1 CloudSimDisk: Energy-aware Storage Simulation in CloudSim LTU 

1 

A Bayesian approach for forecasting heat load in a district heating 

system LTU 

1 

Sensor communication in smart cities and regions: An efficient IoT-

based remote health monitoring system LTU 

1 Green aspects study in game development LUT 

1 Sustainable computer science education  LUT 

1 Green ICT metrics and Biomimicry UL 

1 Benchmark of routing protocols regarding green considerations UL 

1 Modeling energy consumption of a switch using fuzzy-rule classifier UL 

1 

Analyzing the power consumption behavior of Ethernet switch using 

Design of Experiment UL 

1 Green service level agreement under sustainability lens in IT industry UL 

 

These thesis projects were analyzed by using the Effects, Domains and Readiness elements of the 
evaluation model. The effect is partly presented by Brundtland visualization (Figure 2) and partly by 
OECD impacts. The domain evaluation uses Global e-sustainability initiative domains. Both the domain 
and readiness evaluation happens in relation to the impacts (which partially relate to Figure 3). Figure 
4 presents the outcomes of the analysis. The upper left hand corner shows the effects perspective, 
upper right hand corner presents domain perspective and lower figure the readiness perspective. 
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Discussion 

This paper was looking at the various sustainability dimensions and considered how the focus and 
effects of various ICT projects could be evaluated. Our approach was divided in three levels: Effects, 
Domains and Readiness.  

 The effects perspective emphasizes the dimensions of the sustainability. The effect can be 
evaluated in sense of sustainability dimension (what) and in sense of impacts (when). The effect 
is partly presented by Brundtland visualization (Figure 2) 

 The domains perspective emphasizes the scope of the effect (where). This perspective does not 
evaluate if the solution could be used in various domains i.e. generalization of the solution. 
Domains perspective should also be linked with the sustainability dimensions.  

 The readiness perspective emphasizes the readiness level of the proposed solution (when). 
Although the readiness perspective is linked to timing of the solution it has different focus than 
the effects perspective. Readiness level could also be evaluated through the difference made in 
industry by the thesis. This evaluation should also consider those more theoretical works as they 
may have influence on later research. 

 

The evaluation of the thesis works was done by professors and no actual self-assessment by the 
students were performed.  

 

 

Figure 4. Sustainability evaluation of PERCCOM thesis projects 
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CONCLUSION 

This article has summarized different perceptions of sustainability and its relation with ICT and 
especially projects in the field of ICT. ICT has been recognized as a crucial conduit for enabling all 
industries to head towards a low carbon circular economy. It offers a major opportunity to achieve 
emission savings by its enabling effect on many industries. The SMART 2020 and SMARTer 2030 reports 
have highlighted its potential for environmental, social and economic benefits, from greening up to 98% 
of human activity sectors (e.g. logistics, building, power transmission, transport, and industry) to 
improved techniques, tools and methods for enabling a 20% reduction in CO2 emissions by 2030 [19], 
[20], [21]. Yet, to achieve sustainability, we need not only more efficient ICTs, but also behavioral 
changes in humans to enable a true transition to a sustainable society, one that solves problems 
collectively. A model-based analysis of the focus and effects of various ICT projects on a sustainability 
project has been presented, in order to improve the understanding of sustainability perceptions within 
the ICT field. The use of Effects, Domains and Readiness perspectives allows evaluation a set of projects. 
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ABSTRACT 
 
Participatory sensing is the concept or practice whereby individuals or publics using information and 
communication technologies (ICTs), such as mobile phones, contribute to data collection, analysis and 
sharing of knowledge. In this paper, a gamified mobile application aimed to involve citizens to monitor 
lakes is presented. This application represents an example of ICT for greening, which address an 
environmental issue by actively boosting citizen stewardship via embedded gamification mechanics 
such as challenges, achievement, storytelling and feedback.  
 

I. INTRODUCTION 
 

Global warming has become a topic of discussion in political controversy in the last decade and there 
was a debate in the news on whether global warming is real or just a hoax (Lewandowsky et al., 2013). 
According to NASA’s official website, Earth’s 2016 surface temperatures were the warmest since 
modern recordkeeping began in 1880, and the global average temperature has risen to 0.99 degree 
Celsius. Moreover, both the extent and thickness of Arctic sea ice has declined rapidly over the last 
several decades (“NASA: Climate Change and Global Warming,” n.d.). These important data that help 
scientist study the evolution of climate change can be possible thanks to the satellite and earth 
observation technologies. As such, satellites can capture big terrestrial changes in time, but cannot 
provide granulated information about changes of particular places. As a result of this, onsite 
observations are needed to encompass all Earth observation systems. Involving citizens for such 
purposes poses as great opportunity as there are already 2.1 billion people carrying smartphones 
worldwide in 2016 (DeviceAtlas, 2016). These devices are increasingly capable of capturing, classifying 
and transmitting image, acoustic, location and other data, interactively or autonomously, which can be 
used as data collection instrument. 
 
Humans have a natural instinct to understand and explain phenomena and the environment. This has 
led us, to observe our surrounding nature and society since ancient times. The practice of having 
independent professionals and regular citizens cooperating evolved through the human history, 
becoming known as “citizen science” or “participatory sensing” by computer scientists. Where 
professional scientists and engaged laypeople (citizens) collaborate actively in the conduct of research 
-  such as data gathering, classification and dissemination - is a (Bonney et al., 2009; Chilvers et al., 2014; 
Dickinson & Bonney, 2012; Palacin-Silva et al., 2016; Paul et al., 2014; Resnik et al., 2015). Participatory 
is a term which represents the “share” or “balance” of power between “experts” and “publics” 
(Lawrence, 2006). Participatory sensing is used to describe the process whereby publics contribute to 
systematic data collection, analysis and dissemination through information and communication 
technologies (ICTs) (Estrin, 2010; Goldman et al., 2009).  
 
This paper presents an ICT for greening tool for lakes monitoring. Design science was used as a research 
methodology. This mobile participatory sensing application called “Jarvi” was developed as a mean to 
enable citizens to monitor their environment. This application represents an example of ICT for 
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greening, which address an environmental issue by actively boosting citizen stewardship via embedded 
gamification mechanics such as challenges, achievement, storytelling and feedback. 
 
This article presents in section two, the related work about participatory sensing, water monitoring and 
the used methodology. Then, section three introduces Jarvi, its architecture and analysis of the 
application based on its effects on the sustainability dimensions. Consequently, section four discusses 
the relevance of this tool and the current challenges for the field of participatory sensing. Finally, 
section five concludes this article.  
 
 

II. RELATED WORK 
 

This section will describe an overview of work in participatory sensing driven by public participation, 
the domains in which participatory sensing is applied, the importance of lake observation, and finally 
present Design Science as a method of inquiry.  
 

A. Participatory sensing as a tool to enable public participation 
 

Participation approaches have progressed through a series of phases (Reed, 2008) from awareness 
raising in the 1960s to empowerment of citizens to directly effect on the sustainable development from 
their local environments nowadays. As result of this evolution, participatory sensing structures have 
advanced to meet a new series of characteristics (Albertao et al., 2010; Zaman & De Meuter, 2015) 
from Involving citizens as active partners, targeting environmental monitoring, raising public 
awareness, bringing communities together (building social capital within the community) and, 
supporting better and informed decision making.  

A study pointed out nine major reasons that lead stakeholders to join and participate actively in a 
participatory sensing projects (Palacin-Silva et al., 2016): 

1. The participant understands the data benefits from his/her contribution for society and in 
particular for himself/herself. 

2. The participant has a special interest in monitoring certain phenomena due to personal concerns 
such as activism, allergies or generate savings. 

3. The participant practices particular recreational activities and submit observations does not 
influence negatively its experience. 

4. The participant appreciates public recognition and in some cases, is very eager to pursue it (e.g. 
citizen of the year in certain town or certification as citizen observer of water). 

5. The participant enjoys getting immersed in games (which can be of different types) and achieve 
goals on it that can translate into real awards. Story–based games can be a powerful tool for 
attracting participants to citizen science tasks. 

6. The participant (citizen or organization) is eager to be a partner in a citizen science project, to 
receive responsibilities and gains from it. 

7. The participant is looking for new ways to save/earn benefits. 
8. The observer has ideas to improve the way data is being collecting and wants that those ideas 

are taken seriously. 
9. The observer appreciated to have a recognition for his knowledge providing observations due to 

trainings. 
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B. Participatory Sensing Applications  
 

A study reviewing the trends and engagement practices of 108 participatory sensing projects around 
the globe found eight domains of application within participatory sensing (Figure 1) (Palacin-Silva et al., 
2016). The top application of participatory sensing projects is environmental monitoring (66%). 
Followed by the three other domains: species monitoring (23%), city management (19%) and, water, 
streams snow and sea monitoring (18%) projects.  
 

 
Figure 1: Participatory sensing projects domains of application from (Palacin-Silva et al., 2016) 

 
An example of a participatory sensing for environmental monitoring is Järviwiki22, which is a web service 
which is built and maintained in cooperation by authorities and normal citizens. It is founded and 
maintained by the Finnish Environment Institute (SYKE) since March 2011. It was created with the aim 
of sharing information on Finland's lakes, raising awareness and promoting the protection of the 
waters. Järviwiki allows volunteers across Finland to report the observation of lake, sea, aqua plants 
and animals.  
 

C. Water bodies monitoring 
 

Water is vitally important for every aspect of our lives. Water monitoring is a crucial part of 
environmental monitoring since water quality doesn’t affect only aquatic life but also ecosystems as a 
whole. Lake and river ice seasonality, known as dates of ice freeze-up and breakup, responds sensitively 
to climate change and variability (Sharma et al., 2016). “Freeze-up” is defined conceptually as the time 
at which a continuous and immobile ice cover forms, while “breakup” is basically the time when the ice 
cover begins to move downstream in a river or when open water becomes extensive at the 
measurement location for lakes. Due to its importance to many human activities, freeze-up and 
breakup dates of lake and river ice have been recorded for a long time at many different locations 
around the world. These records offer significant climate information, and are used for climate change 
research, the preparation of flood forecasting and other security situation awareness.  
 

D. Design Science as a Method of Inquiry  
 

Design Science is the scientific study and creation of artefacts as they are developed and used by people 
with the goal of solving practical problems of general interest. An artefact is an object made by humans 
with the intention to be used for addressing a practical problem that is a gap between the current state 

                                                           
22 www.jarviwiki.fi 

http://www.jarviwiki.fi/
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and a desirable state (Johannesson & Perjons, 2014). There are five important steps in Design Science 
research (Figure 2).  

 
Figure 2: Design Science process adapted from (Johannesson & Perjons, 2014) 

 
1) explicate the problem: investigates and analyses a practical problem, 2) define requirements: 
outlines a solution to the explicated problem in the form of an artefact and elicits requirements, which 
can be seen as a transformation of the problem into demands on the proposed artefact, 3)design and 
develop artefact: creates an artefact that addresses the explicated problem and fulfils the defined 
requirements, 4) demonstrate artefact: uses the developed artefact in an illustrative or real-life case, 
sometimes called a “proof of concept”, thereby proving the feasibility of the artefact, 5)evaluate 
artefact: determines how well the artefact fulfils the requirements and to what extent it can solve, or 
alleviate, the practical problem that motivated the research (Johannesson & Perjons, 2014). 
 
 

III. JARVI Application 
 

The application called “Jarvi23” was developed for lake’s ice condition observation. The application used 
gamification, game design elements in non-game contexts (Deterding et al., 2011), as an incentive to 
engage participants. At the first time using the application, participants are prompted to type their 
username, email and password. The participants’ registration to the system are handled by a Firebase 
authentication service. Once participants successfully register, they are directed a list of storyboards. 
Each storyboard describes a story related to global warming and asks participants to accept the 
challenge (by submitting observations). After participants choose to accept the challenge, they will see 
the map containing all previously recorded observations. Participants can click on a marker in the map, 
and a submission page will appear. In the submission page (Figure 3), participants are asked to select 
observation parameters. For example, in the ice on lake observation, the observation parameter has 3 
values: no ice-covered (water has not yet frozen or completely melted), partially ice-covered (water is 
partially frozen or melted) and compactly ice-covered (water is compactly frozen and ice thickness can 
be measured). Participants can also upload a photo, select a photo from their personal library and add 
a description for the observation. Participants will receive 20 points after each successful submission, 
and the top 10 participants who have the most points will appear on a leaderboard. Meanwhile, 
participants can see their own progress and the overall data that has been submitted in their region 
(Figure 4).  
 

                                                           
23 Demo: https://www.youtube.com/watch?v=sDQa8ijkJ40 

EvaluationDemonstration
Design & 
develop 
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Define 
requirements

Explicate 
problem

https://www.youtube.com/watch?v=sDQa8ijkJ40
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Figure 3: Submission page   Figure 4: Statistic page 
 

A. Architecture 
By using web technology, Jarvi can be operated on both the Android and iOS platforms. The application 
was built by using Ionic 224, a powerful HTML5 SDK built on top of Angular 2 and Apache Cordova. 
Firebase25 was used for backend as a service. Users were signed up and signed in to the application by 
using Firebase authentication service, which integrates tightly with other Firebase services and 
leverages industry standards like OAuth 2.0. Firebase database, a real-time NoSQL database, was also 
used to store data that allows operations to be executed quickly. Firebase cloud storage was used to 
store all the images submitted by users, which this storage integrates seamlessly with Firebase 
authentication to secure file uploads and downloads. The architecture of the application is presented 
in Figure 5 below.  
 
 
 
 

 

Figure 5: Application Architecture 
 

B. Gamified Elements 
 

Gamification was defined in different terms between the academia and industry, which serve the 
similar purposes. From academic perspective, gamification is “the use of game design elements in non-
game contexts” (Deterding et al., 2011). On the other hand, people from industrial background such as 
vendors and consultants describe gamification as “the process of game-thinking and game mechanics 
to engage users and solve problems” (Zichermann & Cunningham, 2011). In the developed application, 
six gamified elements (Rollings & Adams, 2003; Zichermann & Cunningham, 2011) used to engage 
participants are presented in table 1.  

                                                           
24 http://ionicframework.com/ 
25 https://firebase.google.com/ 
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Table 1: Gamified Elements in Jarvi 

Visualization 
on map 
 (Figure 6) 

Map is adopted as a main part of this application. Users can choose to submit 
new observations from pinned points on the map or add new points when 
there is no observation point near them. Once users submit an observation 
from that specific point, that observation point will change the color (from 
red to green) to acknowledge that there is a submission from this point.  

Challenge The observation task is described (via storytelling) as a mission that users 
need to carry on for specific period of time. 

Storytelling 
(Figure 7) 

Storytelling as a narrative approach has been used to make the game 
appealing and boost players attachment.  

Points and Loss 
aversion 

Users who routinely submit observations in the system will be rewarded 
experience points (XP). But, users who are not active enough will be 
punished by reducing their total earned points. The term used to describe 
the way of punishment is “Loss aversion”. 

Leaderboard 
(Figure 8) 

Users are ranked according to their points records. The username and 
respective points of ten users who get the highest points from the system 
will be displayed in the leaderboard. 

Feedback 
(Figure 9) 

Without proper feedback, users can feel lost and unengaged. Feedback is 
implemented in a way of showing users’ points and their records of 
observation activities. This technique is to make users feel that their 
contributions are not taken for granted and it also can give them the feeling 
of satisfaction from seeing their own contribution records. 

 

                         
 

Figure 6: Visualization on map    Figure 7: Storyboard         Figure 8: Leaderboard 
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Figure 9: Feeback 
 
 
 

C. Sustainability Analysis of Software 
 

Sustainability and sustainable development26 have become increasingly important concerns over the 
past decades. On 2005 world summit on social development, sustainability was presented as the 
integration of three important components, known as the three pillars of sustainability, namely 
economic, social and environmental sustainability.  
 
As software systems strongly affect our daily lives. Thus, supporting sustainability in software 
engineering explicitly would impact the process of making our planet greener in the long run and 
improving our societies, our economies, as well as our environment (“Software Engineering for 
Sustainability (SE4S),” n.d.). Although there is no common definition for sustainable software 
engineering yet, engineers are already approaching practically specific topics that are related to a 
sustainable impact such as: network optimization such as: energy efficiency (Owusu & Pattinson, 2012), 
efficient algorithms, smart grids as the future of our society (Friderikos et al., 2014), green IT, agile 
practices and, knowledge management (Penzenstadler et al., 2012). In addition, Albertao et al., (2010) 
pointed out that the focus on requirements engineering (RE) and quality assurance (QA) are key 
elements to improve the sustainability performance in software-related projects. 
 
A sustainability analysis model was proposed by (Becker et al., 2016) to assess the systemic effects of a 
software on the five dimensions of sustainability. This model focuses on the following three core 
systemic effects defined by (Hilty & Aebischer, 2015): 

 Immediate effects: Direct effects of the entire life-cycle of the software system. 
 Enabling effects: Appear from the use of the system over long periods of time.  
 Structural effects: “persistent changes observable at the macro level” (Hilty & Aebischer, 2015) 

 

                                                           
26 The term ‘sustainable development’ is defined as the “development that would satisfy the needs of the present without 
compromising the ability of future generations to meet their own needs” (Brundtland, 1987). 
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The model by (Becker et al., 2016) was used to assess the systemic effects of Jarvi on the five 
sustainability dimensions. The analysis is presented in Figure 10. The arrows represent the enabling 
relationship of each effect. For example, by providing the information on the state of the lakes, the 
system can raise environmental awareness of the individual. Once people understand more about 
environmental problems and sustainability, they will eventually lead a sustainable lifestyle.  
 

 
Figure 10:  Selected immediate, enabling and structural effects of system Jarvi in the five sustainability 

dimensions.  
 

IV. DISCUSSION 
 

Jarvi, application with gamification, was deployed along with the normal lake observation application 
in an experiment for 20 days with 21 participants using Jarvi and 20 participants using normal 
application. Both applications were used to observe the lake’s ice condition in Finland. The engagement 
of participants was evaluated by the number of observations, the number of active users and the 
number of dropouts between the two applications. After the experiment, the number of observations 
from Jarvi application was 70% higher than the normal application. The number of active users of Jarvi 
was also 54% higher than the normal app, while the number of dropout between two applications were 
almost the same (one dropout from Jarvi and two dropouts from normal app). Similarly, (Arakawa & 
Matsuda, 2016) also used gamification, such as level, ranking and badges as an incentive mechanism in 
a participatory sensing system called NAIST photo. The sensing tasks were categorized as the task with 
gamification schemes and without gamification schemes. In 30-day experiment of 18 users, the result 
showed that the task with gamification schemes received more responses (73%), while the task without 
gamification schemes had participation probability of 53%. 
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Jarvi is a data collection instrument for citizens, which can benefit the community or society as a whole 
e.g. security awareness, state of lakes etc., without waiting for officials to gather the data (Paulos, 
Honicky, & Goodman, 2007). It also shows potential, not only as an instrument to collect data by citizens 
for scientific research but also as a tool to engage a large community of users in solving environmental 
sustainability (Liu, Kobernus, Broday, & Bartonova, 2014). The mass participation from community 
and/or citizens can improve the effectiveness of management in government and lead to a real and 
valuable public–private-business partnership driven by the needs and opinions of citizens (Johnson et 
al., 2014).  
 
Current Challenges for Participatory Sensing  
 
There are three core challenges for participatory sensing: public involvement, privacy and security and, 
data quality. These issues have been highlighted in the previous literature as well (Burke et al., 2006; 
Campbell et al., 2008; Goldman et al., 2009; Guo et al., 2015). 
 

1. Public involvement: Participatory sensing project can be operated as long as there is a 
participation from the general public or volunteers. Attracting and retaining abundant 
participants are usually a major concern for participatory sensing project as well as socio-
computational system design (Crowston & Prestopnik, 2013). 

2. Privacy and security: Privacy needs to be carefully addressed in participatory sensing because 
sensitive information (personal habits, private locations, and protected locations) is being 
collected. In this context, there is a need to define and respect data ownership, usage rules 
(limits), and accountability (responsibility for the direct and indirect effects of data usage) 
(Palacin-Silva et al., 2016). 

3. Data quality: Data from participatory sensing tends to be redundant because multiple users 
might submit similar observations. The participation that allow anyone to contribute data can 
bring the system to erroneous and malicious contributions (Kanhere, 2011). For instance, 
participants may send incorrect, low-quality or even fake data. On the other hand, faulty 
measurements are possibly recorded even when users may position their devices inattentively. 
For example, sensor may sense the urban noise data when user places mobile phone in a pocket 
or bag. Due to this Tweddle et al., (2009) highlighted the importance of training materials, user 
supports and even direct communication channel for participants to achieve high quality data 
and minimize the complexity of the tasks. A possible method to assure data quality is comparing 
the measurement collected within a predefined time window to determine the most frequent 
value, the mean and the standard deviation (Mazzoleni et al., 2015). 

 

V. CONCLUSION 
 

Participatory sensing has become the prevailing research topic and interest due to the popularity and 
accessibility of modern smartphones with digital image and GPS coordinate capabilities. In this paper, 
we presented the ICT for greening tool Jarvi, a gamified mobile application for lake monitoring. The 
application enables citizens to monitor and understand the ice condition of lakes, receive safety 
information and gain awareness of climate change. Despite being used for lakes observation, this 
gamified application has potential to be applied in any other domains of participatory sensing.  
 
In order to achieve sustainable development, tools for monitoring the environment and society like 
Jarvi are required. Such tools represent an opportunity for large-scale monitoring, balance of powers in 
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society, raising awareness of individuals and communities as well as addressing climate change as we 
cannot control nor improve what we do not monitor.  
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Abstract 

Evidence suggests that physical activity brings substantial health benefits while its absence causes 

several health issues. As people become more aware of negative health outcomes associated with 

physical inactivity, the shift from sedentary lifestyles to healthier ones occurs, and physical activity 

tracking apps may help in this regard. While mobile applications for tracking physical activity are 

abundant, most of them fail to deliver evidence-based recommendations. This is a major drawback 

especially when these apps are designed to guide users towards healthy lifestyles. This paper 

presents a prototype application that could provide evidence-based recommendations about how 

much physical activity adults should do to stay healthy according to the user’s current activity level. 

A new visualisation approach which uses animal representations for activity levels is also 

introduced to enhance user experience, increase motivation and create a good base for further 

integration of gamification principles. Early testing showed that users found the prototype very 

useful and expressed great interest towards the animal representations. 

INTRODUCTION 

Time and again, scientific evidence has proved that engaging in physical activity and exercise has 

enhanced the quality of life and brought positive health outcomes. According to Kruk (2007), physical 

activity helps reduce mortality risks by preventing several chronic diseases such as cardiovascular 

problems, cancers, diabetes, hypertension and obesity. Improving physical well-being through exercise 

also helps generate more positive emotions and significantly reduce depression and anxiety (Strohle, 

2009). These health benefits apply to both genders of all ages from all over the world (Department of 

Health and Human Services, United States), (Chi Pang Wen et. al, 2011). 

Physical inactivity on the other hand associates with many health problems. Each year, this ‘fourth 

leading underlying cause of death’ (World Health Organization, 2009) killed more than 3.3 million 

people around the globe (Pratt et al., 2014).  Along with morbidity and premature deaths, sedentary 

lifestyle also places a large burden on the health-care system. In 2013, it cost the worldwide health care 

system approximately 53.8 billion US dollars on both public and private sector (Ding et al., 2016). 

Despite the well-known benefits and consequences, a large part of the world population remains 

inactive. According to a Eurobarometer survey (TNS Opinion & Social, 2014), approximately 59% of 

Europeans never or seldom play sports and these figures had not experienced any significant changes 

since 2009. When it comes to the intensity of exercise, more than 44% of all respondents admitted that 

they did not perform any moderate or vigorous activity within a week and roughly 13% of them did not 

walk for at least 10 minutes in some given days. In Asia, the proportion of physically inactive citizens is 

even higher, accounting for 40% to 80% of the population (Wen et al., 2011). 
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At the same time, the world also experienced a rapid growth in the mobile phone market. There were 

approximately 7.5 billion mobile subscriptions worldwide in 2016 with slightly more than half of them 

using smartphones (Ericsson, 2016). Within a relatively short period of time, ubiquitous mobile devices 

have reinvented our daily lives by providing not only standard facilities (e.g. calls, messages) but also 

other advanced functionality (e.g. GPS tracking, sensing ability). This has offered an enormous 

opportunity to tackle many social challenges including physical inactivity. 

When these two trends converge (Steinhubl et al., 2015), the wish of having a mobile application that 

can guide user towards a healthy living style is made possible (Silva et al., 2015). Since the very 

beginning, this area has received a tremendous amount of attention and constantly grows over time. 

In 2013, there were approximately 23,490 and 17,756 apps in both the Apple store and Google Play 

respectively categorised in the health and fitness section (Middelweerd et al., 2014). Most applications 

provide tracking of physiological variables (e.g. physical activity, calorie intake, and sleep quality) while 

detecting behaviour pattern changes and informing users of the changes (Silva et al., 2015). 

Measurements provided by fitness apps are deemed to be more accurate compared to self-reported 

ones (Prince et al., 2008), (Dyrstad et al., 2014), giving users a more comprehensive view about their 

activity levels. 

While the number of mobile applications for health and fitness has spiked quickly over the past few 

years, research pointed out that two major gaps remain. Firstly, while studies on the sufficient amount 

of physical activity/exercises are abundant, most of the available applications failed to deliver evidence-

based recommendations about the sufficient amount of physical activity adults should perform to gain 

considerable health benefits (Knight et al., 2015). This is a major drawback especially when these apps 

are designed to guide users towards healthy living styles. Secondly, available apps on the market are 

primarily focused on improving accuracy and making the app more appealing to users while paying 

much less attention to the long-term usage and its sustainability.  

This research addresses the two aforementioned shortcomings by incorporating the latest research 

results on physical activity and sustainable designs into an application called GreenMed which helps 

users to keep track on their physical activities, gives evidence-based recommendations, and delivers 

insights (e.g. statistics, behaviour patterns). We also propose a new approach to visualise physical 

activity levels, using animal representations which may bring fun to the visualisation and create a good 

base for further incorporation of gamification aspects and behaviour changing techniques. 

 

RELATED WORK 

As health awareness improves, the need for personal tracking tools that can reflect daily physical 

activities also grows. Traditionally, activity assessments are carried out through subjective methods 

such as diaries, questionnaires and surveys. Although these methods are simple and inexpensive, they 

are prone to bias since the data qualification depends primarily on self-observation and individual 

interpretations (Prince et al., 2008; Dyrstad et al., 2014). Technological interventions, on the other 

hand, provide more objective measurements through various methods. Mobile applications are 

increasingly useful in this area (Fanning et al., 2012) thanks to the ubiquity and growing capability of 

personal devices. Built-in sensors (e.g. accelerometer, gyroscope and GPS) in smartphones are very 

effective in delivering physical activity information (Yang et al., 2010) while giving users a better sense 

of privacy compared to video recording methods. 
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Various mobile applications support tracking of user’s physical activity, and many of them aim for 

promoting fitness or weight loss (Gemma Flores Mateo et al., 2015; Middelweerd et al., 2014). The 

common goals are usually to determine types, duration and intensity of user’s motion during a period 

of time while generating feedback in the form of notifications of statistics based on the collected data. 

MyFitnessMap (free version) (MyFitnessMap, n.d.), for example, allows the user to record a workout 

session in various measures (e.g. duration, distance, pace, speed, calories burned and travelled route). 

The app encourages users to work out more for weight management purpose but does not provide any 

evidence-based guidelines for users who exercise just to stay healthy.  

To improve the estimation of activity detection, additional wearable devices (Mukhopadhyay, 2015) 

such as hip/wrist bands or smartwatches are sometimes required. Although these devices are still in 

their early stage of diffusion, various research (Mercer et al., 2016; Yang et al., 2016) suggested that 

users have strong interests in them. However, when it comes to supporting health and fitness apps, 

these devices are considered more of facilitators than drivers (Patel et al., 2015). 

Gamification is very common among health and fitness applications (Lister et al., 2014). Game-likened 

rewards and incentives are added as ways to improve users’ motivation and engagement (King et al., 

2013). Change in a user’s behaviour may occur as a result from its impact (Ferguson, 2012). 

Applications within the fitness category also adopt various behaviour changing techniques 

(Middelweerd et al., 2014; Conroy et al., 2014; Yang et al., 2015), aiming to establish and cultivate 

healthy lifestyles. The most common technique is providing instructions or demonstrations of specific 

physical activities (Conroy et al., 2014). Other techniques such as providing feedback on performance, 

goal setting/reviewing and social support are also very popular although some of them only appear in 

paid apps. 

METHODOLOGY 

The methodology can be largely divided into three parts, including application development, 

application implementation and survey design. 

Application development 

This paper proposes an application which helps users track their physical activities (e.g. types of activity, 

time, and duration), gives evidence based suggestions about the remaining amount of physical activity 

that users should do and highlights behavior patterns by extracting insights from the collated 

information.  
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Figure 1. System Architecture 

As illustrated in Figure 1, GreenMed was developed based on Google Fitness APIs, a service of Google 

Play Services.  Physical activity data (types and durations) and relevant environmental and locality data 

such as weather, sunrise and sunset time, etc. are collected and stream to the analysis component 

where the application calculates physical activity levels and generates recommendations. Data analysis 

also provides statistical data of physical activities that users performed daily, weekly and monthly, 

giving the user a glimpse into their behaviour patterns. Finally, the app visualised data conveyed in the 

analysis component to the user. 

Different types of physical activities with different durations and intensities have different impacts on 

health. Vigorous-intensity activities (e.g. cardiorespiratory fitness, running, sports) yield larger mortality 

reductions while moderate-intensity activities in daily living (e.g. gardening, doing chores) and physical 

activities for transportation (e.g. cycling, walking) deliver smaller health benefits. Based on several 

physical activity guidelines (Leitzmann et al., 2007; Physical Activity Guidelines Advisory Committee, 

2008; World Health Organization, 2010), adults should exercise for at least 150 minutes of moderate-

intensity activities or 75 minutes of vigorous-intensity activities, or an equivalent combination of both 

to achieve substantial health benefits. For even greater health benefits, adults should exercise for 300 

minutes of moderate - intensity, or 150 minutes of vigorous-intensity activities every week. Other 

research also suggests that health benefits can still be found even with smaller doses of physical activity 

compared to the recommended levels (Wen et al., 2011; Lee et al., 2014). For example, with 15 minutes 

a day of moderate intensity activities such as walking and cycling or 5 - 10 minutes of moderate to 

vigorous intensity activities such as running and jogging, people can reduce mortality risks by 14%.  

To give suitable recommendations, a user’s physical activity is first categorised into four activity levels 

depending on activity types, intensity and durations: 

● Inactive: Little (less than 5 minutes) or no physical activity; 

● Slightly Active: The user has done some physical activities but under the minimum level (15 

minutes of moderate-intensity activity or 5-10 minutes of vigorous-intensity activity); 

● Moderately Active: The user has done more physical activity than the minimum level but still 

under the recommended level (at least 30 minutes a day); and 

● Highly Active: The user’s physical activity level is above the recommended level. 
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Based on a user’s current activity level and environmental data, recommendations are generated. 

These recommendations are designed to guide users toward the next level in the activity scale, step by 

step until they have reached the recommended levels. Relevant information such as weather, sunrise, 

sunset time and current temperature will also be given, helping users to plan their day better so they 

could make room for appropriate physical activities during the day. For example, if sun sets after 8:00 

PM and the weather is nice, users are suggested outdoor activities. Recommendations will be given not 

only daily but also weekly, encouraging users to stay active every day rather than being highly active 

one day and then being inactive for the rest of the week. 

In Data Visualisation, along with recommendation, details of activity data are also visualised, giving the 

user a comprehensive view into their activity patterns. Figure 2 presents screenshots of the prototype. 

The left shows activity logs per hour, while the middle is for the past 7 days and the right shows monthly 

logs. In this log, for each day, if a user performed some physical activities, it will be marked with a small 

square. A green square represents Highly Active level, a blue square represents Moderately Active level 

and a grey square represents Slightly Active level. 

 

Figure 2. Activity logs 

In this prototype, we also apply animal representations into visualising the user’s physical activity levels. 

Depending on the user’s current activity levels, they will get an animal that shares a similar activity 

pattern as an avatar. When the user touches this avatar, a pop up will appear with some general 

information and fun facts about the animal. This way, the app helps by stimulating curiosity and 

improves awareness about the animals living around us. This also adds an element of gamification to 

using the app (e.g. achievement), (Lister et al., 2014). Table 1 presents how research on physical activity 

and the animal representation are integrated into demonstrating activity levels. For example, bees are 

very active, therefore, if a user’s activity level is classified as highly active, one will get a bee. Similarly, 

if user is inactive or slightly active, one could get a cat, a sloth or a panda due to the perceived similarity 

in their behaviour patterns. 
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Table 1. Animal representation of physical activity levels 

Daily Activity 
Levels 

Example 
Animal 

Scientific Ref Example 
Picture 

Inactive 

(0 to 5 minutes) 

Sloth 

Cat 

Panda 

 

(Wen et al., 2011) 

 

Slightly Active 

(> 5 to 15 
minutes) 

Sloth 

Cat 

Panda 

(Wen et al., 2011) 

 

Moderately 
Active 

(15 to 30 
minutes) 

Dog 

Sheep 

Cow 

(Lee et al., 2014; Wen et al., 2014; Franklin 

et al., 2006; van Gent et al., 2007) 

 

Highly Active 

(> 30 minutes) 

Bee 

Humming Bird 

Squirrel 

(Department of Health and Human 

Services, United States; Leitzmann et al., 

2007; Physical Activity Guidelines Advisory 

Committee, 2008; World Health 

Organization, 2010) 

 

Application implementation 

Android Fitness APIs were used for developing the first prototype of GreenMed. It was a reasonable 

choice concerning sustainable aspects, mainly for two reasons. Firstly, it reduces data redundancy and 

improves data re-usability by collecting sensing data once and sharing it among compatible apps. Given 

the fact that multiple vendors such as Asus, HTC, LG, Intel and many more vendors are now joining the 

ecosystem, using Android Fitness APIs can make the most out of the same set of data. Secondly, Google 

Fit APIs help ease the device integration process by acting as a transparent layer connecting the 

application and device hardware. If the device is compatible with the Google Fit platform, the 

application can retrieve data from the device. 

Survey Design 

To evaluate the prototype, an installation file, a video demo and an online survey about the application 

were published on social media for a week. If people showed interest in the video, they could install 

and try out the app. Volunteers were asked to try using the app for at least a day to understand the 

application functionality before completing the survey for feedback. The survey focuses on evaluating 

the usefulness of information delivered by the app, but also asked about views on the animal 
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representations as well as the sustainability of the app. Users were also asked about their satisfactions 

levels, asked for suggestions to improve the app, and if they would be willing to use the app when it is 

ready to be published. 

RESULTS 

11 volunteers participated in testing the application with 27.27% female and 72.73% male individuals. 

Most participants have a computer science background with 45.45% of them having working 

experience in mobile development. 

In terms of functionality and usefulness, the information delivered by the app was perceived as very 

useful by the majority with 72.7% of respondents (Figure 3). Participants also showed great interest in 

the animal representations, where some users even cited them as the most inspiring thing in the app. 

When users were asked about how likely they would be willing to try this software again when it is 

ready for public usage, 10 out of 11 respondents ranked their likelihoods from 7 to 10 (the respondents 

could reply between 1 and 10, where 1 is the lowest likelihood and 10 is the highest likelihood) with 

more than 50% of the answers falling into 9 and 10 category.  Similar ratios were found when users 

were asked how likely they would recommend the app to their friends and loved ones. 

 

Figure 3. Evaluation of the application’s usefulness 

When it comes to sustainability, the application has to balance between the accuracy of physical activity 

classification and the battery consumption, so volunteers were asked about their experience with these 

two metrics. For the accuracy of activity classification, 54.5% of respondents reported that they were 

very satisfied while the rest claimed that they were somewhat satisfied. Battery consumption also 

received positive feedback with 63.6% users stating that they barely noticed any battery drain while 

the remaining 36.4% said that the battery consumption was acceptable. 

The app received some interesting suggestions from the volunteer testers. One reviewer thought the 

app should allow users to manually add their activity records, since some users prefer not to bring their 

phone while going out for a run, for example. Users with a strong mobile development background 

suggested improvements in user experience (e.g. notifying users with new recommendations, better 

handling exceptions), and some users mentioned adding information about calories. 
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DISCUSSION  

Compared to available health and fitness applications, our proposed prototype application addresses 

the shortcomings on providing evidence-based recommendations and introduces animal 

representations for physical activity levels to entice or inspire users. Since physical activity patterns in 

humans share a lot in common with those of animals, using animal representations not only gives 

diverse categories of activity patterns to represent users, but also paves the way for further integration 

of educational and gamified elements into health and fitness applications. 

There are several ways one could develop this idea further. One such way is to include reward systems. 

An example reward system can reward users for being active during the week by giving them the type 

of animal that matches their behaviour patterns. With this animal in their collection, they could share 

it on social media or even trade it with their friends if they already have it.  Another way to further 

gamify the app is to develop mini games that utilise the animal characters that the users get every day. 

Although the prototype fulfilled the lack of evidence-based recommendations in available apps, there 

are several limitations. Firstly, this study had few participants, more users with various backgrounds 

and ages are needed to improve the generalisation. Secondly, giving users information about the 

minimum amount of exercise they should do to gain health benefits is very useful but it is not enough 

for cultivating and maintaining a healthy living style. Further incorporation of other aspects such as 

gamification or behaviour changing techniques may help in this regard. Finally, the app uses Google Fit 

APIs, despite many advantages brought by this approach, using APIs means having platform 

dependencies and very little control over the accuracy of activity detection, if at all. 

CONCLUSION 

This paper presents a prototype application that keeps track of physical activity levels while effectively 

visualising it to users and giving evidence-based recommendations according to the user’s current 

activity level. A new approach to visualising activity levels using animal representations is proposed and 

integrated into the prototype. The majority of volunteer test users (72.7%) found the prototype useful 

while the remaining 27.2% agreed on its informativeness. Respondents also showed great interest 

towards the animal representations that are introduced in the app. Further improvements could be 

incorporating gamified elements and behaviour changing techniques into the prototype; enhancing the 

reliability and publishing the app into Google Play Store for a larger scale test. 
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Abstract 

Automation technologies are widely acclaimed to have the potential to significantly reduce energy 
consumption and energy-related costs in buildings. The energy consumption of buildings represents in 
average a total of 41% of the energy usage in the European Union (EU) and from this lot, residential 
buildings accounts for 65.9% of the total energy usage of EU buildings and 27% of the total energy 
consumption in the EU.  
 
However, despite the abundance of commercially available technologies, automation in domestic 
environments keeps on meeting commercial failures. The main reason for this is the development 
process that is used to build the automation front-ends, which tend to focus more on technical aspects 
rather than on the users’ needs.  
 
On the other hand, developing a usable and interactive interface is a complicated task for developers 
due to the heterogeneity of technologies that exist in the system architecture of a Home/Building 
Automation System.  
 
In this paper we recommend the ISO 9241-11 (Guidance on usability, ISO/IEC 1998) standardized User 
Centered Design (UCD) approach as a design method for developing a user interface that meets user-, 
usability- and system requirements. Based on this approach a set of design guidelines are proposed to 
help developers solving the multi-disciplinary design challenges that are involved in this development 
process. A home energy management functionality for a Web-based home automation front-end has 
been developed as a proof-of-concept for this approach. 
 
In addition, due to a lack of recommendations to assist developers in making an informed decision about 
the selection of a suitable JavaScript development frameworks to support the development of the front-
end, a list of selection criteria is given. Finally, a user evaluation of the interface is proposed to assess 
the suitability of the User-Centered Design method for producing more usable and satisfying interfaces. 

I. INTRODUCTION 

The primary purpose of building automation systems (BAS) is to achieve cost and energy efficiency in 
operating building spaces through the automatic and remote control of indoor environmental conditions 
by regulating the heating, air-conditional, ventilation and lightning systems of buildings through the 
deployment of interconnected sensors and actuating devices. Home automation system (HAS) is a 
smaller specialization of BAS where besides optimizing energy consumption, the comfort and peace of 
mind of the home inhabitants are the main priorities.  

In recent years, reducing energy consumption in buildings has gained increased interest amongst 
researchers due to the growing global awareness about the need to achieve long-term environmental 
sustainability and also because of the numerous national legislations being approved to reduce CO2 
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emissions. According to the European Commission, buildings account for 40% of energy consumption 
and 36% of CO2 emissions in the EU. The European Commission estimates that by using proven and 
commercially available automation products in buildings, it is possible to reduce the total EU energy 
consumption by 5% to 6% and the EU CO2 emissions by about 5% (EC, 2016). 
 
However, despite the wide availability of home automation technologies for many years now, a 
significant number of repeated commercial failures have been noted and the reluctance of customers 
to invest into these technologies still remains relatively high. Many reasons have been proposed to 
explain this phenomenon and the main ones include: high investment cost, lack of flexibility and 
scalability to adapt to new technologies, the diverse availability of products that are not compatible 
with one another and last but not least, the low usability of HAS technologies. The front-end of the 
automation system is often reported to be the most unusable product due to its poor design and 
complex features which result in home automation technologies being inaccessible to a wide range of 
non-technical users. 

Background  

Modern home automation system (HAS) architectures are usually distributed across a three-level 
hierarchy (shown in Figure 1) namely: a field level, an automation level and a management level 
(Droegehorn, 2016).  
 

 

 

 

 

 

 

 
 
 
 

 
Currently there is no single standard technology that covers all the three levels of the architecture and 
as a result heterogeneous technologies and design solutions have proliferated with no standard 
principles for interoperability. This greatly affects the development of a management-level application 
such as a visualization and control user interface as each technology comes with its own data 
representation that is tightly coupled to its internal requirements. Since it is difficult to integrate all 
these sources of data into a single information model it becomes complicated for engineers to build a 
good and universal user interface for the HAS.  
  
In the domain of Human-Computer Interaction (HCI), the usability of an interface is usually determined 
by four factors which include: efficiency, effectiveness, satisfaction and adaptability of the interface to 
its context of use (Usabilitiy2006). In order to build a usable interface, the HCI designers strive to apply 
numerous design methods and techniques to get a thorough understanding of the explicit and implicit 
context of use of the interface. This entails understanding 1) the user group for which the interface is 
designed for, 2) the goals and tasks that the typical users want to achieve when using the interface and 
3) the external physical, social or economic factors that may affect the use of the interface. 

 

Figure 1: The typical architecture and type of functionalities associated with each level for a HAS 

(Droegehorn, 2016)  
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Data are collected from sensors and commands sent 

to actuators. 
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Applications aggregate entire system’s data for user 

visualization and control. 
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Furthermore, evaluating the usability of a product is a proven technique for measuring the quality of 
the user experience (Eggen 2014).  

Statement Of Problem 

 

Considering that building a user-friendly, interactive and multi-target interface for a home automation 
application is a multi-disciplinary task, the development process for developers and designers, especially 
from the open source community, is a very complicated, time-consuming and very often not successful 
task as there is a lack of definitive design guidelines for the front-end development in HAS.  

  
In this context, the current research work is undertaken in order to investigate the design challenges 
that exist in the three distinct domain areas that are involved in this task, that is: home/building 
automation, HCI design and user-focused design approaches. The suitability of the UCD approach to 
enable developers to include user, usability and system requirements into their development process, is 
assessed. The outcomes of the research include a set of design challenges and guidelines that should 
help developers understand the existing issues and create a more user-friendly, interactive and 
responsive UI for HAS.  

II. LITERATURE REVIEW 

In order to gain a holistic understanding of the different aspects involved in the home automation 
interface development, the approach proposed by (Saizmaa 2008) to carry out such a research work was 
taken. In the context of smart homes, the paper demonstrated that any holistic development work for 
smart home applications should be based on the relationship between its three main dimensions which 
consist of home, human and technology.  

From the home/technology perspective, one of the main technology-related problems that HAS 
application developers focus on is the interoperability of the heterogeneous automation technologies. 
According to (Granzer 2012), these diverse technologies and protocols have caused a problem of 
integration at the information level due the lack of interoperability of their data representation of 
devices and building layouts. The lack of interoperability in data description mechanisms makes it 
difficult to integrate different sources of information at the management level which in turn affects the 
development of high-level applications to process, visualize and control the entire automation system.  

From the Human/Technology perspective, the main challenges involved in the UI development are 
mostly concerned with concepts that involve usability and acceptability of the interface from the user 
point of view and the social consequences that may arise from this interaction (Saizmaa, 2008). The 
international standard ISO 9241-11 (Guidance on usability, ISO/IEC 1998) defines the usability of a 
product as “the extent to which it can be used by specified users to achieve specified goals with 
effectiveness, efficiency and satisfaction in a specified context of use”, (Usability, 2006).   
Beyond these usability evaluation guidelines, other quality factors may affect the experience that users 
can derive from using the interface and this includes for instance aspects involving the learnability of the 
interface and the motivation that users express to explore advanced features of the product (Ceccacci, 
2013). It is further argued that considering the social and emotional aspects of the interaction with the 
interface can play a major role in the willingness of the users to integrate the use of the technology into 
their daily lives without being intrusive (Saizmaa, 2008). 

The literature review revealed that the usability problems of an interface for HAS can be clustered into 
4 main problems, described below. The first one is the need for users to manage different visualization 
and control interfaces due to the heterogeneous technologies in HAS (Penner, 2002, Brush, 2011). 
Different interfaces for each technology means that the interface styles and interaction designs may also 
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differ from product to product making it difficult for the users to learn how to use and manage (Brush, 
2011). Secondly, the ability of users to understand and configure customized automation solutions that 
meet their needs is also identified as a major design requirement (Mennicken, 2014). This is because 
end-user configurability enables users to derive benefits from automation technologies by for instance 
automating energy demanding tasks for low fare times of the day. In order to make end-user 
configurability user-friendly, using metaphors that are familiar to users were proposed. As an example, 
using temporal metaphors such as clocks and calendars instead of typing in commands can make user-
defined automation more user-friendly (Mennicken, 2014). The third usability problem arises due to the 
different mobile computing devices that are now used to access information and carry out tasks. These 
devices have different hardware specifications and therefore require the application interface to be 
responsive and adapt to the new hardware context such as the screen resolution while having to 
maintain a good user experience. These types of multi-target front-end are called plastic interfaces 
(Calvary, 2003) and they require an adaptation functionality that detects the change in context of use 
and responds by changing the presentation layouts. Finally, the last main usability problem that HAS UIs 
have is the inability to provide information and functionalities that are relevant to the users (Eggen, 
2014, Brush, 2011, Takayama, 2012). An example of this problem is the lack of an energy management 
feature on the interface.  Implementing an energy management system through the interface is a 
powerful mean to help users apply to achieve energy and economic savings as it can assist users become 
aware of their energy consumption habits, identify sources of energy wastes in the home and configure 
automation scenarios that reduce consumption (Banerjee, 2011).  

Several research works adopted a user-focused research approach to understand the needs and 
limitations of the users to optimize the design of the UI (Eggen, 2014, Ceccacci, 2013). According to 
(Takayama, 2012) a good product design for HAS should satisfy users in three main ways. First the 
product should be designed so that it is useful for the users. Secondly it should allow users to easily and 
effectively perform tasks and finally a good product design helps users derive meaning and positive 
emotional significance from its use.  

Over the past decade, the popularity of JavaScript programming language for web application 
development has incessantly increased because it solves the problem of cross-platform compatibility. 
Other important features that JavaScript frameworks offer for a front-end development are the user 
interface (UI) and user experience (UX) features such as animations and different CSS templates for 
different screen resolutions when using responsive designing. All these interactive features give the 
means to developers to enhance the usability and user experience of an interface (Heitkötter, 2013). 

III. RESEARCH METHOD 

The method utilized in this research work was the analytical-based Qualitative Data Analysis approach. 
By analyzing existing research works and existing interfaces to produce meaningful design requirements 
and design guidelines this could lead to more usable, acceptable and satisfying designs. The aim of 
undertaking a QDA research approach for the context of this project was to gain useful insights and draw 
out patterns about the existing recurring design problems that UI developers face as well as the existing 
solutions and best practices that they apply to build good and usable interface for home automation 
applications. In the design and development of the home automation interface the five main stages of 
the design process (shown also in Figure 2) are included.  
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A. Data  Collection 

The data collection process was carried out by using the investigative methods of literature study, 
document review and analysis of existing interfaces so as to examine what had already been found out 
in previous works. The document review and the literature study focused primarily on research works 
that were user-centered or directly involved users in their research and investigated the challenges and 
implications of deploying and using automation technologies in the domestic environment. Research 
works that also investigated domain-specific system challenges and solutions as well as usability 
concepts were included in the data collection process.  

The ISO 9241-11 standard (Usability, 2006) defines the context of use as the “users, tasks, equipment 
and the physical and social environmental factors in which a product is used”. Therefore the data 
collection process sought to answer questions about these three main dimensions and a set of 
questions to address these concerns were used as guidelines in order to systematically collect data from 
the existing research papers and to avoid subjective interpretation. The data collection process was 
broken down into six main parts: 

1. The first part was to define the users of the application which consisted in finding out the 
characteristics of the typical or stereotype user group for which the application is intended.  

2. The second part was to define the user tasks which should cover requirements concerning 
mainly the tasks the users need and wish to achieve, the user goals behind the task carried out, 
the frequency of the tasks, the results users expect from executing the task and the importance 
of the task to the users. 

3. The definition of the physical and social environmental factors was the third part which tried to 
define the additional resources such as hardware and software resources in which the interface 
is expected to work in the real world. 

4. In addition to the above set of requirements, since the aim of this work is to improve the user 
experience when interacting with a product, it was also important to cover usability and other 
quality design aspects in the data collection. 

5. Additional literature study was carried out to capture the functional requirements specific to 
the domain of home and building automation systems for the development of high-level 
applications that include automation and supervisory interfaces. 

Figure 2: Design stages for the user interface using the QDA approach 
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6. For the analysis of the existing products, successful designs of other products were analysed so 
as to draw out best practices that can be reapplied for the context of this work. The key features 
of the interface found to be relevant for the prototype design are noted down and a set of 
lessons learnt are derived to further help in the later stages of the process. 

Qualitative Analysis of Data 

The qualitative analysis was done using an inductive approach and an open coding technique whereby 
recurring topics in the research papers and documents were identified and used to cluster data of 
similar nature under a common theme. In the context of this current research, the documented design 
problems and existing design solutions were grouped under common themes which related to a specific 
design aspect of the home automation user interface.   

 
The analysis of the collected data was done using the free version of QDAMiner 
(https://provalisresearch.com/). In QDAMiner a code group category clustered data related to a 
particular design aspect of the interface. The group category is referred to as a theme. A group category 
could consist of several more detailed colored codes, referred to as subthemes, that related to a more 
specific design aspect of the interface. Therefore, a group category or a theme had a set of codes or 
subthemes. A subtheme in turn grouped together a set of design problems. A subtheme was also 
associated with a set of design solutions. Furthermore, for each subtheme a set of requirements were 
derived.  

 

 

 

 

 

 

 

 

Figure 3: Overview of the coding and clustering process used in the analysis stage 

Figure 3 shows the different relationships between the themes, subthemes, design problems, design 
solutions and citations of sources. The direction of reading is from the flat to the pointed end of the 
arrow. The analysis of the data collected led to the creation of eight main categories or themes. For 
each main theme a number of subthemes were broken down as the data collected referred to a more 
detailed design aspect of that theme. A break down and description of three of the themes and 
subthemes used for the coding process of the data collected is shown below: 

 Information  
o Analytics: Computation of information, making queries on data, viewing time-based data  
o data_aggregation: Data from different sources are used to compute more complex information  
o information_view: The visualisation and presentation of data and information 
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 Interface  
o interface_reusability: Using the same interface for different home automation systems  
o interface_interoperability: Compatibility with different technologies, data sets or data sources 
o web_services: Provide data from external web services to the user from the interface 
o basic_features: What are the basic tasks that the interface should offer 
o interface_view: The visualisation and presentation aspects of the interface  
o data_representation: how data from different technologies is represented on screen 
o interface_adaptibility: The ability of the interface to adapt to different contexts of use 
o interface_learnability: The intuitiveness of the interface  
o desired_features: Tasks that users wished to be able to perform on the interface 
o advanced_features: More complex tasks that can be performed on the interface 

 Interaction  
o interaction_acceptability: Techniques to make the interaction more acceptable for the user 
o interaction_ease_of_use: Techniques to make the interaction easy for the user to use the 

application  
o interaction_generic: Using same interaction techniques and abstractions to interact with 

devices using different technologies 
o multi_tasking: Techniques to allow users to switch from one task to another 

IV. IMPLEMENTATION 

The following section details the steps taken in the implementation of the proof-of-concept for home 
automation interface which was built to meet the functional, usability and user requirements based on 
the following target groups. The ultimate aim was to assess the validity of the derived requirements for 
building a good, usable and responsive home automation interface. 

A. User groups of home automation 

The qualitative analysis of data allowed the identification of two distinct and main groups of home 
automation users. The first group consisted of early technology adopters who had extensive knowledge 
and experience in using automation applications. The second group consisted of users who did not have 
a technical background and had to interact with the HAS mainly because of living together with the early 
adopters. A summary of the main user characteristics is shown below: 

 Description of Persona 1: 
o Young to middle aged 
o Leader of the family 
o Considered to be a technology guru or specialist who is responsible for HAS management, 

configuration and troubleshooting  
o Has deep technical expertise in engineering-related or IT-related profession and thus is able to 

tinker with home automation 
o Primary user of the HAS 
o Wants peace of mind by connecting to HAS to check on the status of the home 
o Wants to show off the capabilities of the HAS to guests 
o Wants to implement complex automation scenarios 
o Gets tired of using the HAS after many years of tinkering and fixing the HAS and thus wants an 

easier way to manage system 

 Description of Persona 2: 
o Young to middle aged 
o No or little technical or programming background 
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o Passive user of technology who does not actively engage in using or configuring or managing the 
HAS 

o Is able to use web-based interfaces and modern applications on mobile devices 
o Wants convenience by automating boring and complex tasks 
o Wants peace of mind by connecting to HAS to check on the status of the home 
o Wants to achieve cost and energy savings 
o Be able to view useful and non-technical information on the interface 
o Wants to efficiently carry out tasks that do not involve typing in commands 
o Does not like to feel humiliated by not being able to understand how to carry out a task 
o Does not like to feel humiliated by feeling like not having any control over the HAS  

Home Energy Management Scenario 

Due to the wide scope of the user needs and tasks, system and usability functionalities collected from 
the data collection process, it was necessary to define a specific scenario for the implementation of the 
proof-of-concept.   
The scenario selected was to incorporate a home energy management feature in the HAS front-end to 
help users become aware of their energy consumption habits and motivate them to decrease their 
power consumption by making use of the automation features of the HAS and by displaying the resulting 
economic savings and the increased sustainability effect of their initiatives.  
The selection criteria for the requirements to be considered for the implementation of the proof-of-
concept to be built later are laid out as follows. The requirement was selected if it matched either of the 
following criteria: 

 Criteria 1: Requirement that focuses on user experience, usability, interactivity and/or 
responsiveness  

 Criteria 2: Requirement that focused on user experience, usability 

 Criteria 3: Requirement that focused on the needs, expectations or limitations of the users.  

 Criteria 4: Requirement that was related to managing the energy consumption in the home using 
the HAS 

 
The table below shows the requirements selected for the implementation of the proof-of-concept and 
the subsequent design decisions taken in order to fulfill the requirements.   
 

Requirements Design decisions 

Visualization of the past, present and future 
automation events. 

A table component was used to display past, current and upcoming automation tasks.  

Centralized access to the HAS from different 
end-devices. 

The interface was implemented as a web-based client application.   

Using friendly metaphors to describe the 
behavior and state of the home.  

Use of graphics such as mimics and charts to display information about the HAS status.  
Changing the color of information displayed to intuitively convey the state of the value. 

Queries and display analysis of power and 
energy consumption. 

Trend charts were used to display energy consumption over time. Bar charts and Pie charts were 
used to compare energy consumption by different devices. Gauges are used to indicate normal or 
excessive energy consumption to users 

Aggregate data into useful information Displaying of total home energy consumption. Computing the cost savings and carbon footprint 
and other meaningful information for the user. 

Notify users of upcoming automation tasks.  A table component was used to display upcoming automation events with the possibility for the 
user to cancel it.  

Generate notifications for alerts. A table component was used to display current and past alerts. Different colors were used to 
convey importance of the alert to the user.  

Suggestions for more energy-efficient 
operation of devices. 

A section of the dashboard was dedicated to an energy management tips and advices section.  

A single user interface that adapts to different 
screen sizes. 

Bootstrap responsive grid layout was used to design the interface so that the UI automatically 
resized depending on the resolution of the device being used.  

Maintaining the same user experience on 
different devices. 

Media queries and media content of different resolution were used to change the appearance of 
the UI so as to maintain its readability, ease of use and good user experience.  

 

Table 1: Requirements selected and design decisions taken for the implementation of the home energy management 
proof-of-concept 
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Prototyping 

The template layout of a dashboard was used for the design of the energy management for the current 
home automation interface as it was found in the previous stages of the development cycle that it was 
an efficient and user-friendly way of conveying and analyzing a large amount of numerical and statistical 
information to users of an interface application.  
 
Two mock-ups were created in order to decide on the general layout of the interface for two different 
sets of devices, that is, for screen resolutions greater than 992px usually used by media-sized and large 
laptops and desktops and for screen resolutions smaller than 768px which is used usually employed by 
mobile phones and tablets of up to 9 inches.  
 
The initial mock-ups were evaluated with a set of three users using a set of heuristic principles 
introduced by (Eggen, 2014) for evaluating the usability of interfaces. The following heuristics were 
used to evaluate the prototypes: 
 

 Visibility of system status: Providing appropriate visual feedback and timely use of interactive UI 
features.  

 Match between system and the real world: Avoiding the use of technical language and using 
metaphors that are understood by users.  

 User control and freedom: Using simple interaction steps to facilitate navigation throughout the 
interface. 

 Consistency and standards: Ensuring that the layout, UI components, metaphors and look-and-feel 
of the interface are consistent and standard. 

 Recognition rather than recall: Helping the user to build a mental map of the interface by using 
familiar metaphors to minimise their need to memorise details.  

 Flexibility and efficiency of use: Adapting layout of interface and using interaction techniques that 
help users to efficiently carry out tasks. 

 Aesthetic and minimalist design: Minimising superfluous details and excessive text content. 
 

Final Home Automation Interface 

Due to its popularity for building responsive front-end applications Bootstrap was selected for 
developing the home automation interface. Besides Bootstrap the Harp.js workflow was used to make 
the development process even more easy as it included some advanced development tools for instance 
for the automatic compiled into HTML, CSS and JavaScript and fed to the web browser to display the 
interface. This makes the use of template files for the general layouts of several web pages easier, 
faster, more maintainable and reusable for other applications. 
  
Figure 4(a) below shows the implementation of the Charts section using interactive and UX enhanced 
components in order to convey meaningful information to the user while minimizing the use of text 
content. Figure 4(b) shows result of using responsive web designing through the implementation of 
media queries so as to optimize the layout of the interface to the current screen resolution of the device 
being used. For instance, shown in Figure 4(a) and 4(b) is the sidebar which was made available for 
screen resolution larger than 768px and replaced by a navigation pill of list of links for resolutions 
smaller than 768px. 
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Figure 4(a): Charts, using interactive and UX enhanced components                      Figure 4(b): Use of responsive Web Design     

 

User Evalutation of Final Interface 

A set of tasks were selected in order to evaluate the different usability aspects of the final HAS interface. 
The four tasks assigned for the evaluation were the following: 

 T1 - Find out the current total energy consumption of your home and whether it is within normal 
values 

 T2 - Find out the current energy consumption of all the lightning systems in the home and whether 
or not you are within your targeted limit. 

 T3 - Which is the device in the home that is consuming the most energy at the moment? 

 T4 - How much cost savings or additional expenses are you incurring at the moment? 

The usability tests involved a user group consisting of 8 participants. The users are aged between 18 
and 60 years old and are all familiar with using web browsers and web applications on the PC as well as 
on mobile devices. Out of the 8 people, 4 people have technical background and programming 
knowledge for the case of high-skilled users and the remaining 4 users were selected on the criteria of 
having no technical or programming background but who are familiar with using PCs and mobile phones 
for the case of low skilled users. 

  
The usability tests involved users filling a questionnaire in order to evaluate their perceived experience 
out of interacting with the interface in order to carry out the tasks assigned. The satisfaction level 
experienced by the users was then evaluated against a 5-points Likert scale ranging from ‘highly 
satisfied’ to ‘Very Unsatisfied’ with a questionnaire. 

Usability aspect under test Evaluation metrics for usability aspect 

Effectiveness Did you succeed in completing the task? 

Efficiency  Was the time taken to complete the task acceptable for you? 

Satisfaction  Assess the interface's ease of use in order to achieve this task 

Assess the interface's learnability, that is, how easy it was the first time to learn how to achieve the task. 

Assess your understanding of how the task could be achieved.  

Assess the organisation of information and menu  

Assess the usefulness of information displayed 

Assess the usefulness of the features available 

Readability of contents on mobile device 

Navigability of interface on mobile device 

Maintainability of experience when interface adapts to different screen resolutions 

Satisfaction about knowing what is going on in the home automation system 

Satisfaction about the usefulness of the energy management system to reduce power consumption 

Table 2: The experimental procedure used for the usability tests of the HAS interface, adapted from (Saizmaa, 2008)  
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To ease answering the questionnaire, an explanation of the Likert scale was given to them: 

 Very Satisfied - The feature met your expectations and made you derive positive feelings. 

 Satisfied - The feature could be further improved to meet your expectations but it was satisfactory 
enough.  

 Not so satisfied - The feature has to be improved in order to make it easier and more acceptable to 
use.  

 Not Satisfied - The feature did not meet your expectations, it was not easy to use.  

 Very Unsatisfied - Besides not meeting your expectations and its lack of usability, the UI feature 
made you derive strong negative feelings. 

V. RESULTS 

The success rate of the four tasks (T1 - T4) assigned to the users for the home automation interface 
developed in this design process was 100% which showed that the interface proved to be usable for 
users. For the tasks T1-T4, the results showed that the majority of the users responded positively (Very 
Satisfied and Satisfied) for the use of the different interactive UI features: use of charts to display 
statistical data or the use of widgets to display key analytical data. The results obtained also showed that 
the majority of them felt the use of these UI elements improved the ease of use and learnability of the 
interface while making the access to the information very fast. However, a number of 3 users, all of them 
belonging to the high skilled user group, felt that the appearance and functionality of the gauge chart UI 
element to display the total home energy consumption could be improved in order to make users 
understand the functionality of this feature better. 

 

 
Figure 5: Evaluation results of the first task  

 

 

Figure 5 shows the results obtained for the task T1 which consisted in finding out the total home energy 
consumption that was displayed using a gauge chart UI component, see Figure 4(a).   

The results of the evaluation of the satisfaction derived by the users when using the dashboard themed 
interface for the home energy management functionality are shown in the Figure 6 below.  

0 1 2 3 4 5 6

task success

time taken

ease of use

learnability

understandability of task achievement

T1 - Find out the current total energy consumption of your 
home and whether it is within normal values

Very Unsatisfied Not Satisfied Not so Satisfied Satisfied Very Satisfied
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Figure 6: Results of the satisfaction level of different aspects of the new home automation interface  

 

It shows that the majority of the participants felt that the current interface designed was usable enough 
and provided meaningful and useful features to them. Some design aspects concerning the experience 
of using the interface on different devices, the readability of the interface content on mobile devices and 
the organization of the information and UI components could be improved to further enhance the user 
experience. 

VI. Discussion 

The QDA approach to collect data from the multiple disciplines involved in the development of a home 
automation application proved to be suitable. This claim was supported by the results of the evaluation 
of the final interface developed which showed that applying a holistic approach to this design task 
produced a good, usable, responsive and interactive interface from the users’ perspectives.  

Taking into consideration the positive results of the evaluation of the home automation interface 
designed and developed from the requirements derived from the data collected and analyzed using the 
QDA approach, a set of design guidelines were shortlisted and proposed to help developers build home 
automation applications that meet user, usability and functional requirements of automation systems: 

1. Having a universal, reusable and technology independent interface makes it easier for End- 
   users to understand the UI 

2. The different interfaces of the HAS have different layouts and interaction styles for each  
   different manufacturer’s brand of device 

3. Display meaningful information by making sense of the large amount of sensor data 

4. Technical metaphors and descriptions are very often used in the interface 

5. Users should be able to personalize the HAS  and to adjust the scheduling and customization  
   of automation tasks as well as specifying the level of autonomy to be delegated to the system 

6. Users are frustrated by the complexity of the interaction with the device 

7. Different device interfaces and control systems add to the cost of ownership 

8. The ease of use should be increased to make it faster to learn about the interface 

9. Satisfaction from acceptability of the interface from the users’ point of view 

10. The interface should be able to adapt to different end-target devices 

These guidelines are crucial for designing an effective user-interface for HAS systems that is usable, and 
leads most probably to an increased uptake of those technologies. 

0 1 2 3 4 5 6 7 8

Organisation

Usefulness of information

Usefulness of features

Readability on mobile device

Experience on different screen resolutions

Awareness of HAS status

Usefulness of the energy management

Column2

New Home Automation Interface

Very Unsatisfied Not Satisfied Not so Satisfied Satisfied Very Satisfied
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VII. CONCLUSION 

This paper presented the Qualitative Data Analysis design approach to design a user-friendly, interactive 
and responsive user interface for a home automation system. The outcomes of the document review 
and literature study done at the data collection stage of the QDA confirmed the idea that developing a 
UI for a HAS was a multi-disciplinary task that involved the automation field, the HCI field and on the 
user-centered study field. Therefore, applying a design methodology that incorporated the design 
challenges and requirements from all these research areas was important to build a good interface.  

Developing prototypes that were evaluated through heuristics analysis tests ensured that usability 
problems could be caught during the early stages of the development process and that the design of the 
final interface was already improved and validated at an early stage by the users directly.  Finally, the 
experience that users can derive from using the interface can be evaluated by measuring the success 
rate and satisfaction level when conducting a set of tasks on the final interface.  

The choice of the home energy scenario exemplified the contribution that home automation 
technologies could bring to increase awareness amongst people about their energy consumption habits. 
It was argued that the more usable the home automation interface was, the more users were going to 
be motivated to use it into their everyday lives to achieve cost and energy savings. 
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Abstract  

 
The remote location of many households in the countryside, mean that they are reliant on deliveries of 

LPG or fuel oil to heat their homes. This is expensive, driving many residents into fuel poverty, as well 

as detrimental to the environment, for example one tonne of fuel oil produces 3.23 tonnes of CO2 

(DEFRA, 2017). The financial and environmental cost of production and transportation of both LPG and 

fuel oil is also great. 

 

One solution is to use both local and renewable resources, for example many rural areas have access 

to forest or other renewable fuel sources. Other established ideas are the use of solar energy to heat 

both domestic water and a Trombe walls (Torcellini and Pless, 2004) for heat energy storage to circulate 

warm air around a building. 

 

All of these systems are reliant on how current microcontrollers can optimise the control of operation. 

For example, a stock wood central heating system can burn both wood and many other renewable fuels 

for up to 26 hours in one loading (PEREKO, 2014). This is achieved by using a proportional–integral–

derivative controller (PID) algorithm within the microcontroller that optimizes the operation of the 

boiler and directly affects lower fuel consumption; the estimated savings reach approx. 30%.  

 

This paper explores how microcontrollers can now be applied to both wood, solar water heating and 

Trombe wall heating systems, in order to optimise the use of renewable energy. 

 

INTRODUCTION 

 

This case study is based on a remote rural dwelling, shown in Figure 1, which has only electricity 

supplied to the house from a mains supply. Water is pumped from a spring, a septic tank is used and 

heating has been provided by a very inefficient fuel oil burning system. 
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Figure 1, Rural dwelling 

 

Fuel poverty  

 

The UK government (DEFRA,2012) recognises that fuel poverty rates are higher in rural areas than 

urban places. Under the current definition of fuel poverty, (DEFRA, 2012), 22.8% of rural households in 

England were in fuel poverty in 2009 compared to 17.3%4 of households in urban areas. This paper 

goes on to describe how this problem exists because a greater proportion of rural households are not 

covered by the gas grid (36% compared to 8%), leaving consumers reliant on more expensive forms of 

heating such as electricity, heating oil and LPG - in 2009, average fuel costs each week per consuming 

household were around twice as much for households using heating oil (£24.41) compared to 

households using mains gas (£12.21) 

 

Other disadvantages of both fuel oil and LPG are that they are reliant on an oil-based product whose 

price can fluctuate depending on wars, political situations and OPEC decisions. It is both costly to the 

environment, being heavily processed and one that has travelled thousands of miles in its life cycle.  

 

It is more reasonable to look again at wood as a viable fuel, one that is both a local resource and one 

that can be controlled by recent developments in microcontrollers. This coupled with both solar 

domestic heating and solar hot water systems can provide a lower cost/ impact alternative to reliance 

on the multinational companies and a step towards an off grid system. 

 

Why burn wood? 

 

Burning wood in urban areas can be a problem, the collective smoke and particle pollution using 

inefficient conventional wood burning stoves can be a counterproductive to this apparently carbon 

neutral resource. This has become a problem in countries such as Canada. However, the environmental 

damage caused by our use of oil and gas has led to growing interest in using wood as a sustainable, 

renewable, low carbon alternative.  
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Wood when burned efficiently on modern well-designed boilers and stoves, produces virtually no 

smoke. The benefit to the environment of growing trees that fix carbon dioxide (CO2) in their wood, 

and return oxygen to the atmosphere is well known. However, when the wood is burned this carbon is 

released as CO2. Taking into account CO2 produced from cutting and local transportation, it can be 

seen to have the lowest CO2 of many fuels. 

 

The woodland area in Britain is limited, but with effective management, a substantial quantity of wood 

is available from forestry, which is not suitable for construction and other uses. Managing woodland 

improves biodiversity and increasing the proportion of managed woodland supports local jobs in the 

forestry industry in urban areas. It also can be purchased much more cheaply and locally than reliance 

on fuels from the multi nationals. 

CONTROL 
The advent of sophisticated heating control through microcontrollers mean that efficiency can be 

improved by up to 30%. However, many rural hearing systems use simple control, usually a bimetal 

strip thermostat that controls an on off switch to start or stop a boiler and pump system. As with any 

simple system, there is a lag in system response. This lags produces an overshoot response, before the 

thermostat has time to react and switch off. The graph shown in Figure 2 shows the wasted energy 

above the set point, due to the cycling of this on/ off response. 
 

 
Figure 2, On/Off cycling thermostat response chart 

 

PID Control 

 

A modern PID controller is a three-term controller that has proportional, integral and derivative control 

coefficients. It is named after its three correcting terms and its sum produce a control action for 

manipulating variable. 
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It measures the output of a process and controls the input by maintaining the output at a desired value 

(also called as set point). The most common example of PID controller is controlling temperature in 

many industrial applications. Figure 3 shows how overshoot is kept to a minimum. Once in a steady 

state the system response follows the set point very closely. 
 

 

 
Figure 3 PID Control (Electronics hub.org, 2017) 

 

PID Closed Loop Control Equation 

 

The block diagram shown in Figure 4 illustrates how PID control works. It is clearly a closed loop control 

system. The feedback loop being provided by sensors to the comparator “∑”.  

The set point being the desired heat value and the output is the actual heat being produced by the 

process (boiler). Any error is the difference between the desired and actual heating values.  

 

A PID controller consists of a Proportional element, an Integral element and a Derivative element, all 

three connected in parallel. All of them take the error as input. Kp, Ki, Kd are the gains of P, I and D 

elements respectively, all with respect to time “t” and constant “T”. (NI, 2011) 
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Figure 4, PID Block diagram 

 

Microcontrollers 

 

Many Industrial Controllers are available for this purpose, for example companies ranging from 

Schnieder Electric to Siemens. They have ready-made PID programming blocks already built in. Self-

build PID heating control systems can be constructed using the latest low cost ARM microcontrollers 

such as the STM32F4. 

CASE STUDY 
From the introduction, it can be seen that being able to use local resources is much more preferable 

for both the environment and cost to the householder. To this effect the previous fuel oil system used 

at the house shown in Figure 1 was very expensive to run at £200 per month and was decommissioned 

in favour of the PID stock wood burning system illustrated below. 

 

Controller 

 

A PID controller manufactured from KOTLY in Poland, called the SP 16L was used to control the boiler 

and is shown in Figure 5. 

 

 
Figure 5, PID controller from KOTLY 
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Boiler 

The system used was a 16 KW KSW Master manufactured by PER EKO in Poland, shown in Figure 6. 

The size of the boiler was calculated from the floor space of the habitable part of the building. 
 

 
Figure 6 PEREKO heating system 

 

The boiler can be fired with many different fuels, for example  

 

 Coal, 

 Lignite 

 Seasoned wood 

 Hedge clippings, shredded wood, compressed paper logs etc 

 Oats 
 

The boiler is equipped with a fan that is controlled by the PID controller ie more heat required, the 

speed of the fan increases. The air is blown directly under the fuel increasing the efficiency and speed 

of the burn. 

 

The boiler is equipped with a stepped water pocket system, shown in blue that effectively lengthens 

the flue gas circulation, again increasing boiler efficiency.  

The claim by the company is that an increase of up to 30% less fuel being used through the control and 

boiler design, resulting in a boiler efficiency of 86%. The time before refuelling is claimed at up to 26hrs 

on a single charge. The fan coupled to the controller can maintain high temperatures in the boiler 

without the risk of overheating, (PEKO, 2017). 

 

Installation diagram 

 

The system showing the Central heating (CH) and the Hot water system (HW), sensors and pumps is 

shown below in Figure 7. 
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Figure 7, showing the stock wood burning boiler, controller and other components 

 

Solar Heating 

 

Currently, natural gas boilers are the main source of water heating in the UK, providing 84% of hot 

water, (DECC, 2011). This equates to around 22.5 million households, this eclipses the 90,000 solar 

thermal installations (DEC 2011). This could be improved by more government incentives. 

 

The cost of heating a home has risen by 63 per cent over the last five years with over 70% of the average 

household’s energy use goes into space and water heating (The Telegraph, 2012). So a source of free 

hot water to use instead of commercial energy can make a dramatic financial saving. 

 

The most expensive commercially fitted solar heating system will have a payback of 7 to 15 years, whilst 

Solar Photovoltaic require a payback period of 20 to 30 year (the renewable energy centre, 2017). The 

cost of photovoltaic is much higher now, especially since Europe has fixed the price of Chinese 

photovoltaic, which are in fact reducing in price, also after recent governments lack of support for 

renewables and the continued support of multinational companies (Guardian,2016). Other energy 

saving measures such as loft and cavity wall insulation have a typical payback period of 1- 3 years. 

 

Solar Heating is free, after it has been installed. Many modern systems use evacuated glass tubes and 

more basic flat panel systems are made from copper and aluminium. The price difference between the 

tube and flat panel is up to 40%. However, the tube system is much more efficient, especially in 

Northern climates and can use the UV rays from the sun almost any time of the year. The flat panel 

requires direct sunshine for generally the hottest part of the day. One of the reasons to consider flat 

panel is that they can be within the scope of many DIY enthusiasts. A panel similar to the authors system 

is show below in Figure 8. 
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Figure 8, Solar heating panel mid construction. (Build it Solar, 2011) 
 

A solar heating system requires a differential controller that senses temperature differences between 

water leaving the solar collector and the coldest water in the storage tank. When the water in the 

collector is about 10-15° C warmer than the water in the tank, the pump is turned on by the controller. 

When the temperature difference drops to about 2-3° C, the pump is turned off. 

 

An example using a 32 bit ARM processor is shown below in Figure 9. The batteries in the unit will run 

for 3 years and can be topped up by a photovoltaic system. 
 

 
Figure 9, 32 bit ARM differential temperature control from “my dtc store” 
 

A double heating coil, so that the hot water system can use the water pre heated or fully heated by the 

sunshine. This further increases the efficiency of the stock wood system ie pre heating or switch to fully 

solar on hot days.  

 

Trombe wall  

 

A Trombe wall is an important green architectural feature that aides the heating, ventilation, and 

cooling of buildings (Hirunlabh et al., 1999). Trombe walls make use of the differences in the seasons, 

pumping cool air in summer and warm air in the spring, autumn and winter. Again sunshine is free and 

too much of a good thing can make a house over heated. To this effect trombe walls usually have a 

canopy over the top or mounted vertically, in order to make direct use off the low winter sun but will 

shade the wall from the effects of the high noon summer sun. An example is shown below in Figure 10. 
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Figure 10, Trombe wall showing the use of black slate. Isabel G, 2011 

 

The sun heats a heat storage system that can be used when the sun goes down. Suitable materials 

include slate, water, glass and more exotic materials. Using locally sourced materials such as slate is a 

good idea as black slate absorbs heat more effectively. The thickness of the material is important for 

the storage of the heat for use on a winters evening, also the construction of the system is important 

so that heat is not radiated back on a cool evening after been stored during daylight hours.  

 

A simple closed loop system is used that control two fans for drawing warm air in or reversing the 

system to draw cool air into the building. The system operation for winter and summer is shown in 

Figure 11. 
 

 
 

Figure 11, how the control system works for Winter and Summer 

 

Micro controller 

 

A simple PIC microcontroller is the easiest device to configure and program. No sophisticated 

programming or algorithm is required as for example the ARM microcontroller as used for the PID 
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system shown in Figure 3. The PIC (Peripheral Interface Controller) system uses simple sensors to switch 

the fans on and off depending if the building needs warm or cool air.  

 

Towards Off Grid 

 

It has been shown in the previous chapters that making the most efficient use of local and natural 

resources is the way to go for rural communities. Especially when fuel poverty and the burning of fossil 

fuels are to be eradicated. 

 

This paper deals with heating space and water, however if current low power LED technology and 

devices are used, then a Photovoltaic system would be viable if a low cost solution can be found. 

It is well established that Photovoltaic cells are improving in efficiency and power, year on year. Various 

leaders and speakers such as Jonathon Porritt have pointed out that the Chinese government have 

recognised global warming and climate change, (SEEDS, 2014). They have announced that they want to 

improve the efficiency of photovoltaic cells so that instead of costing 2 dollars per watt it costs 50 cents 

per watt ie a fourfold increase in efficiency. However, this requires the support of the UK government, 

who favour the building of Hinkley Point C Nuclear Power station, rather investing more in renewables 

(Guardian, 2016). Other renewable developments include new battery technology, for example TESLA 

household storage batteries. 

 

Conclusions 

 

This paper shows how an alternative controllable, local fuel source with the inclusion of renewable 

energy can provide an alternative to the expensive Fuel oil and LPG gas for heating rural communities. 

It does recognise that the government paper, DEFRA, 2012, mentioned local wind farms, ground source 

heat pumps and rural community bulk buying of fuel. It did not recognise the alternative local fuel 

source of wood. 

 

It has also shown that it is possible to reduce, if not eliminate Fuel Poverty in rural areas, with the 

application of the latest technology as previously described. It also shows how we may all live by our 

own code of protecting the environment and reducing our reliance on fossil fuels. It also shows how 

rural living must rely on locally sourced fuel, which should encourage local industry and communities 

to be self-sufficient, thus improving and encouraging community life. 

 

Governments and Multinational cooperation’s have a vested interest in ensuring that the majority of 

the population buy into reliable and profit making utilities such as gas and electricity. However, if it is 

possible to live independently using local and natural resources, surely this is a mutual benefit to the 

environment, communities and the financial burden of fossil fuels. 
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Abstract  

Procurement and contracting is arguably a central component to the successful management of 
sustainable projects.  The development of many contract strategies involve the management of the risk 
of the motivation of the contractor, through the mechanism of the performance clauses.  Currently an 
assumption persists that these performance clauses will act to motivate the contracting partners to 
deliver a project to an expected level of performance in carrying out the work. That performance might 
be necessary for the project to achieve a sustainable outcome, (i.e. that the installed process will 
achieve a level of predicted output; or that the cost of installation on equipment will not exceed the 
business case estimates).  This paper reports on research that utilised a focus group of experienced 
construction and engineering Project Managers, who were asked to examine this issue from their 
experiences in practice. The group presented a consensus that revealed that effective counter 
strategies existed in practice to negate the risk that client imposed performance clauses presented to 
the contracting body, thus challenging the efficacy of many project contract strategies; and 
consequently project performance in general.  This paper examined contemporary motivational 
theories, and agency theory, to seek to explain the focus group's findings.  Examining contract incentive 
clauses through the lens of motivational and agency theory allows for the inference that current 
approaches using performance clauses, aimed at the incentivisation of contractors in construction and 
engineering practice, do not serve to incentivise/motivate the contractor and can act against the 
project's intention to create a sustainable project outcome.  Projects that are specifically aimed at the 
utilisation of green technology and improved sustainability, (which often require a degree of careful 
feasibility evaluation), might be particularly vulnerable to this flaw in traditional procurement 
approaches. As all projects should be seeking to create sustainable outcomes (HM Treasury 2012), this 
may be an issue of concern for the sustainability of all projects.  Four hypotheses, for future testing, are 
proposed. 
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INTRODUCTION 

This research sought to examine the issue and perceived efficacy of incentivisation in contracts and 
compare this to current theory on human motivation to see if any insights into contract performance 
issues might be created. 
 
Most influential on the engineering contracting problems are the white papers of Latham (1994) and 
Egan (1998).  Latham (1994) sought to achieve collaborative team working, the absence of which he 
saw as the problem, and the barrier to creating collaboration being the traditional contracts.  His paper 
‘Constructing the Team’ brought about the NEC3 suite of contract forms and in them sought through 
clauses for ‘early warning’ (effectively a risk sharing requirement designed to prevent tactical non-
cooperation) and ‘consultative visible approaches to planning’ that were written into the NEC3 contract 
clauses.  Egan (1998) went further, building on Latham’s work and promoted the idea of collaborative 
supply chains of contractors and clients who would ‘partner’ with one another, as other industries did; 
specifically, automotive manufacture.  Again he saw an aligned agency through longer term 
partnerships as being the solution to engineering contractors’ ills. 
 
Although incentive clauses are widely used, there continues to be a number of recognised issues 
surrounding the application of incentives in the construction industry (Kwawu & Hughes, 2008).  This is 
partly due to the complex nature of the projects and the number of skills and trades required to deliver 
a project (Caldwell & Howard, 2011). It can prove difficult to define performance, obtain a consistent 
means of measurement and tie this to an appropriate reward (Dulaimi et al, 2003). Performance is 
generally determined by the specific objectives of the client or stakeholders; research (Kwawu & 
Hughes, 2009) has shown the most successful contractually incentivised projects have had an element 
of fluidity to the objectives and goals as well as a high quality working relationship between client and 
contractor.  Although this contradicts much of the writing about incentives that state that objectives 
should be clear, achievable and not changeable (Bresnan & Marshall 2000; Dulaimi et al, 2003). That 
incentive clauses will be used in contracts remains a persistent assumption; advice exists about how to 
apply them.  RICS (2013 a, b, c). 
 
Agency theory explains the asymmetry of perception between client organisation and contractor, and 
could also explain the relationship between employee and employer. (Saam 2007; Ceric 2013) As 
employees ultimately do the contracted work, then this seems an important consideration. Pink (2009) 
reviews preceding motivational theory and places an emphasis on experimental science.  This is 
important because repeatable experiments hold a greater credibility than speculative theory that 
preceded it.  Most notable is Maslow’s (1943) hierarchical theory of motivation, which can be 
considered to be debunked, but remains popular in teaching.  Pink’s review shows how assumptions 
about rewards and punishment simply do not work to motivate humans (Pink 2009).  He shows that 
MacGregor’s (1985) theory X and Y holds up against experimentation findings and develops this further 
with a three point hypothesis suggesting that: 'achieve mastery over their work (improving on it); when 
there is purpose; and when they have autonomy...' is what motivates humans.  Vroom’s (1964) 
preceding theory of motivation ‘expectancy theory’ provides a supporting but different perspective 
that informs Pink’s.  Pink shows that a principle behind theory Y (MacGregor 1985) is that motivation is 
intrinsic.  Moreover, Pink uses conclusive work that demonstrates the negative or limiting effect that 
incentives can have on humans.  A central finding of motivational work being that external motivation 
is always perceived as risk, and humans are motivated to limit, avoid or remove such risks altogether. 
(Gneezy & Rustichini 2000; Harford 2007; Pink 2009). 
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RESEARCH METHODOLOGY 
In a first step towards exploring this issue a focus group of experienced construction and engineering 
Contract Managers and Project Managers were recruited.  A focus group offers some advantage in 
terms of understanding in a deeper way how professional practitioners interpret the work situations 
and dilemmas they find themselves in.  However, it should be acknowledged this also creates some 
difficulties for the researchers who will only then be dealing with the impressions, social constructs, 
and personal perspectives based on experience which can only ever be from one career.  The 
researchers must also take account that the respondents will potentially influence one another to arrive 
at a consensus due to social conformity pressures and a general desire towards social cohesion, and so 
have their personal viewpoints moderated or exaggerated. 
 
The focus group was facilitated by the researchers who sought to introduce questions to solicit a specific 
focus on the efficacy of incentivisation in project contracts.   
 
FINDINGS 
 
More detailed notes about the content of the discussion the focus group had are set out in the 
appendix.  Here some summaries of the points the researchers interpreted as being key are suggested. 
The interviewer first established the extent of the experience of the participants, this seems extensive.  
The follow on discussion shows they have a detailed involvement in the challenge of contract 
management, moreover, their responses largely projected a sense that the management of contracts 
to deliver projects was problematic, and that that was normal to them.   
 
Some key issues are interpreted and reduced from the focus group discussion: 
 

1. The management of contract performance is problematic. 

2. The focus group members are largely pessimistic about the challenge. 

3. The focus group members are adamant that ‘incentives’ in contracts do not serve to motivate 

the contractor. 

4. It would appear that the incentives lead to ‘gaming’ on both sides. The focus group focussed 

on the techniques used by contractors to avoid the risk transfer of incentive clauses. 

5. Profit and risk is hidden by the contractor from the client.  Risk is priced in.  (Of course the 

reverse is also true; the value of the project to the client is hidden from the contractor). 

6. In the discussion at several points participants referred to the need to acknowledge the other 

party’s ‘agency’ interests. The participants mentioned this point when discussing 

effectiveness and in their later discussion on possible solutions. 

7. The participants also referred to the ‘site agents’ or ‘site foremen’ as having other ‘agency 

interests’.   

8. The group’s proposed solutions included the idea that ‘trust’ and ‘communication’ should be 

part of the solution. 
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9. Some reference to ‘false pricing’ is made, this is when the price charged for work is unaligned 

with the way costs accrue when carrying the work out.  It makes the cost of the work 

disconnected from the performance of the contractor. 

10. The focus group suggests that bypassing tier 1 contractors might be a solution, because tier 

2s do the work.  This would mean that the tier 1s who are skilled in contracting would be 

removed.  Project management would then be carried out by the client organisation, is the 

implication here.  Tier 1s were mistrusted. 

11. Repeat work being issued was also seen as a solution.  This provides the incentive to do a good 

job because the future repeat work might not be issued.   

12. Repeat work also allowed the client to avoid retention and simply withhold future work 

instead if there was poor work performance. 

13. The focus group also suggested that repeat work also allowed for an observation method of 

judging performance. 

14. The focus group implies that the solution might be within shared objectives, and finding 

performance measures that align to the project’s objectives, not the contract outputs. 

DISCUSSION 
 
Although the focus group, who mostly represented client organisations, in their discussion focussed on 
the tactics used by the contractors to nullify the incentive clause risk to themselves, it can be inferred 
from their discussion that they themselves were part of this ‘gaming’ as they sought to determine what 
the contractors were doing so that their own efforts to place incentive clauses would work.  The 
participants appeared to feel that this was not a winnable situation for them, and could have led to 
their conclusions that ‘incentives don’t work’. 
 
The central method to nullify the incentive clause was to simply price the risk in, or some variation of 

this.  Profit and risk is hidden by the contractor from the client, and this would also include scheduled 

risk slippage as this also had a bearing on cost performance.  Risk is priced in.  (Of course the reverse is 

also true; the value of the project to the client is hidden from the contractor). 

As the discussion proceeds, the problem is interpreted as one that can be referred to as ‘agency 
problem’ or ‘agency theory’ (Van Weele 2014).  Some participants first acknowledge that the 
contractors will also have their own goals (profit), while the project’s objectives are represented by the 
client’s agents.  Van Weele (2014) calls these separate objectives of the parties their ‘agency’.  The 
conflicting goals of the contractors (as critical team members to many projects) with the goals of the 
client project managers, are central to the problem as Latham (1994) saw it.  Contracts as law are 
adversarial, yet team work is desirable between parties to a contract.  Latham (1994) sought to achieve 
this through ‘early warning’ and ‘consultative visible approaches to planning’ that were written into the 
NEC3 contract.  The focus group respondents were experienced in the NEC3 suite of contracts and also 
included this form when considering their responses.  It is notable that they did not refer to the NEC3’s 
main features (that are specifically designed to create cooperation) as being solutions, or even helping, 
the problem as they saw it.  Latham and Egan reports are now 23 and 19 years old and yet do not 
feature as solutions in the focus groups’ comments.   
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The participants also referred to the ‘site agents’ or ‘site foremen’ as having other ‘agency interests’.  

This is undoubtedly true of the client Project Managers who are the client’s agents and not the client 

themselves.  Ceric (2013) shows how agency theory can also apply to the interests of the employee 

who may or may not represent the organisations’ interests as he or she has their own personal interests 

that are separate from the organisation they represent.  A simple speculative example might be when 

a Project Manager agrees to a dubious claim because the personal cost to him or her would be more 

work and would be stressful to them personally were they to contest it.  The focus group participants 

do complain about their own ‘governance’ structures, in terms implying that they are not flexible 

enough, nor bequeathing of sufficient autonomy or authority to allow them to manage the claims 

situations they face. 

Trust between contracting parties and improved communication were mentioned by the participants 
and this is a common theme on writing about contracts and partnering, indeed partnering appears to 
be primarily distinguished from ‘just contracting’ by the presence of trust and better communication 
(Van Weele 2014).  However, it may be that trust and improved communication rather than being 
precursors to the solution to removing the adversarial nature of the contracting, are consequences of 
a better form. The debate around contract performance is an old, and still a contemporary issue.  
(House of Commons Committee of Public Accounts 2014). 
 
What this research work sought to do was to consider another field of research, that of human 
motivational theory.  This research area enjoys the fact that it can be researched using experimental 
methods, more readily, and is now informed by empirical and repeatable experimental methods.   
 
The relevance of motivational theory to contracting might be simply that the contract idea labours 
under the assumption that the contracting party can be motivated through the use of performance 
clauses and other incentives.  A disconnect exists between the organisational entities and the human 
employees that populate those parties and who will do the work.  Further to this, the incentive clauses 
would not motivate human beings anyway, if recent science on human motivation is correct.  The 
progress of motivational theory has been able to dismiss the earlier (but much cited) work of Maslow 
(1964) and includes human economic behavioural theory.  What motivates humans is a popular 
discussion in society and current research has some very definite answers.   
 
Organisations are not humans, but social constructs (Morgan 1998) and agency theory (Van Weele 
2014) allows consideration of this.  To motivate a contractor (or indeed a client) organisation it follows 
you must also motivate your employed agents to be aligned to those interests.  This seems especially 
true when the complexity of most project endeavours are complex.  However, Pink's (2009) work 
critically evaluating preceding motivational theory and experiments shows that humans will not act 
purely selfishly but instead are motivated to: 'achieve mastery over their work (improving on it); when 
there is purpose; and when they have autonomy'.  These three ‘conditions’ set out by Pink (2009) might 
be aligned to contracting practice for projects.   
 
It is worth pointing out that the flexible advantage projects, that are able to contract in (specialist) 
resources and only when they need them, are hugely beneficial to modern organisations, more than 
enough to allow for the poor performance reported in project work generally.  Moreover, the measures 
of project performance are not easily compared against the in-house built alternative but it seems 
reasonable to assume that contracted project work, even with its problems, is still more desirable than 
any immediate alternative. 
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However, if motivational theory is considered would this inform the design of contract relationships.    
Considering Pink’s (2010) three summations of the conditions that lead to motivated humans: 
  
when there is purpose; Contracts might seek to achieve this component by consulting the contracting 
about how their work will contribute to the wider intent of the project.  This will allow that contract to 
make suggestions about how their work would better contribute to that purpose.  Most contracts are 
appointed on the basis of cheapest price, consequently the ‘purpose’ as it is presented to the contractor 
is to ‘build something cheap’.  This is almost always not the actual case and a better return or increased 
benefit could be achieved by some increase in the build cost.  Adversarial contracts turn would-be 
partners to the project away from this possibility, and what might be more important is that with this 
reduced purpose the human agents delivering the contract will be less motivated towards it, whichever 
the side of the contract they sit on.  The focus group participant did suggest that alignment of purpose 
and understanding each party’s interests would be a factor.  Of such situations are arguably created by 
performance specifications (specifications which focus on outcomes rather than the specifics of the 
engineering kit to be installed), thereby allowing the contractor a degree of involvement in design.  The 
focus groups’ comments perhaps show that the purpose that parties to a contract tend to focus on is 
‘beating’ the contract or at least not losing by it.  The presence of a contract itself might serve to distract 
from the project intent. 
 
achieve mastery over their work (improving on it); The contract and the need to fix levels of 
performance in it, to allow comparative pricing at tender for instance, tends to prevent the possibility 
of doing a better job, or improving on the wider project outcomes that are intended.  Blocked from 
doing the job better will have a de-motivating affect if Pink’s (2010) hypothesis is right.  Evidence that 
the member of the focus group wanted to do a better job might be inferred from the effort they put 
into the focus group discussion, they were undoubtedly personally interested in solving the issue.  Their 
air of disillusionment may demonstrate the de-motivating effect of not being able to master this 
contracting problem.  This perhaps supports Pink’s (2010) hypothesis about mastery.  It is notable that 
the exemplars cited in Egan’s (1998) report shows the automotive manufacturing supply networks of 
long term partners, were able to improve continuously, as their contracting arrangements allowed for 
this. 
 
and when they have autonomy; To bring about both mastery and improvement the purpose of the 
project would need to be clear.  Otherwise finding a cheaper way to construct something might simply 
undermine the long term return of the project. So Pink’s (2010) hypothesis can be seen as 
interconnected.  The agents in the contracting arrangement made on behalf of the organisational legal 
entities of the client organisation and contractor are not directly connected to those arrangements.  
They do not necessarily benefit by them or are penalised if they fail. In this respect the contractual 
arrangement seems oblivious to the fact that humans are involved at all.  Within their day to day job 
employees increasingly experience autonomy.  The contract arrangement they work under may well 
curtail their opportunities to act upon those natural urges to do the job better than before.  The 
respondents complained about their curtailment of autonomy and authority by the governance 
structure of the organisation they worked on.  In thinking about the potential solutions they sought to 
increase their level of autonomy.  It is reasonable to expect that contractors’ employees would think 
similarly.  Maybe this could be characterised as: ‘if it wasn’t for this contract, its clauses on performance, 
and its specification, we’d be able to deliver a better project; although first we’d have to know what this 
project was trying to achieve”.  
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CONCLUSIONS and LIMITATIONS 
 
Contract arrangements tend to create conditions that would act to de-motivate the people involved.  
No serious consideration is given to the fact that human agents deliver project work and that the parties 
to the contract, the client organisation and the contractor, are in fact legal constructs and only exist in 
reality through their human agents.  Human agents who are not directly party to the contracts or the 
clauses in them.  Even were the human agents connected to the contract incentive clauses, these would 
not serve to motivate humans, who are motivated by other considerations.  The notion of the 
‘economic man’ (Harford 2007) has great traction in popular culture but is directly contradicted and 
overturned by motivational studies that include repeatable experimentation (Pink 2010).  However, the 
world of contracting labours under the premise that rewards and penalties will motivate and guarantee 
a successful outcome.  The focus group in this research provided an insight into the probability that 
current incentive arrangements in contracts do not work. The focus groups’ evidence suggested that 
the inventions of Latham (1994) and Egan (1998) have not changed the focus of contracting on the 
‘gaming’ of risk transfer.  They also indicate that the presence of incentives distracts the contracting 
parties on both sides from the actual purpose of the project investment to add value (Heathcote 2016). 
Focus groups of a small number of people, even when those people have expertise, cannot offer data 
that conclusions can be drawn from or can be then generalised to a population (Saunders, Lewis & 
Thornhill 1997).  They can provide an insight that could allow a hypothesis to be arrived at inductively.  
Once tested, that subsequent hypothesis may lead to new understanding.  The limitations of this 
sample allow for no conclusions to be drawn.   It may be the case that incentives in contracts do not 
work and that motivational theory holds some explanation for why this might be.  Further steps of 
research need to be taken before that conclusion can be inferred.  Here the researchers are able to 
arrive at an inducted hypothesis, or hypotheses, and recommend this be pursued further.  These 
hypotheses could be:  
 
“Incentives in Construction/Engineering contracts do not serve to motivate the contracting party.” 
“Incentives in Construction/Engineering contracts serve to distract the parties to the contract from the 
project’s (value adding) purpose.” 
“Employees on construction/engineering contracts are not motivated by the incentive clauses in the 
contracts the work on.” 
And 
“Aspects of motivational theory can inform the better design of partnering arrangements between 
construction/engineering contract parties.” 
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Abstract 

The energy performance of the residential sector has a significant impact on the demand for energy in 

Australia. Given the developments in the construction industry, technology, and engineering, the main 

gap in enhancing the energy efficiency of the residential sector is the direction of housing development 

rooted in occupants’ housing preferences. With respect to this critical role of occupants’ preferences, 

the main question is how to deal with the diversity of occupants and their preferences, alongside their 

lack of attention to the environmental impacts of their housing choice behaviours. It is believed that 

explaining housing energy efficiency image as a collective conceptual picture of occupants’ perception 

is a reliable methodology in developing a human-based action plan for improving the preferences. The 

main objective of this paper is, therefore, to address housing-related factors, which have the potential 

to represent the housing energy efficiency image as perceived by users. In responding to this aim, a 

literature survey was conducted of previous research works, categorising the environmental factors 

and the related physical characteristics based on their potential: to reflect end-users’ perceptions; to 

impact energy efficiency; and finally to represent the environmental image. Eventually, a set of six 

categorical-based factors i.e. environmental quality, surface properties, elements, spatial layouts, 

formal cues, and architectural composition has been developed, consisting of 59 physical attributes.  

INTRODUCTION 

Although the building industry is responsible for almost 40 percent of total energy consumptions, and 

one-third of CO2 and GHG emission worldwide (United Nations Environmental Programme, Sustainable 

Buildings and Climate Change (UNEP SBCI), 2009), it has exceptional potential to cost-effectively 

mitigate up to 29 percent of building sector emissions (Allwood et al., 2012; Desmarais, Lawson, & 

Owen, 2013). In most countries, e.g. Australia, the main stress for emission mitigation in buildings 

sector is mostly on industrial, engineering, and technological aspects rather than human aspects 

(Beyond Zero Emission (BZE), 2013; Intergovernmental Panel on Climate Change (IPCC), 2007; Centre 

for Climate and Energy Solutions (C2ES), 2015). 

 

However, in small scale buildings, e.g. dwelling units, human factors are the main driving forces in 

impacting market trends, and hence people have substantial responsibility in the successful 

implementation of any housing action plans.  In Australia, for instance, the direction of housing 

development overrode the outcomes of energy efficiency action plans in the building industry, achieved 

mostly through the progressive development in technological and engineering aspects (BZE, 2013). 

 

Lack of attention to human aspects in developing energy efficiency action plans is one of the most 

important non-technological barriers, detracting from the leverage of the plans (IPCC, 2007). This is 
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highly crucial in smaller residential units, in which the typological diversity of the products, the 

complexity and diversity of stakeholders and their attitudes and preferences and the spread and 

magnitude of energy use activities make the situation highly unpredictable and challenging (Cheng, 

2010; Levine et al., 2007). Therefore, improving energy performance of the building industry especially 

in the area of residential buildings depends strongly on developing a human-based bottom-up flexible 

approach to energy efficiency action plans (C2ES, 2015; Asad Poor & Thorpe, 2017).  

 

The main question is how to integrate human aspects into the action plans and how to enhance the 

congruency of the action plans with human perceptions and attitudes. With respect to the diversity of 

occupants and their preferences, providing a collective conceptual picture of end-users’ perceptions is 

an inevitable action in developing a suitable conceptual platform for the integration of human aspects 

into the action plans. Therefore, the concept of environmental image that is capable of providing a 

collective conceptual picture of people’s perceptions of built environment is a proper methodology in 

developing a human-based action plan. The concept of a housing energy efficiency image not only 

assists the housing authorities in developing a human-based energy efficiency action plans, but also 

may help individual occupants in enhancing the energy performance of their dwelling units; hence, 

would possibly have contribution for both individual and public domains. 

 

This paper initially undertakes a literature review on the role of environmental physical features in 

representing human perceptions and the concept of environmental image in impacting housing energy 

performance. The main stress, then, is on the development of a set of categorical-based factors that 

have potential in explaining housing energy efficiency image. The paper finally explains the capability 

of the developed set of variables in mapping housing energy efficiency image through the extraction of 

attribute-based factors. 

 

LITERATURE REVIEW 

There is long line of tradition on the interrelationships between architectural principles and physical 

characteristics of built environment and end-users’ perception and the role of the architectural 

principles in representing human perceptions (Asad Poor, 2014, 2017; Jusan, 2010). To explain the 

interrelationships between the physical aspects of built environment and end-users’ perceptions and 

attitudes, it is initially necessary to overview the concept of attitudes and perceptions. The concept of 

attitude is an individual’s tendency to express certain responses toward a concept or an object 

(Ramkissoon, Weiler, & Smith, 2012). Accordingly, these responses are generated in three different 

domains, i.e. affective, cognitive and conative (behavioural), representing individual’s emotional, 

judgmental (beliefs, knowledge structures, perceptions, and thoughts) and behavioural responses. 

Places have a critical role in providing a concrete platform for the demonstration of these responses 

(Ramkissoon, Weiler, & Smith, 2012).  

 

The next step after addressing the concept of attitude and perception is to objectively clarify the role 

of environmental physical attributes in addressing human attitudes and perceptions. Human 

behaviours are goal-oriented or value-directed, which are respectively based on functional inferences 

to ensure utility maximization or affective judgment to assign symbolic contents to the objects (Collen 

& Hoekstra, 2001; Allen & Ng, 1999). Both utilitarian inferences and symbolic judgments are directly or 

indirectly extracted from concrete attributes of the objects (Allen & Ng, 1999). Consequently, physical 
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characteristics are reliable sources in representing individuals’ preferences, which have substantial 

potential to addressing their attitudes and perceptions.  

 

A number of research works have empirically explained the interrelationships between physical 

attributes of the built environment and human attitude and perception. Rapoport (2000) established a 

theoretical framework to describe the mutual and progressive transactions between human 

motivations (e.g. values, ideals, dreams, traditions, schemata, beliefs, norms, and standards) and 

physical characteristics of different places, e.g. living environment. Oliver (2006) explained the linkage 

between housing type, spatial organization, and spatial layout characteristics and human motivations, 

e.g. family structure, lifestyle, and socio-cultural values. A number of research works have also stressed 

the role of other physical attributes, e.g. location, geographical orientation, position, material, size, 

proportions, transparency, form, shape, and colour of the housing elements (window, Door, wall, roof, 

and floor) and components (yard, porch, entrance, terrace, living room, bedroom, and corridor) in 

generating different overt and latent functions for the different places, e.g. residential environment 

(e.g. Norberg-Schulz 2000; Miller 2007; Stanley, 2009). This line of research, over and above their 

different theoretical praxes and assumptions, has emphasized the interrelationships between 

environmental physical, functional and spatial characteristics and human perceptions, attitudes, and 

behaviours.  

 

A number of studies recently have emphasized the substantial role of human perception of physical 

attributes of built environment in enhancing environmental sustainability (Asad Poor, 2014). The study 

of Ghazali et al. (2017) stressed the role of peoples’ cultural attitudes on the selection of green 

products. Wang and Lin (2017) also stated the possibility of providing a development action plan, which 

is capable of enhancing people’s sustainable choice behaviours. Ramkissoon, Weiler, and Smith (2012) 

also indicted the role of human perception in enhancing people’s pro-environmental behaviours as a 

key component of environmental sustainability. Jusan (2010) indicated the critical role played by the 

congruity of the physical attributes with end-users’ motivations in increasing the life span of residential 

units, and thus enhancing their efficiency.  

 

Given the role of energy performance of the building industry in enhancing the environmental 

sustainability (UNEP SBCI, 2009), some research works also stressed the impacts of architectural 

principles and physical characteristics on energy performance of building sector (Allwood et al., 2012; 

Nasrollahi et al., 2013; Sattary and Thorpe, 2016; Chandel, Sharma, & Marwah, 2016; Granadeiro et al., 

2013).  

  

The study of Steg and Vlek (2009) indicated that sustainable changes depend strongly on a few critical 

actions, i.e. identifying the behaviours that are more critical in enhancing environmental quality and 

the factors that affect behaviours; developing well-tuned interventions to change behaviours and their 

related antecedents; and evaluating the effect of the interventions on the behaviours, the environment 

and people’s life quality. In the residential sector, among the different factors, architectural principles 

and physical characteristics have substantial responsibilities in affecting end-users’ choice behaviours 

and daily life activities. The factors have direct impacts through people’s selection of housing 

architectural principles and physical characteristics, and indirect impacts when the selected 

architectural principles and physical characteristics affect the occupants’ domestic life activities. 

Regarding the necessity of sustainable changes in the residential sector, the remaining question is how 
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to deal with the complexity and diversity of the housing physical features, and the diversity of 

stakeholders and their choice behaviours.  

 

In response to this question it is highly beneficial to address another line of research, stressing the 

concept of environmental image, which is a collective conceptual picture of people’s environmental 

perceptions (Lynch, 1960). This line of research has a long line of tradition back to Lynch’s (1960) study 

of city image. Unlike Lynch’s (1960) conceptualisation of “city image” as the “spiritual picture” of cities 

represents cities as temporal arts (i.e. sculptures with a physical structure), experiencing cities in a 

single try is not possible, and people experience urban environments in different unique temporal 

sequences (Salesses, Schechtner, & Hidalgo, 2013). Accordingly, Salesses, Schechtner, and Hidalgo 

(2013) stated that urban spaces are different in many aspects, e.g. beauty, cleanness, safety, and 

liveliness, which are evident to ordinary observers and it is possible to represent these differences 

through studying their environmental perceptions.  

 

The study of the environmental image is therefore an attempt in mapping a collective picture of human 

perceptions of unique characteristics of various places. The environmental image, in other words, 

provides quantitative data related to human perceptions of environmental physical characteristics 

(Salesses, Schechtner, & Hidalgo, 2013), and hence decreases the difficulties in dealing with the 

complexity and diversity of human perceptions. The collective conceptual picture of human perception, 

in this sense, would have substantial potential in facilitating the development of human-based action 

plans for different areas of environmental sustainability, e.g. urban sustainable development, energy 

efficiency, global warming, and carbon emission mitigation.  

 

The evolutionary progress of the research on environmental image includes a wide range of research 

works with different aims and scopes, various assumption and conceptual praxes, and different 

contributions and practical implications. The research works have studied the concept from an abstract 

(Chen, 2009; Zhou et al., 2014) to a practical (Salesses, Schechtner, & Hidalgo, 2013) viewpoint and 

from an extroverted (from the visitor’s point of view that deals with figurative aspects of the 

environment) (Zhou et al. 2014) to an introverted (from the user’s point of view that deals with 

inhabitable aspects of the environment) (Salesses, Schechtner, & Hidalgo, 2013) approach. Some 

research works look at the interior layouts of the environment (Chen, 2009; Durmisevic, 2002; Fisher-

Gewirtzman, 2009), while some others look at the exterior layouts (Salesses, Schechtner, & Hidalgo, 

2013; Patterson, et al., 2014; Zhou et al., 2014). The research works have also differentiated the 

perceptions of different groups of people, e.g. locals, outsiders, newcomers, visitors, and tourists. 

Regarding the differences in theoretical praxes and conceptual assumptions, potential contributions of 

the research works for environmental sustainable development are also different.  

 

The study of Salesses, Schechtner, and Hidalgo (2013) is an example of the applicability of the concept 

in practical realms of environmental sustainability, e.g. safety, class, and uniqueness. The study even 

compares the results of safety image analysis with some secondary data compiled from Geographical 

Information System (GIS) database, which confirms the safety image perceptions. The recent studies 

have been strongly interested in developing automated methodologies for drawing the environmental 

image (Patterson et al., 2014; Zhou et al. 2014; Salesses, Schechtner, & Hidalgo, 2013). The automated 

methodologies make it possible to deal with a larger set of images and more complicated set of 
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variables, strengthening the reliability of the outcomes and enhancing the practical contributions of the 

concept. 

  

In this research, the main objective is to transfer the concept of city image into a practical realm of 

architecture, e.g. housing energy efficiency, by looking for the possibility of drawing a collective image 

of occupants’ housing energy efficiency perceptions. This paper eventually intends to explain a set of 

categorical-based housing-related factors and the related architectural principles and physical 

characteristics that have potential in addressing the housing energy efficiency image. 

 

RESEARCH METHODOLOGY 

This paper aims to develop a set of categorical-based factors related to housing spatial principles and 

physical features, which have the potential in explaining Housing energy efficiency image. A literature 

survey has been made on previously conducted research works, stressing the categorisation of 

architectural principles and physical features of built environment. The research works were searched 

electronically in the databases of Google Scholar, Science Direct, and Web of Science, using the key 

words related to the topics of the study. 

 

In searching the articles, the main key words were energy efficiency, architectural principles, physical 

features and attributes, end-users’ perceptions and preferences, environmental image, city image, 

housing, and recently computer-based methodology, such as neural networks and deep learning. In 

total, four categories of research works were overviewed. The first category included articles, which 

categorised environmental physical features in relation to their potential in representing human 

perceptions. The second group encompassed articles, highlighting physical features in relation to their 

impacts on energy performance of buildings. The third category included articles, which classified 

environmental physical characteristics in relation to their roles in representing environmental image. 

Finally, the last category included the research works that employed compute-based methodologies, 

e.g. neural networks and deep learning in the extraction attribute-based factors, explaining people’s 

environmental perceptions.  

 

The survey was conducted of 20 out of 42 initially reviewed research works to the extent that they 

provided a specific list of physical attributes, mostly categorised as different environmental-related 

physical factors. The balance of papers assists in the provision of theoretical platform of the study, the 

development of a conceptual framework of the study, alongside the design of the different components 

of research, i.e. aim, question, objectives, literature review, and research methodology.  

ANALYSIS AND DISCUSSION 

There are many functional, physical, and visual features related to physical condition of dwelling units 

such as shape, size, proportion, density, crowdedness, silhouette, architectural style, material, and 

colour, all of which have the potential to represent human perceptions. One of the first efforts in 

categorising the physical features of built environment was conducted by Lang (1987) and Nasar (1997). 

da Luz Reis and Dias Lay (2010), based on a development of these studies, classified the physical 

features into two categories; formal features, e.g. size, from, shape, proportion, scale, rhythm, 

silhouette, and complexity (Nasar, 1997); and sensory features, e.g. material, colour, texture, and 

transparency (Lang, 1987). These two categories are the main sources for people’s perceptions of 
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formal composition and appearance as well as their cognitive judgments about the symbolic contents 

of the environment (Allen & Ng, 1999; da Luz Reis & Dias Lay, 2010). 

 

In the housing context, both categories of physical features have the main responsibility in representing 

the characteristics of buildings elements, door, window, ceiling, ground, wall, and column as well as 

spatial components, e.g. terrace, entrance, yard, rooms and other interior spaces (Schulz, 2000; Miller, 

2007). Some research works have moreover stressed the impacts of spatial layout organisation or 

arrangement, e.g. amount/size of space in relation to other spaces and the whole spatial organisation, 

crowdedness, adjacency, circulation, hierarchy, accessibility from entrance, legibility, and overall 

atmosphere on end-users’ perceptions (Durmisevic 2002; Frontczak, 2012; Haynes, 2008; Sezer & Erbil, 

2016).  

 

Some research works have also categorised the different architectural principles and physical 

characteristics in relation to their impacts on the energy performance of building sector (Allwood et al., 

2012; Nasrollahi et al., 2013; Sattary and Thorpe, 2016; Chandel, Sharma, and Marwah, 2016; 

Granadeiro et al., 2013). The studies of Allwood et al. (2012) and Sattary and Thorpe (2016) stressed 

the substantial role of sustainable usage of construction materials in enhancing the embodied energy 

of buildings. Nasrollahi et al. (2013) moreover indicated the impacts of architectural principles, e.g. 

orientation, courtyard, openings and window to wall ratios, geographical location of interior layouts 

and their openings, as well as cross ventilation and shading devices, on the operational energy of 

residential buildings. Chandel, Sharma, and Marwah, (2016) in their study overviewed energy efficiency 

features in vernacular architecture, while Granadeiro et al. (2013) stressed the impacts of exterior 

architectural composition principles and envelope physical features on the energy efficiency of 

residential buildings. 

 

However, the previous works are based on categorical-based representations of environmental physical 

features, which are not applicable in explaining the meanings and content of environment alongside 

similarities and differences among the different places; hence, are not applicable in studying human 

environmental perceptions. Another line of research classifies environmental physical features through 

an attribute-based approach rather than the traditional categorical-based classification. It is believed 

that in studying human perceptions, attribute-based representation is able to provide multivariate 

attribute representation instead of a simple binary category membership (Patterson et al., 2014)). The 

study of Patterson et al., (2014) indicated that the categorical-based representation (e.g. village, forest, 

savanna, suburb, railroad, canal, river, beach, classroom, and office) has a number of insufficiencies, 

i.e. difficulties in capturing intra-class variations, difficulties in explaining the continuous transition 

between different types of spaces due to hard portioning, difficulties in explaining multiple contents of 

an environment, difficulties in generalization of categories to describe unseen locations.  

 

In sum, attribute-based representation emphasises the contents of environment rather than the 

categorical typologies. That is why it is possible to employ the attribute-based representation in 

predicting people’s perceptions of the contents of the unseen environments. In studying the concept 

of environmental image, the centrality is with the attribute-based representation. Lynch (1960) 

indicated five elements, i.e. paths, edges, district, nodes, and landmarks as the main sources of the city 

imageability. He believed that the concept of city image is the main factor in creating city structure and 

identity.  
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Although he provided a general conceptualization and may not have considered the differences 

between the various components of the concept, such as target population (e.g. local citizens, 

newcomers, passengers, or visitors) or the scope and coverage area of the concept (introverted or 

extroverted), he established an appropriate conceptual platform for a wide range of studies, 

elaborating the concept from an abstract subject into a practical concept with significant contribution 

for environmental sustainability. The recent research works in the area of environmental image provide 

evolutionary progress in explaining the different components of the concept through the development 

of computer-based analysis methodologies (e.g. image processing, neural network, and deep learning), 

which make it possible to automatically evaluate the environmental image through a photo-based 

analysis (Patterson et al., 2014). This line of work has also enhanced the practical application of this 

concept in the area of environmental and urban sustainability (e.g. Zhou et al., 2014; Salesses, 

Schechtner, & Hidalgo, 2013; Durmisevic, 2002; Fisher-Gewirtzman, 2009; Chen, 2009; Patterson, et al., 

2014).  

 

Employing computer-based methodologies in studying city image, Durmisevic (2002) and Fisher-

Gewirtzman (2009) stressed interior layouts of urban spaces, and found out the role physical features 

of internal urban spaces may have in affecting people’s perceptions. In one of the first attempts in 

studying city image through artificial intelligence networks, Durmisevic (2002) studied the role of 

physical characteristics of an underground train station on passengers’ sense of safety and comfort. 

The outcomes of her study revealed that the spatial characteristics of the underground spaces have 

substantial potential in affecting the passengers’ sense of safety and comfort. Accordingly, these spatial 

characteristics were mostly generated by a number of attribute-based physical factors, i.e. material and 

colour, load-bearing and separation elements (partition, wall, and column), spatial dimensions (e.g. 

position, size, form, and proportions), openings (position, size, form, and proportions), furniture 

(position, size, form, and proportions), layout (spatial organisation/arrangement), adjacency (physical 

or visual closeness/connectivity), accessibility, spatial continuity, acoustics and noise, light, 

temperature, as well as air quality and ventilation. Fisher-Gewirtzman (2009) also employed computer-

based methodology in evaluating the role of automated visibility analyses, i.e. visual openness 

(openness to the view) and visual exposure (visual privacy) in arranging interior layout functions and 

activities. Table 1 provides an overview of the attribute-based factors recommended by these studies. 

 

 

Table 1, Categorical-based internal layouts and physical features based on their roles in mapping 
Human Perception 

Author/Year/Title Research Aim Physical Factors/Variables 

Durmisevic, 2002 
Perception aspects in 
underground spaces 
using intelligent 
knowledge modelling 

The effect of 
spatial 
characteristics on 
passengers’ 
perceptions of 
safety & comfort 

1-Material & Colour 
2-Construction & Separation Walls (Load-bearing walls, 
column, partition walls. 
3-Spatial Dimensions: size, form, proportions, positioning, 
continuity 
4-Spatial Layouts Organisation: Arrangement, Adjacency 
(physical or visual closeness & connectivity), Accessibility 
5-Openings: Window, Door (positioning, size, form, 
proportions) 
6-Furniture: (positioning, size, form, & proportions) 
7-Acoustics & Noise, Temperature, Light, Air 
Quality/Ventilation 
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Fisher-Gewirtzman, 
2009 
Internal space layout & 
functionality as a major 
aspect influencing 
visual analysis 

The role of 
visibility analysis 
in the 
arrangement of 
interior layout & 
functionality 

1-Internal Space Layouts 
2-Functionality  
(Arrangement of internal functions & activities in relation to 
visibility from outside and visual privacy) 

Visual Openness & Visual Exposure 

 

Looking at the external aspects of environmental and urban organisations, Chen (2009) employed a 

qualitative research methodology in studying city image. This approach was somewhat introverted to 

the extent that she stressed the judgments of local users of urban spaces to recognise the key elements 

of city signature through investigating the interrelationships between exoteric feature and cognitive 

identity in different places. Chen (2009) employed 60 images that contained visual information about 

living level of the urban spaces alongside a number of well-known local landmarks. Eventually, the study 

resulted in the identification of 140 elements, which were recorded in 12 categories, stressing four 

aspects of city image, i.e. building, road, function, and nature. 

 

Another study that stressed the introverted aspects of the concept of city image was the study of 

Salesses, Schechtner, and Hidalgo (2013), employing geo-tagged images in a computer-based 

methodology to measure people’s perceptions of the role of environmental physical features on safety 

alongside social class and uniqueness in different neighbourhoods of a number of cities. The main 

objective of their study was to employ the concept of city image to mapping the inequality of urban 

perceptions in different neighbourhoods through a cross comparison between different cities. The 

outcomes of their study confirm the capability of computer-based image processing methodologies in 

evaluating urban perceptions and in characterizing the variations and distinctions between different 

neighbourhoods. One interesting point in their research was the comparison of the perceived safety 

and the existing data related to the neighbourhood’s crime rates, which confirms the reliability of the 

safety image perception in reflecting the safety level of the neighbourhood. The outcomes of their 

research have significant impacts on the practical applicability of this concept in the different areas of 

urban and regional planning and environmental sustainability. 

 

Using an extroverted approach, Patterson et al. (2014) employed a computer-based deep learning 

methodology in explaining environmental image through an attribute-based representation of scenes. 

They built an attribute database to highlight Interplay between attribute and category-based 

representations. They found 102 attributes, categorised into four environmental factors, i.e. functions 

and affordness, materials, surface properties, and spatial envelope. A development of the study of 

Patterson et al. (2014) was made by Zhou et al. (2014), looking at the concept in the area of urban 

environment. They developed a deep learning methodology in studying city image and identity by 

analysing a large quantity of urban photos related to 21 cities across the world. Zhou et al., (2014) 

developed a set of higher-level city attributes by merging highly correlated scene attributes and 

eliminating some other attributes that were not related to urban environment. Finally, they identified 

a set of 42 city attributes, categorised into seven high-level factors, i.e. green space, water coverage, 

architecture, and vertical building (explaining the spatial form of a city), alongside transportation 

network, athletic activity, and social activity, which explained the social functionality of a city. Here the 

main focus was the extroverted aspects of city image, which is more significant for outsiders (tourists 

and visitors).  
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To make sure of the applicability of the concept of environmental image in addressing different aspects 

of housing image, e.g. energy efficiency and safety perceptions, it is useful to address a study conducted 

by Opoku and Abdul-Muhmin (2010) and Granadeiro et al. (2013). The study of Opoku and Abdul-

Muhmin (2010) identified 10 attribute-based housing factors (i.e. interior public living space, interior 

private living space, building design, aesthetics, outdoor space, financial concerns, local environment, 

proximity to relatives, street location, air quality) that impact house buyers’ housing purchase 

perceptions. Granadeiro et al. (2013) also stressed the capability of exterior architectural composition 

principles and envelope physical features in addressing building energy efficiency. Table 2 is a summary 

of the research in the area of environmental image, stressing the exterior aspects of the spaces. 

Table 2, Categorisation of external architectural composition principles and envelope physical 
features based on their roles in mapping environmental image 

Author/Year/Title Research Aim Physical Factors/Variables 

Chen, 2009 
Decode the city, a 
methodological 
study, responding 
to the new trend of 
city “Re-image” 

Key elements of city 
signature by 
investigating the 
relationships of 
exoteric features & 
cognitive identities 

140 elements, recorded into 12 categories including: 
1-Building: landmark buildings, building detail, building 2-
characteristics,  
3-Road: road & street furniture 
4-Function: business & sign, activity, neighbourhood, feeling 
5-Nature: water, terrain, green 

Salesses, 
Schechtner, & 
Hidalgo, 2013 
The collaborative 
image of the city: 
mapping inequality 
of Cities 

Perception of city & 
its neighbourhoods to 
show perceptual 
inequality of different 
cities. 

1-Safety 
2-Social Class 
3-Uniqueness 

Patterson et al., 
2014 
SUN attributes 
database 

Explaining 
environmental image 
through an attribute-
based representation 
of scenes 

102 visual features, categorised into 4 factors, including:  
1-Functions/Affordance 
2-Materials  
3-Surface Properties 
4-Spatial Envelope 

Zhou et al., 2014 
City identity via 
attribute analysis of 
geo-tagged images 

To characterize city 
identity 
Identity Recognition 
Similarity Estimation 

42 visual features, categorised into 7 factors, describing:  
1-Spatial Form: green space, water coverage, architecture, 
vertical buildings 
2-Social Function: transportation, athletic activity, social 
activity 

 

Physical features affecting housing energy efficiency image 

As an outcome of this literature survey, this paper has developed a set of categorical-based physical 

features that are capable of explaining end-users’ housing energy efficiency perceptions. These 

categorical-based factors were generated by merging the physical features of the previous studies 

(Table 3). In finalising the variable set, a number of other research works and studies that categorised 

architectural principles and physical features of living environment based on their roles in reflecting 

people’s perception were also overviewed by special attention to the studies that stressed energy 

efficiency of housing (Opoku & Abdul-Muhmin, 2010; Sirman, MacDonald, Macpherson, & Zietz, 2006; 

Chandel, Sharma, and Marwah, 2016; Granadeiro et al. 2013; Sattary & Thorpe, 2016; Nasrollahi et al., 

2013; Allwood et al., 2012). Accordingly, some of the highly correlated features were merged, while 

others were eliminated to the extent that they were not relevant to the area of architecture and 

building characteristics.  
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The developed set of physical features consists of 59 physical features recorded into six categorical-

based factors: i.e. environmental quality, surface properties, building elements (openings and load-

bearing, separation, and connection elements, spatial layout components, formal cues (layouts of 

formal characteristics/dimensions), and architectural principles composition (layouts of arrangements) 

(Table3). Four (4) out of 59 attributes were not covered by the identified factors and were listed 

separately. These features encompass both interior and exterior aspects of residential buildings. 

 

Table 3, Categorical-based housing-related factors and physical feature based on their potential in 

mapping housing energy efficiency Image 

No Factors Physical Characteristics No Factors Physical Characteristics 

1 

N
e

igh
b

o
u

rh
o

o
d

 
(En

viro
n

m
en

tal) 

Q
u

ality 

Vegetation & Greenery 31 

Su
rface

 

P
ro

p
e

rty 

(A
p

p
e

aran
ce

) 

Type of Material 

2 Water Features 32 Texture  

3 Adjacent Street 33 Transparency 

4 Scenery 34 Colour 

5 Noise 35 

Fo
rm

al C
u

e
s 

Size 

6 Overlooking 36 Form 

7 Light 37 Proportion (With, length, height, Depth) 

8 Temperature 38 Number of Floors 

9 Ventilation 39 Geographical Location 

10 Humidity 40 Horizontal Dispersity 

11 

B
u

ild
in

g Ele
m

e
n

ts 

Openings, e.g. Windows & Doors 41 Density/Mass 

12 Wall 42 

A
rch

ite
ctu

ral P
rin

cip
le

s &
 Layo

u
t O

rgan
isatio

n
 

Silhouette/Shadow 

13 Column 43 Complexity 

14 Stair 44 Legibility 

15 Roof/Ceiling 45 Flexibility 

16 Ground/Floor 46 Diversity 

17 Chimney/Fireplace 47 Vibrancy 

18 Canopy/Sunshade 48 Adjacency (physical/visual connectivity) 

19 Fence 49 Circulation 

20 Partition 50 Hierarchy 

21 

Sp
atial C

o
m

p
o

n
e

n
ts 

Bedroom 51 Positioning (Regarding internal layouts) 

22 Dining/Living Room 52 Positioning (Regarding outside Layouts) 

23 Kitchen 53 Geographical Orientation 

24 Bath 54 Accessibility 

25 Garage 55 Overall Atmosphere 

26 Entrance 56 

O
th

e
rs 

Architectural Style  

27 Yard 57 Building Age 

28 Deck (Terrace, Patio, Rooftop) 58 Building Physical/Structural Condition 

29 Porch 59 Building Connection to the ground 

30 Gallery 

 

To examine the applicability of the variable set in developing an attribute-based categorisation that 

explains occupants’ Housing energy efficiency image, a photo-based survey has been designed in the 

context of Australian housing. The survey aims at evaluating occupants’ perception of the impacts of 

physical attributes on housing energy efficiency. In the first stage, the main stress is on housing external 

architectural composition principles and envelope features to the extent that these aspects as the most 
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visually salient characteristics of the residential buildings generate immediate perceptual response and 

have serious impacts on energy performance of dwelling units (Granadeiro et al. 2013).  

CONCLUSION 

Extracting the latent contents of housing pictures that encompass a wide range of information about 

housing functionality and liveability through a photo-based survey assists in explaining occupants’ 

perception of housing environment. This paper has compiled a set of categorical-based visual features 

through a literature survey to provide a platform for the extraction of attribute-based factors, 

explaining occupants’ housing perceptions.  

 

For this purpose, a photo-based survey has been developed for assessing occupants’ perception of the 

impacts of external architectural composition principles and envelop physical feature on housing 

energy efficiency. The survey facilitates a human-based comparison between different residential 

buildings from various temporal generations and architectural styles, as well as different 

neighbourhoods and different groups of occupants. Following the conduct of the survey, a future step 

of the research would aim at the development of an automated computer-based methodology in the 

area of housing energy efficiency image. 
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Abstract 

  
The aim of this research is to investigate what effects noise pollution and perceptions 
of noise (specifically road noise from busy transport hubs) have on the health and wellbeing 
of local people and communities. Access and use of quiet respite spaces will also be 
analysed, as well as the existing noise mitigation measures currently in place. 
 
Noise pollution can have many impacts on an individual’s physical health, mental health and 
their sense of wellbeing. This is particularly apparent within an urban setting, where factors 
including air and road traffic, trains and commercial work all contribute to increased noise 
levels. Effective management of these problems by local authorities can mitigate against 
future health impacts, and the effective use of green infrastructure can help to reduce the 
associated risks to both health and wellbeing. 
 
The research methodology uses a wellbeing perspective, analysing an individual’s 
perceptions of noise, as well as proximity and use of quiet spaces through the use of GIS 
analysis. Planning and management strategies associated with the worst affected areas will 
also be investigated, with a view to identify the policies that work, and those that don’t. 
 
A mixed methods approach is being adopted, using questionnaire surveys, GIS analysis, 

policy analysis and qualitative interviews. The research will utilise the Warwick Edinburgh 

Mental Wellbeing Scale (WEMWBS) as a measure of wellbeing, and this will be combined 

with specific noise related questions with an aim to obtain noise perspective information. 

The study area is based in East London, around the Poplar area and the A12, and 

participants are being selected using noise information from DEFRA, postcode and GIS 

analysis. 

 

INTRODUCTION 

 

One of a number of growing pollution concerns within urban areas around the world is that of noise. 
Noise is a part of everyday life, but when noise from an undesirable source is encountered on a frequent 
basis it becomes a nuisance. Noise as defined by Louen et al. (2014) is a sound which is perceived as a 
nuisance and is detrimental to wellbeing, performance and health. Noise pollution can have many 
impacts on an individual’s physical health, mental health and their sense of wellbeing (Schnell et al., 
2016; Panagopoulos et al., 2016; Romagosa et al., 2015). Dzhambov and Dimitrova (2015), identified 
that noise is one of the most intrusive pollutants in the modern world, contributing to hearing 
impairment, cardio-vascular disease and psycho-social dysfunction. Noise induced stress and noise 
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susceptibility were shown to have an adverse effect upon a person’s well-being and life satisfaction 
(Dzhambov and Dimitrova, 2015).  Living next to (or within close proximity to) a source of nuisance 
noise can lower quality of life, effect sleep patterns, cause depression and lower general wellbeing. The 
type of noise is also a factor in wellbeing, where sounds associated with nature are seen to have a 
positive impact on wellbeing when compared to manmade artificial sounds (Gidlӧf-Gunnarsson and 
Ӧhrstrӧm, 2007). Noise pollution can have an adverse effect on mental wellbeing, with links to 
increased stress levels and noise associated with methods of transport (Gidlӧf-Gunnarsson and 
Ӧhrstrӧm, 2007). According to the European Environment Agency (EEA) road traffic is the most 
dominant source of environmental noise in Europe (SOER noise briefing, 2015). In Europe it is estimated 
that over 37 million people are exposed to noise levels from road traffic above 55dB Lden (Level day-
evening-night) (EEA Noise in Europe Report, 2014). Noise levels of 55dB Lden or above have been 
defined in the 7th Environmental Action Plan (EAP, 2014) as ‘high noise levels’, and anything above 
50DdB at night. There is no legal limit in dB that a noise deemed as a nuisance can exceed before action 
has to take place. Local councils and authorities use noise meters as part of a process of judgement for 
each individual case, and these studies are mostly focussed on the noise levels at night. The EU has 
implemented the Environmental Noise Directive (END) which relates to the management and 
assessment of environmental noise. This has influenced policies within the UK by all EU member states 
having to produce noise maps for major road, train and airport hubs every five years. It has also made 
noise data available to the public, with a view to determine the exposure to environmental noise within 
its member states, but these policies may change as the UK leaves the EU. Noise is a part of modern 
life, especially in an urban environment where commercial, residential and new buildings are all located 
within close proximity to one another. This can mean that urban city households are often located 
packed closely together and near to sources of nuisance noise. Noise can have many health effects on 
individuals exposed long term. These include heightened stress levels, hypertension, sleep pattern 
disturbance and changes in blood pressure (Babisch, 2002). These effects can begin to occur when as 
little as 40db+ are experienced, especially at night (Babisch, 2002). Some of these health effects can be 
seen in Figure 1.  

 
Figure 1. An illustration highlighting the effects of noise on the general population. 
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The purpose of this research is to determine how perceptions of nuisance noise can affect an 
individual’s wellbeing. Wellbeing is an important factor to living a healthy and happy life. The health 
effects due to noise pollution both physically and mentally cause strain on the National Health Service 
(NHS) at a critical time when services are already stretched. Noise pollution has been attributed to 
premature mortality rates, and decreased productivity (EEA Noise Report, 2014). Perceptions play a 
major part in how an individual reacts to exposure to nuisance noise. Government policy can be shaped 
by the way people think about noise, and not just the actual levels of noise itself. Quiet respite areas 
can also have an influence on how individual’s cope, by providing a sanctuary away from constant noise 
exposure. London is a highly urbanised environment, densely populated with a large number of busy 
road networks within close proximity to high numbers of the population. This research looks at East 
London, specifically the area of the Blackwall Tunnel. This is a main artery for traffic heading across the 
Thames river, and provides a vital connection for South and North London. The area has a heavy traffic 
flow and regularly suffers congestion, as it is the only major traffic crossing in East London.      

 

APPROACHES TO NOISE POLLUTION MONITORING 

 

Whilst many studies have been carried out on noise levels and the effect of constant exposure to loud 
noise, there have been few studies centred on the perceptions of individuals living close to nuisance 
noise sources. Joynt and Kang (2010) carried out a study into perceptions of noise barriers. They found 
that the participants in their study perceived solid material barriers to be better noise attenuators than 
clear materials or green vegetation. They used a virtual environment to create a continued level audio 
stimulus and just changed the look of the barriers that the participant was exposed to. There was an 
inverse relationship with perceived aesthetics, and perceived effectiveness, with transparent and green 
barriers seen as more aesthetically pleasing, but more solid materials as having a greater noise 
attenuation. A similar study into perceptions was carried out by Maffei et al. (2013) also using a virtual 
environment. They compared two types of barrier, opaque and transparent, and found that transparent 
barriers were perceived as being more effective than opaque. The differing results from each study 
implies that there is no ‘one size fits all’ approach when designing noise mitigation measures. 
Perceptions have an important part to play in how mitigation measures are designed, and each area 
effected by noise may have different perceptions of what is an effective way to deal with the issue. 
These two studies mainly focussed on visual perceptions, and pre-conceptions of materials. This study 
differs because it looks at the noise itself, and focusses on how people think about noise pollution. In 
some cases, noise mitigation measures can be shaped by how people think, and barriers may not be 
the best or most cost effective solution. Providing more quiet areas, reducing traffic flow, changing road 
surfaces, providing property sound insulation and planting trees can be some alternatives that people 
can perceive as better, more effective options.  

 

Perceptions also play an important part on the effect nuisance noise may have on everyday life, as 
different noises have different effects depending upon the individual/s concerned. What one individual 
may perceive as a nuisance can be seen by another as not being of any concern (Okokon et al., 2015). 
Many factors may influence how a person perceives the noise around them. Traditionally, transport 
noise from busy roads has been seen as a source of noise associated with a nuisance and an unwanted 
sound. This may be true for some people, but not necessarily for others. The study by Okokon et al. 
(2015) identified that ‘noise annoyance’ is subjective, and can be influenced by an individual’s personal 
traits. They also highlight the complex psychophysiological sequence that can lead an individual from 
just high or low noise exposure to noise annoyance (Okokon et al., 2015). In some cases, the absence 
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of the ‘nuisance’ road noise for whatever reason can be disconcerting for them and the silence is often 
noted as more distracting than the original noise. Any study into the perceptions of noise needs to take 
into account an individual’s own circumstances and background, as this will influence how they perceive 
environmental noise. The study of noise when related to wellbeing needs to include the perceptions 
associated with noise, and the types of noise that are perceived as a nuisance. Gidlӧf-Gunnarsson and 
Ӧhrstrӧm (2007) noted that perceptions of noise can be influenced by the general perception of the 
surrounding area, as well as the type and loudness of the noise itself. The negative perceptions of traffic 
noise can be improved without actually doing anything to reduce noise levels in some cases, by adding 
quiet areas and green spaces in the vicinity of the noise source (Gidlӧf-Gunnarsson and Ӧhrstrӧm, 
2007). 

 

This is another area that has not been studied in depth; how quiet respite areas can mitigate the 
detrimental effects on wellbeing caused by unwanted noise, by providing a sanctuary for escaping the 
constant exposure. Dzhambov and Dimitrova (2015) identified that the availability of quiet green spaces 
in order to obtain a break or a respite from the noise associated with annoyance (traffic, construction 
etc) increased a person’s physical and mental health. These quiet areas could be anywhere, and they 
don’t have to be exclusively green spaces as in Dzhambov and Dimitrova (2015). They could be within 
the household itself such as a quiet room or a garden that provides peace, or a communal area such as 
a library or park. The availability of these areas often depends upon the social demographics of the area 
in question, their geographical location and level and density of urbanisation. Noise pollution can be 
improved by appropriate management and the addition of green spaces (Panagopoulos et al., 2016; 
Gidlӧf-Gunnarsson and Ӧhrstrӧm, 2007). These issues can be addressed through careful urban planning 
and local policies, as noise mitigation measures such as noise barriers may be able to help in areas 
where quiet spaces aren’t readily available. Perceptions play a vital role in these mitigation measures 
as well, as sometimes very little can be done to reduce the actual physical noise levels through barriers 
and other measures. However, the wellbeing of the residents within these areas may still be positively 
influenced by these ineffectual barriers because despite the noise levels remaining unchanged, the 
individuals perceive the barrier to have made a difference and their quality of life improves. Access to 
green spaces and quiet respite areas can also improve a person’s physical and mental health through 
space to exercise, and it can improve wellbeing through participation in therapeutic exercises and as a 
quiet place to escape elevated noise levels (Romagosa et al., 2015; Gidlӧf-Gunnarsson and Ӧhrstrӧm, 
2007). In this way perceptions can affect how local policies regarding noise are managed, and how small 
changes can have a positive effect for a large amount of people. 

 

The impacts of noise pollution are of particular concern to policymakers, as they can have a negative 
impact upon an individual’s wellbeing, and general quality of life (Paunović et al., 2009). City planners 
and local authorities can benefit from a multifunctional approach to urban planning, utilising nature 
based solutions to tackle pollution problems (Connop et al., 2016). A multifunctional approach utilises 
green infrastructure to address pollution problems by providing benefits from a social, economic and 
environmental perspective (Connop et al., 2016). Multifunctional ecosystem service benefits within an 
urban setting can not only provide a safer and more sustainable environment, but can also have positive 
impacts on an individual’s sense of place, emotional needs and wellbeing (Connop et al., 2016; 
Panagopoulos et al., 2016).  

 

An area’s aesthetics can also have an influence, with areas perceived as more attractive showing an 
improvement in noise dissatisfaction levels (Gidlӧf-Gunnarsson and Ӧhrstrӧm, 2007). Better or 
improved access to quiet spaces can be beneficial as a break from constant traffic noise, and the greater 
exposure to natural sounds such as bird song and children playing (Gidlӧf-Gunnarsson and Ӧhrstrӧm, 
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2007). The introduction of visual noise mitigation measures that can be physically seen such as noise 
barriers, can positively improve noise perception even when the noise reducing impact is marginal 
(Louen et al., 2014). This shows that any measure of an individual’s perception of a nuisance noise 
source will need to take into account whether any noise mitigation measures in the local area have 
changed the way they think about the noise they experience. This can be achieved through the use of 
carefully worded interview and questionnaire questions, which will examine whether the perception 
has changed due to an actual reduction in noise levels, or whether it is just the ‘idea’ that something is 
being done to reduce them 

 

METHODOLOGY AND DATA ANALYSIS 

 

The research methodology utilises a wellbeing perspective, by analysing an individual’s perceptions of 
noise, as well as the proximity and usage of quiet spaces through GIS (Geographical Information 
Systems) analysis. Planning and management strategies associated with the worst affected areas are 
also investigated, with a view to identifying effective policies for mitigating noise pollution, and 
improving the general wellbeing of the local population. 
 
A mixed methods approach has been adopted. This uses questionnaire surveys, GIS analysis, policy 

analysis and qualitative interviews. The research utilises the Warwick Edinburgh Mental Wellbeing Scale 

(WEMWBS) as a measure of wellbeing. The WEMWBS survey questions will be combined with specific 

noise related questions, with an aim to obtain noise perspective information for each individual 

participant. Participants were selected using noise information from DEFRA (Department for 

Environment, Food and Rural Affairs), postcode and GIS analysis. 

 

Questionnaire design 

Questionnaire design is a fundamental part of qualitative analysis techniques. In this study, 

questionnaires were chosen as a preferred method due to the restrictions on personal e-mail data 

available. A number of studies have also shown that the responses for mail questionnaires is higher 

than sending them electronically (Shih and Fan, 2009; Akl et al., 2005). Paper questionnaires can also 

remove the problem of individuals having restricted access to the Internet, and any technical 

boundaries that may be encountered. The number of participants targeted in this study is around 1200. 

An estimated return rate of 30% was deemed appropriate for a representative sample of the population 

of the study area. There is no set figure for respondents in this type of survey, but a return that allows 

statistical testing across a range of respondents was seen as appropriate. Ethical approval from the 

University of East London was obtained to approach the participants, and any personal details in the 

questionnaire comply with the 1998 data protection act.  Participants had to be 16 years old or over, 

with no known hearing impairments in order to avoid a bias. Most of the addresses associated with the 

postcodes in the study were provided by a local housing association, Poplar HARCA. Poplar HARCA could 

not provide e-mail information for this study.   

A questionnaire was designed to assess the wellbeing of individuals living in the households that fall 

within the study area, as well as asking them questions related to how they perceive any unwanted 

sound they may or may not be exposed to. Which floor they live on was also considered, as the height 

of the dwellings may influence noise exposure. The method of assessing the wellbeing of the individuals 

used was the Warwick Edinburgh Mental Wellbeing Scale (WEMWBS). Mental wellbeing as defined by 

the developers of the WEMWBS is described as covering two perspectives. The first is the subjective 
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experience of happiness and life satisfaction (hedonic perspective), and the second is positive 

psychological functioning and self-realisation (eudaimonic perspective) (WEMWBS user guide, 2015). 

WEMWBS was developed in 2006 as a method to measure the wellbeing in adults as defined as a person 

over 16. WEMWBS has subsequently shown that it can be used on a population level of age 13 and 

above. WEMWBS uses 14 positively worded questions to which the respondent rates their response on 

a Likert scale of 1 to 5. The minimum score possible is 14 and the maximum is 70. There is also a shorter 

version, the Short Warwick Edinburgh Mental Wellbeing Scale (SWEMWBS) which uses only 7 

questions. The version used in this study was the full 14 point WEMWBS scale. WEMWBS and 

SWEMWBS have both been validated within the UK, and have been used in national surveys for the 

NHS and Scottish Health. WEMWBS was chosen for this study for its adaptability as a measure in many 

different areas of wellbeing research. It is also a designated wellbeing measure, designed to avoid 

biases and to give as close a real measure of wellbeing as possible without using any proxies. Some 

previous studies have used wellbeing measures to explore the relationships between road noise and 

health (Brink, 2011). Brink (2011) focused on Switzerland as a large national study area incorporating 

the whole country, and did not utilise a dedicated wellbeing index. Instead a proxy was used obtained 

from one individual question on the general national population survey that takes place regularly, 

similar to our census in the UK. This project differs from Brink (2011) in many ways; the scale is smaller 

and more focused on a local level, access to quiet respite spaces are featured in the analysis, a dedicated 

wellbeing index is used instead of a proxy and local policies are considered.  

The questionnaire is split into 2 sections. The first contains 9 questions specifically about noise and 

quiet respite areas (see figure 2 below). The questions will produce a mixture of qualitative and 

quantitative data that can be analysed either together with the WEMWBS results, or in isolation. Part 

2 of the questionnaire is the WEMWBS part, which will produce a wellbeing score per respondent, and 

this data can be analysed with the noise data and the results shown spatially.  

Figure 2. Part one of the survey questionnaire. 

Please circle one response that best describes your experience of each over the past 2 weeks 

1. Do you notice road traffic noise in the immediate area in which you live?  

Never                Rarely              Some of the time                Quite often                 Constantly 

If never please go to question 3. 

2. Do you notice road traffic noise when inside your place of residence? 

Never                Rarely              Some of the time                 Quite often                 Constantly 

3. Does road traffic noise distract you from your day to day activities when at home?  

Never                Rarely              Some of the time                Quite often                 Constantly 

 

4. Does road traffic noise distract you from your day to day activities when you are going about in the local area? 

Never                Rarely              Some of the time                Quite often                 Constantly 

If never, please go to question 5 
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5. Please rate from 1 to 5 (1 being not noticeable and 5 being a major intrusion) any types of road noise that may impact 

upon your daily activities.  

    Not noticeable   Major intrusion 

Heavy goods vehicle noise  1 2 3 4 5 

Building works    1 2 3 4 5 

car and motorcycle road traffic noise 1 2 3 4 5 

Pedestrians talking/shouting  1 2 3 4 5 

Car/truck horns    1 2 3 4 5 

Music from vehicles   1 2 3 4 5 

Other:______________________________________________________________________________________________ 

6. Are you kept awake by road traffic noise at night? 

Never                Rarely              Some of the time                Quite often                 Constantly 

7. Are you happy with the level of road noise you experience on a daily/nightly basis? 

Yes             No 

8. Have you noticed a change in noise levels in the time that you have lived at your current address? 

No change        Quieter              Louder 

A quiet space can be found inside the home or in the local community. 

9. Do you ever utilise quiet spaces either in the community or in the home? 

Never                Sometimes                Yes 

If you answered never, please explain your answer by circling one of the following options: 

I experience no noise 

The noise levels are not high enough to use quiet spaces 

There are no quiet spaces to use 

I have no time to use the spaces available 

Other (please explain): 

__________________________________________________________________________________ 

If you answered yes, to question 8 how often do you use these spaces? 

Never                  Rarely              Some of the time                Quite often                 Constantly 

10. If you do utilise quiet spaces, are these areas easy to access? 

Yes             No 

Please specify what these quiet spaces are, (i.e garden, quiet room in your house, public building park): 

____________________________________________________________________________________________________ 

Please specify where these areas are located in your local area (i.e location of a local park or library) or if you use a 

room in your house please write ‘ROOM’: 
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GIS analysis and site selection 

GIS (Geographical Information Systems) are an essential tool when analysing spatial data. The use of 

GIS in this study is essential to explore relationships between areas of high noise levels, transport 

networks and proximity of households to quiet spaces. GIS allows different layers of information to be 

displayed together, allowing for trends to be displayed visually on a map. This is useful for 

communication to relevant stake holders who may need to see and analyse the information quickly. In 

this study GIS was used to identify the study area by adhering to several key parameters and using 

existing data from previous DEFRA noise studies combined with other spatial data. The DEFRA noise 

study was carried out in 2012, and is freely available on the Government’s .gov website as part of their 

Open Data scheme. The data includes both day and night noise levels and is concentrated along major 

transport routes (see figures 3 and 4).  

 

Figure 3. An example of the DEFRA road noise data for day, evening and night time along the poplar 

area of East London 
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Figure 4. DEFRA road noise data from East London for night noise levels. 

DEFRA uses the EU measurement indicator of Lden. This is a commonly used weighted parameter that 

corresponds to the average noise level throughout the day, evening and night, that a citizen is exposed 

to over a year. DEFRA define this in their data as the average road noise measured over a 24-hour period 

with separate weighting for night time, which was defined as being between 23:00 and 07:00. This 

study concentrates on road noise around major transport hubs. The highest levels of noise from the 

DEFRA data (blue areas) are along the major road arteries in the study area. The area is highly urbanised, 

with a large number of households located within 100m of sustained noise levels of 60db+Lden. The 

DEFRA data was overlaid with a road transport network, and the plotted points of postcodes for the 

East London area. The road network data can be used together with the questionnaire results to identify 

quiet respite areas, and network analysis can be used to explore the accessibility of these places and 

the relationship with wellbeing scores. Quiet respite areas are identified within the questionnaire by 

asking the respondent to be specific about the location of the respite areas they may use (see figure 2).  

A 100m buffer was created around roads that had noise levels of 65db or above for average Lden noise, 

and all those postcodes within that area were selected for the study. The noise levels of 65 dB+ were 

chosen as the threshold because the areas of less noise included postcodes that were on smaller 

residential streets which were deemed as not being on a major transport road area. A 50m buffer was 

also trialled, but this was found to exclude a large number of properties just outside the 50m limit, 

which were still within areas of high noise levels. The selected postcodes were filtered to remove any 

commercial properties so that residential properties only were included. This was because in the 

context of this study, only residential properties where people live were needed. The study area 

selected was an area with high traffic density, and a large number of residential properties, mostly flats, 

located within close proximity of the source of nuisance road noise (see figure 5). 
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Figure 5. The study area selected at the major interchange, showing the postcodes located near the 

road. Each dot is one postcode, and is made up of many different unique addresses. The unique 

addresses are all added to the mailing list which will be used to send the questionnaires to respondents.  

 

DISCUSSION 

The methodology used in this study can be easily transferred for use anywhere in the World where 

noise pollution is an issue. This study addresses the research questions of how noise perceptions can 

affect participant wellbeing, how quiet respite areas can improve perceptions and wellbeing and how 

can both of these factors help to shape future policies. The study is currently ongoing, with the 

questionnaires being distributed and the response rate yet to be determined. A number of follow up 

letters will be sent out towards the end of the summer 2017, in order to increase the expected response 

rate. The project is due to end in January of 2019. The results produced by the project should allow 

local policy makers to include perspective analysis in their noise mitigation planning. This is especially 

relevant in the study area for this project, as Poplar HARCA are due to undertake phase 1 of the 

Riverside Housing Zone (RHZ) which is located in the North East section of the study area (see figure 6). 

£52 million has been set aside for phase 1, which is the first stage in a project due to provide 6,000 new 

homes over the next ten years. The main goals of the RHZ are to improve the infrastructure to the area, 

and to provide affordable housing.  



361 
 

 

Figure 6. A map showing the RHZ, with this projects study area circled in red. Phase 1 of the project 

occurs in the North East section of the circle (Future of London Website, 2017). 

This study could have significant impacts on how the RHZ develops in phase 2, and how they approach 

the problem of noise pollution. The phase 1 development could also benefit from the results as noise 

barriers, extra sound proofing and other mitigation measures could be employed in areas of low 

wellbeing after the phase 1 houses have been built.  A large number of the new houses due to be built 

will be well within the 100m buffer designed in this project, and may therefore be subjected to noise 

levels exceeding 65dB Lden. In order to avoid future health and wellbeing complications with the 

residents, effective noise mitigation measures must be designed, and this study can have an influence 

on how these will be implemented. Quiet respite areas and noise barriers may be important to avoid 

costly methods of masking the sound, and perceptions will play a key role in how these are developed 

and where they are placed.   
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Abstract  

Relative to other industries in South Africa and construction industries worldwide, the 
construction process generates a disproportionate number of fatalities, injuries, and disease, 
and both the direct and indirect costs contribute to the cumulative cost of construction. 

Designers influence construction health and safety (H&S) directly and indirectly.  The direct 
influence is because of design, details and method of fixing, and depending upon the type of 
procurement system, supervisory and administrative interventions.  The indirect influence is 
because of the type of procurement system used, pre-qualification, project duration, 
partnering, and the facilitating of pre-planning. 

The paper presents the results of a study conducted among interior designers in South Africa to 

determine their perceptions and practices relative to construction H&S. The following constitute 
the salient findings. Client satisfaction, quality, and time are more important to interior 
designers than construction H&S. A range of design related aspects impact on construction H&S. 
Construction H&S is considered frequently relative to 43% of occasions and 57% of design 
related occasions by interior designers. Experience predominates in terms of how H&S 
knowledge was acquired, and a range of aspects have the potential to contribute to an 
improvement in knowledge and the application of construction H&S.    

The paper concludes that interior designers contribute to construction H&S, but that there is 
potential for and a clear need for enhanced contributions. Recommendations include the 

inclusion of construction H&S in interior designer tertiary education, and continuing 
professional development (CPD).     

INTRODUCTION  

The South African Construction Regulations (Republic of South Africa, 2014) require a range of 

interventions relative to construction H&S on the part of clients and designers, interior designers being 

included in the definition of designer. 

Furthermore, it is notable that the International Labour Office (ILO) (1992) as early as 1992 

recommended that designers should: receive training in H&S; integrate the H&S of construction 

workers into the design and planning process; not include anything in a design which would necessitate 

the use of dangerous structural or other procedures or hazardous materials which could be avoided by 

design modifications or by substitute materials, and consider the H&S of workers during subsequent 

maintenance.  
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Various authors have stated that design is an important stage of projects, as at this stage, conceptual 

ideas are ideally converted into constructable realities (Behm, 2006; Hecker et al., 2006; Hinze, 2006; 

Thorpe, 2006). Thorpe (2006) further states that ‘designing for H&S’ is one of a range of considerations 

that need to be balanced simultaneously during design, and highlights that it is an integral part of the 

overall design process as doing so will result in safer construction and maintenance of structures and 

facilities. Furthermore, ‘designing for H&S’ is one of the designing for constructability principles. 

However, despite the growing evidence of the actual and potential benefits of H&S interventions at 

design stage, the challenge remains that most designers still rarely perceive the concept of ‘designing 

for H&S’ as part of their function (Haslam et al., 2003). Moreover, studies relative to the influence of 

designers often tend to target end-users, overlooking the H&S of the workers who construct the 

building or structure (Becker et al., 2003). The problem is compounded by previous research with 

respect to the role of designers in construction H&S having generally addressed the architectural and 

engineering disciplines. Consequently, there is limited knowledge with respect to the influence of other 

designers on construction H&S, including interior designers, and their level of knowledge with respect 

to designing for construction H&S. It is this gap in the literature that gave impetus to the present study, 

which seeks to provide a better understanding of the perceptions and practices of interior designers 

within the South African context with a view to contributing to the improvement of designing for 

construction H&S interventions. 

Given the aforementioned, a study was conducted among interior designers to determine: 

• The perceived importance of construction H&S and other project parameters; 

• General interior designer practices relative to construction H&S; 

• Potential of interventions to contribute to an improvement in construction H&S, and  

• Source of construction H&S and ‘designing for construction H&S’ knowledge.    

LITERATURE REVIEW  

Introduction 

There is a paucity of literature pertaining to the role of interior designers and construction H&S.   

Health and Safety legislation and recommendations pertaining to designers 

In terms of the South African Construction Regulations (Republic of South Africa), clients and designers 

have responsibilities with respect to construction H&S and ergonomics.  

Clients are required to, inter alia, prepare an H&S specification based on their baseline risk assessment 

(BRA), which is then provided to designers. They must then ensure that the designer takes the H&S 

specification into account during design, and that the designers carry out their duties in terms of 

Regulation 6 ‘Duties of designers’.  Thereafter, clients must include the H&S specification in the tender 

documentation, which in theory should have been revised to include any relevant H&S information 

included in the designer report as discussed below.  
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Designers in turn are required to, inter alia: consider the H&S specification;  submit a report to the 

client before tender stage that includes all the relevant H&S information about the design that may 

affect the pricing of the work; inform the client of any known or anticipated dangers or hazards relating 

to the construction work, and make available all relevant information required for the safe execution 

of the work upon being designed or when the design is changed; modify the design or make use of 

substitute materials where the design necessitates the use of dangerous  procedures or materials 

hazardous to H&S, and consider hazards relating to subsequent maintenance of the structure and make 

provision in the design for that work to be performed to minimize the risk. To mitigate design originated 

hazards, requires hazard identification and risk assessment (HIRA) and appropriate responses, which 

process should be structured and documented.  Furthermore, the designer report submitted to the 

client should schedule the residual hazards on projects, which in turn should be included in the ‘revised’ 

H&S specification included in the tender documentation.  

In terms of the Draft Ergonomics Regulations (Republic of South Africa, 2017) ‘5.1 Designers of 

machinery, equipment or articles for use at work, must: eliminate ergonomic risk factors from the 

design, or where this is not reasonably practicable, must minimise the ergonomic risk factors that 

workers may be exposed to in each possible use of the items; provide information regarding the 

ergonomic risk factors identified and the controls to the manufacturer, so that the manufacturer may 

take action where reasonably practicable to eliminate or minimise residual ergonomic risk factors, and 

provide information to the manufacturer for potential users involved in each phase of the lifecycle 

regarding the ergonomic risk factors that he / she could not eliminate, and the conditions for safe use. 

Although these are draft regulations, they are not onerous, and merely require design HIRAs, and 

appropriate responses. 

Designing for construction ergonomics  

According to Hecker et al. (2006), H&S through design is a fundamental principle of H&S, and the 

hierarchy of controls is fundamental to the process of hazard reduction i.e. elimination or substitution 

to mitigate hazards, followed by engineering controls, behavioural modelling in the form of safe work 

procedures (SWPs), and then personal protective equipment (PPE). Essentially, PPE should be a last 

resort. An interior design example could be a solvent based decorative spray on paint finish, which 

constitutes a hazard. The paint finish could be eliminated or substituted, in the case of the former, with 

ceramic or similar tiles, or in the case of the latter, a water based paint finish. If not, then engineering 

controls such as the use of air extraction and ventilation could be opted for if the solvent based 

decorative spray on paint finish were proceeded with. 

However, Hecker et al. (2006) argue that although architects and engineers regularly address H&S in 

their designs, their concerns apply almost exclusively to the end-user of a facility, rather than the 

workers who undertake the construction thereof.  

Impact of design on construction ergonomics 

Design influences and impacts on construction H&S directly and indirectly. Directly through: concept 

design; selection of structural frame; detailed design; selection of cladding, and specification of 

materials. Indirectly through: the selection of procurement system; related interventions such as 

prequalification; decision regarding project duration, and selection of contractor (Smallwood, 2004). 
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A study conducted in the USA to determine whether addressing H&S in the project designs could have 

prevented incidents, entailed the analysis of 450 reports of construction workers’ deaths and disabling 

injuries (Behm, 2006). The analysis determined that in 151 cases (33.6%), the hazard that contributed 

to the incident could have been eliminated or reduced if ‘design-for-H&S’ measures had been 

implemented. 

Importance of Health and Safety 

Research findings indicate that historically, the traditional project parameters of cost, quality, and time, 

have taken precedence over H&S in terms of the importance of project parameters. A study conducted 

among engineers required that respondents indicate the importance of five parameters. Project quality 

was ranked first, followed by public H&S, and joint ranked schedule (time) and cost, and lastly, project 

H&S (Smallwood, 2004). During a similar study conducted among architects, project quality was ranked 

first, followed by project cost, end-user ergonomics, environment, project time, project H&S, and 

construction ergonomics (Smallwood, 2008).  

During an ‘image of contractors’ study conducted among clients by Smallwood (2010), respondents 

indicated the importance of twenty-six image related aspects. ‘Quality’ and ‘remaining within budget’ 

were ranked joint first, ‘time performance’ eighth, ‘health’ eleventh, and ‘safety’ thirteenth. 

RESEARCH 

Research method 

The self-administered questionnaire consisted of thirteen questions, twelve of which were closed-

ended, and one open-ended.  Ten of the twelve closed-ended questions were five-point Likert scale 

type questions. The questionnaire was circulated per post to 206 members of the South African 

Institute of the Interior Design Professions. 22 Responses were included in the analysis of the data.  

Descriptive statistics in the form of frequencies and a measure of central tendency in the form of a 

mean score (MS) were computed to present the findings of the empirical study. The MS is based upon 

a weighting of the responses to the five and six-point Likert scale type questions, and ranges from either 

a minimum score of 1.00 to a maximum of 5.00, or 0.00 and 5.00, the respective midpoints of the range 

being 3.00, and 2.50. The MS enables the range of percentage responses to be interpreted, and 

parameters, and the frequency at which construction H&S is referred to / considered, to be ranked. 

Due to the number of responses, inferential statistical analysis was not possible.   

Previous studies conducted among, inter alia, engineers and architects in South Africa to determine 

designers perceptions and practices with respect to construction H&S investigated the: frequency at 

which construction H&S is considered on various occasions and relative to various design related 

aspects; extent to which various design related aspects impact on construction H&S; source of H&S 

knowledge, and the potential of various aspects to contribute to an improvement in construction H&S 

(Smallwood, 2004; 2008). The study reported on constitutes a replication of this prior study, which 

study in turn constitutes the origin of the occasions, aspects, and sources.   

Research results 

Table 1 indicates the importance of eleven parameters to respondents in terms of percentage 
responses to a scale of 1 (not) to 5 (very), and MSs ranging between 1.00 and 5.00. It is notable 
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that all the MSs are above the midpoint of the range, namely 3.00, which indicates the parameters 
are very important, as opposed to not important.   

It is notable that 8 / 11 (72.7%) MSs are > 4.20 ≤ 5.00 – between more than important to very important 

/ very important: client satisfaction; project quality; project schedule; labour productivity; designer 

satisfaction; project cost; worker satisfaction, and contractor satisfaction. The three traditional project 

parameters, namely cost (6th), quality (2nd), and time (schedule) (3rd), fall within this range. However, 

the MS (4.19) of project H&S is virtually on the lower point of the range. The MSs of project H&S, public 

H&S, and environment (natural) are > 3.40 ≤ 4.20 – between important to more than important / more 

than important. 

Table 1, Importance of eleven project parameters to respondents. 

 

Project parameter 

Response (%) 

MS Rank 
Unsure 

Not ……………………………………..…………………. Very 

1 2 3 4 5 

Client satisfaction 0.0 4.8 0.0 0.0 0.0 95.2 4.81 1 

Project quality 0.0 4.8 0.0 0.0 4.8 90.5 4.76 2 

Project schedule 0.0 0.0 4.8 4.8 14.3 76.2 4.62 3 

Labour productivity 0.0 0.0 4.8 4.8 19.0 71.4 4.57 4 

Designer satisfaction 0.0 4.8 0.0 4.8 23.8 66.7 4.48 5 

Project cost 0.0 0.0 5.0 15.0 15.0 65.0 4.40 6 

Worker satisfaction 0.0 0.0 4.8 14.3 28.6 52.4 4.29 7 

Contractor satisfaction 0.0 0.0 4.8 14.3 33.3 47.6 4.24 8 

Project health and safety 4.8 0.0 4.8 9.5 23.8 57.1 4.19 9 

Public health and safety 9.5 0.0 0.0 14.3 19.0 57.1 4.05 10 

Environment (natural) 4.8 4.8 4.8 14.3 28.6 42.9 3.86 11 

 

Table 2 presents the frequency at which respondents consider or refer to construction H&S on fourteen 

occasions in terms of percentage responses to a frequency range of never to always, and MSs ranging 

between 1.00 and 5.00. The project phase within which the occasion falls, is referenced between 

parentheses in terms of its stream: upstream (Up); midstream (Mid), and downstream (Down). It is 

notable that 6 / 14 (42.9%) MSs are above the midpoint of the range, namely 3.00, which indicates that 

consideration of or reference to construction H&S on these occasions can be deemed to be frequent as 

opposed to infrequent.   

It is notable that no MSs are > 4.20 ≤ 5.00 – between often to always / always. 4 / 14 (28.6%) MSs > 

3.40 ≤ 4.20 – between sometimes too often / often: site inspections / discussions (down); site meetings 

(down); site handover (mid), and constructability reviews (up). However, it is notable that the top two 
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occasions are both ‘downstream‘ occasions, and that client meetings, the occasion when construction 

H&S should be first considered, is ranked twelfth. Ten occasions’ (71.4%) MSs are > 2.60 ≤ 3.40 – 

between rarely to sometimes / sometimes: pre-qualifying contractors (mid); pre-tender meeting (mid); 

design coordination meetings (up); concept (design) (up); preparing project documentation (up); 

detailed design (up); evaluating tenders (mid); client meetings (up); working drawings (up), and 

deliberating project duration (up). It is notable that 7 / 10 of the ‘upstream’ occasions fall within this 

range. 

Table 2, Frequency at which respondents consider / refer to construction H&S on fourteen 

occasions. 

 

Occasion 
Response (%) 

MS Rank 
Unsure Never……………………………………………………….Always 

Site inspections / discussions (Down) 4.8 4.8 4.8 28.6 28.6 28.6 3.75 1 

Site meetings (Down)  4.8 4.8 9.5 28.6 23.8 28.6 3.65 2 

Site handover (Mid) 9.5 9.5 0.0 28.6 28.6 23.8 3.63 3 

Constructability reviews (Up) 14.3 9.5 4.8 33.3 14.3 23.8 3.44 4 

Pre-qualifying contractors (Mid) 19.0 14.3 4.8 28.6 19.0 14.3 3.18 5 

Pre-tender meeting (Mid) 19.0 14.3 9.5 28.6 14.3 14.3 3.06 6 

Design coordination meetings (Up) 0.0 14.3 19.0 42.9 9.5 14.3 2.90 7 

Concept (design) (Up) 0.0 23.8 14.3 28.6 19.0 14.3 2.86 8 

Preparing project documentation 

(Up) 
0.0 19.0 23.8 23.8 23.8 9.5 2.81 9 

Detailed design (Up) 0.0 23.8 19.0 28.6 9.5 19.0 2.81 10 

Evaluating tenders (Mid) 9.5 14.3 28.6 23.8 9.5 14.3 2.79 11 

Client meetings (Up) 0.0 31.8 9.1 31.8 9.1 18.2 2.73 12 

Working drawings (Up) 0.0 25.0 25.0 25.0 10.0 15.0 2.65 13 

Deliberating project duration (Up) 9.5 23.8 19.0 23.8 14.3 9.5 2.63 14 

 

Table 3 presents the frequency at which respondents consider or refer to construction H&S relative to 

fourteen design related aspects in terms of percentage responses to a frequency range of never to 

always, and MS ranging between 1.00 and 5.00. It is notable that 8 / 14 (57.1%) MSs are above the 

midpoint of the range, namely 3.00, which indicates the consideration of or reference to construction 

H&S relative to these design related aspects can be deemed to be frequent as opposed to infrequent.   

It is notable that no MSs are > 4.20 ≤ 5.00 – between often to always / always. It is also notable that 

only one aspect’s MS (7.1%) is > 3.40 ≤ 4.20 – between sometimes to often / often, namely method of 

fixing. 12 / 14 (85.7%) MSs are > 2.60 ≤ 3.40 – between rarely to sometimes / sometimes: position of 
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components; specification; design (general); edge of materials; plan layout; details; mass of materials; 

elevations; schedule; surface area of materials; content of material, and finishes. The MS of texture of 

materials is > 1.80 ≤ 2.60 – between never to rarely / rarely. 

Table 3, Frequency at which respondents consider / refer to construction H&S relative to fourteen design 

related aspects. 

 

Aspect 
Response (%) 

MS Rank 
Unsure Never……………………………………………………..Always 

Method of fixing 13.6 4.5 4.5 31.8 22.7 22.7 3.63 1 

Position of components 27.3 0.0 9.1 40.9 9.1 13.6 3.38 2 

Specification 13.6 4.5 18.2 31.8 4.5 27.3 3.37 3 

Design (general) 18.2 4.5 18.2 22.7 18.2 18.2 3.33 4 

Edge of materials 13.6 0.0 27.3 22.7 18.2 18.2 3.32 5 

Plan layout 18.2 9.1 18.2 18.2 18.2 18.2 3.22 6 

Details 18.2 4.5 27.3 22.7 4.5 22.7 3.17 7 

Mass of materials 31.8 4.5 22.7 18.2 4.5 18.2 3.13 8 

Elevations 18.2 4.5 22.7 36.4 9.1 9.1 2.94 9 

Schedule 18.2 4.5 22.7 36.4 13.6 4.5 2.89 10 

Surface area of materials 18.2 4.5 36.4 13.6 22.7 4.5 2.83 11 

Content of material 13.6 4.5 40.9 13.6 22.7 4.5 2.79 12 

Finishes 4.5 13.6 36.4 27.3 9.1 9.1 2.62 13 

Texture of materials 27.3 18.2 22.7 22.7 4.5 4.5 2.38 14 

 

Table 4 indicates the extent to which fourteen design related aspects impact on construction H&S in 

terms of percentage responses to a range of 1 (minor) to 5 (major), and MS ranging between 1.00 and 

5.00. It is notable that all the MSs are above the midpoint of the range, namely 3.00, which indicates 

the extent to which the fourteen design related aspects impact on construction H&S can be deemed to 

be major as opposed to minor.   

It is notable that no MSs are > 4.20 ≤ 5.00 – between a near major to major extent / major extent. 10 / 

14 MSs (71.4%) are > 3.40 ≤ 4.20 – between some extent to a near major extent / near major extent: 

method of fixing; edge of materials; plan layout; details; mass of materials; design (general); position 

of components; elevations; specification, and content of materials. 4 / 14 (28.6%) MSs are > 2.60 ≤ 3.40 

– between a near minor extent / near minor extent rarely to sometimes / sometimes: texture of 

materials; finishes; schedule, and surface area of materials. 
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Table 4, Extent to which fourteen design related aspects impact on construction H&S. 

 

Aspect  

Response (%) 

MS Rank 
Unsure 

Minor ……………………….……………………………. Major 

1 2 3 4 5 

Method of fixing 4.5 0.0 9.1 18.2 31.8 36.4 4.00 1 

Edge of materials 23.8 4.8 0.0 28.6 9.5 33.3 3.88 2 

Plan layout 9.1 0.0 0.0 45.5 18.2 27.3 3.80 3 

Details 22.7 0.0 9.1 22.7 22.7 22.7 3.76 4 

Mass of materials 22.7 0.0 13.6 18.2 22.7 22.7 3.71 5 

Design (general) 9.1 4.5 0.0 31.8 36.4 18.2 3.70 6 

Position of components 18.2 4.5 4.5 36.4 18.2 18.2 3.50 7 

Elevations 19.0 0.0 0.0 52.4 19.0 9.5 3.47 10 

Specification 13.6 0.0 18.2 31.8 13.6 22.7 3.47 8 

Content of materials 13.6 4.5 13.6 18.2 36.4 13.6 3.47 9 

Texture of materials 13.6 9.1 9.1 22.7 31.8 13.6 3.37 11 

Finishes 9.1 0.0 22.7 27.3 27.3 13.6 3.35 12 

Schedule 13.6 4.5 9.1 45.5 18.2 9.1 3.21 13 

Surface area of materials 22.7 9.1 4.5 36.4 18.2 9.1 3.18 14 

 

Table 5 indicates the extent to which tertiary interior design education addresses construction H&S in 

terms of percentage responses to a scale of does not, and 1 (minor) to 5 (major), and a MS ranging 

between 0.00 and 5.00. Given that the MS is ≤ 2.50, the extent can be deemed to be minor as opposed 

to major.  However, given that the MS falls within the range > 1.67 ≤ 2.50, the extent can be deemed 

to be between minor to near minor / near minor. The 30% ‘unsure’, 5% ‘does not’ and 20% ‘minor’ 

responses are notable. 

Table5, Extent to which tertiary interior design education addresses construction H&S. 

 

Unsure 

Does 

not 

Minor ………………………………… Major 
MS 

1 2 3 4 5 

30.0 5.0 20.0 20.0 5.0 20.0 0.0 2.21 

 

Table 6 indicates the respondents’ knowledge of construction H&S and ‘designing for construction H&S’ 

skills in terms of percentage responses to a scale of ‘nil, and 1 (limited) to 5 (extensive), and a MS 
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ranging between 0.00 and 5.00. Given that the MS is ≤ 2.50, the knowledge can be deemed to be more 

limited than extensive.  However, given that the MS falls within the range > 1.67 ≤ 2.50 the knowledge 

can be deemed to be between limited to less than average / less than average.  The 4.8% ‘nil’ and 33.3% 

‘limited’ responses are notable. 

Table 6, Respondents’ rating of their knowledge of construction H&S and ‘designing for 

construction H&S’ skills. 

 

Unsure Nil 
Limited …………………………… Extensive 

MS 
1 2 3 4 5 

0.0 4.8 33.3 14.3 33.3 4.8 9.5 2.21 

 

Table 7 indicates that experience (72.7%) predominates in terms of respondents’ source of ergonomics 

knowledge, followed distantly by magazine articles (27.3%), tertiary education (22.7%), workshops 

(13.6%). Both journal papers and practice notes were identified by 4.5% of respondents.  Conference 

papers (0%), CPD seminars (0%), and postgraduate qualifications (0%), are notable, as they directly 

relate to the discipline, profession, and practice of interior design. 

Table 7, Respondents’ source of knowledge of construction H&S. 

 

Source Yes (%)  

Experience 72.7 

Magazine articles 27.3 

Tertiary education 22.7 

Workshops 13.6 

Journal papers 4.5 

Practice notes 4.5 

Conference papers 0.0 

CPD seminars 0.0 

Post graduate qualifications 0.0 

 

Table 8 indicates the way in which construction H&S should be addressed in interior design 

programmes. 40.9% of respondents identified ‘A subject construction H&S’, followed by ‘included in a 

range of subjects’ (31.8%), and ‘included in the subject design’ (18.2%). Only 9.1% were ‘unsure’. 
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Table 8, Way construction H&S should be addressed in interior design programmes. 

 

Manner Yes (%) 

Unsure 9.1 

Not at all 0.0 

Included in a range of subjects 31.8 

Included in the subject ‘design’ 18.2 

A subject ‘construction H&S’ 40.9 

 

DISCUSSION 

Given the limited size of the sample strata and the number of responses the study can best be described 

as exploratory, and furthermore, not representative. However, the respondents are likely to constitute 

the more committed interior designers in terms of construction H&S, and therefore the extent of 

consideration of and reference to construction H&S is notable. Furthermore, they allude to the 

likelihood that the actual situation is much worse. 

The literature indicates the limited contribution of designers to construction H&S, and that it remains 

a challenge in terms of engendering enhanced consideration therefor, and contributions thereto.  

The empirical findings generally reflect the findings of earlier research conducted by the researcher 

(Smallwood, 2004; 2008), particularly in terms of the frequency that interior designers consider 

construction H&S on various occasions, and relative to various design aspects, the extent to which 

various design related aspects impact on construction H&S, the source of construction H&S knowledge, 

and the extent to which tertiary education addresses construction H&S. However, the contribution of 

interior designers to construction H&S can be deemed to be less than that of architects, and engineers. 

Then, it is notable that they appreciate the extent to which various design related aspects impact on 

construction H&S, which alludes to the need for empowerment in terms of acting i.e. appropriate 

tertiary education, practice notes, and a ‘designing for construction H&S’ toolkit. These interventions 

are underscored by the Construction Industry Development Board (cidb) (2009) report, which states 

that H&S relevant education and training (or lack thereof), at all levels, has a major impact on 

construction H&S. Furthermore, it stated that at the tertiary level, not all construction related 

programmes in South Africa include H&S within their curricula, especially designer programmes. 

CONCLUSIONS 

The traditional project parameters of cost, quality, and time are more important than project H&S and 

public H&S to interior designers. Therefore, it can be concluded that interior designers do not 

understand and appreciate the synergy between project H&S and the other parameters.  

Interior designers do consider construction H&S on various occasions, more so during downstream and 

mid-stream phases than upstream phases, concept design and client meetings included. Given that the 
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frequency is mostly (71.4%) between rarely to sometimes / sometimes, it can be concluded that the 

cited importance of construction H&S manifests itself. 

Interior designers do consider construction H&S on various design related   occasions.  However, the 

frequency is mostly between rarely to sometimes / sometimes (85.7%). Therefore, it can be concluded 

that the cited importance of construction H&S manifests itself.  

Interior designers do appreciate the extent to which various design related aspects impact on 

construction H&S in that they maintain the impact of most (71.4%) design related aspects is between 

some extent to a near major extent / near major extent. 

It can be concluded that interior designers’ source of knowledge is more informal than formal – 

experience vis-à-vis tertiary education.  It can also be concluded that tertiary interior designer 

education and the interior designs profession are not addressing construction H&S to the extent that 

they should.  These conclusions are reinforced by the extent to which tertiary interior design education 

addresses construction H&S, and interior designers’ ‘below average’ self-rating of their knowledge of 

construction H&S and ‘designing for construction H&S’ skills.     

RECOMMENDATIONS 

Tertiary interior design education should address construction H&S, and highlight the role thereof in 

overall project performance. Furthermore, designing for construction H&S should be introduced in 

tertiary interior design education programmes. 

The South African Council for the Architectural Professions and the South African Institute of the 

Interior Design Professions should interrogate the extent to which interior design programmes address 

construction H&S during accreditation visits, evolve construction H&S practice notes, and promote 

continuing professional development relative to construction H&S. Furthermore, a ‘designing for 

construction H&S’ toolkit should be evolved.       
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Abstract 

Several studies demonstrate that Cultural Ecosystem Services (CUES) derived from green 
infrastructure (GI) have direct and indirect impact and influence on peoples’ well-being in cities. 
The lack of consideration of CUES in cities was reflected in the Millennium Ecosystem 
Assessment Report by the United Nations, which shows that the quality of CUES will be degraded 
by 2050 both in industrial and developing countries. In this context, the paper focuses on an 
innovative approach of integrating CUES in GI development to enable sustainable and healthy 
cities. Due to prolific urbanisation, green infrastructure in cities are under immense pressure 
limiting their potential both in providing environmental sustainability and ecosystem services to 
urban communities. There is an urgent need for exploring innovative strategies for pressurized 
urban areas in effectively providing ecosystem services to promote health and well-being in 
cities. The paper examines the potential of largely neglected everyday loose spaces in the urban 
environment that can be developed into a network of active green pockets. As the loose spaces 
are both inherently and implicitly connected to the everyday urban geographies, with 
appropriate planning and design, they can also become successful multifunctional social 
amenity spaces. Analysis and discussion are drawn from a review of creative projects of GI 
projects in cities and a renewed socio-spatial approach for integrating GI and CUES is presented. 
The paper will offer critical socio-spatial insights for architects, urban planners, engineers, urban 
designers and policy makers in developing GI in cities which not only focus on urban 
sustainability but also to enable health and well-being. The conclusions of the paper inform the 
ongoing research project in which the author investigates the innovative methods of improving 
socio-ecological resilience in Cambridge. 

INTRODUCTION 

Degradation of CUES 

The Millennium ecosystem services report (Sarukhán and Whyte 2005) defined the cultural ecosystem 
as 'the nonmaterial benefits people obtain from ecosystems through spiritual enrichment, cognitive 
development, reflection, recreation, and aesthetic experiences'. Cultural ecosystem services have direct 
and indirect impact and influence on human well-being and in this context, it is important to explore 
the conditions and scenarios in which these services can be better managed to achieve maximum 
results. While the report presented significant findings on the issues pertaining to ecosystem services, 
one particularly significant aspect of the report is the four global scenarios developed to explore 
plausible futures for ecosystems and human well-being. The scenarios were developed based on the 
societal attitude and condition that might prevail in 2050. The four scenarios discussed were: 
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Global Orchestration: a globally connected society that focuses on global trade and economic 
liberalisation and takes a reactive approach to ecosystem problems. 

Order from Strength: This scenario represents a regionalised and fragmented world, which is concerned 
with security and protection, emphasizes primarily regional markets, pays little attention to public 
goods, and takes a reactive approach to ecosystems. 

Adapting Mosaic: In this scenario, regional watershed-scale ecosystems are the focus of political and 
economic activity. Local institutions are strengthened and local ecosystem management strategies are 
common; societies develop a strongly proactive approach to the management of ecosystem problems. 

TechnoGarden: This scenario depicts a globally connected world relying strongly on environmentally 
sound technology, using highly managed, often engineered, ecosystems to deliver ecosystem services, 
and taking a proactive approach to the management of ecosystems in an effort to avoid problems. The 
following chart is presented as a part of the analysis showing the level of enhancement or degradation 
of ecosystem services in the four scenarios in 2050. 

 

Fig 1: Changes in Ecosystem services in percentage 

In the above Fig 1, one of the significant points to note is how the CUES are shown to be degrading in 
three out of four scenarios both in developing and industrial countries. The only scenario in which CUES 
is shown as improved/enhanced is the adapting mosaic scenario. The current approach to cities 
development predominantly subscribes to the techno garden scenario, where focus is more towards 
engineering solutions that largely overlook social values and meaning towards achieving sustainable 
development. Such an approach clearly has greater possibilities that allow degradation of CUES which 
will have a negative impact on peoples’ well-being in cities. 

CUES benefits and urban living 

CUES have been explained and included under various other categories of ecosystem services (Milcu et 
al, 2013). CUES is referred to variously as cultural services (Constanza 1997), life-fulfilling functions 
(Daily 1999), information functions (de Groot et al. 2002), amenities and fulfilment (Boyd and Banzhaf 
2007), cultural and amenity services (de Groot et al. 2010, Kumar 2010), or sociocultural fulfilment 
(Wallace 2007). Although CUES are described and understood through various terms, one fundamental 
characteristic that underlies all the terms is the intangible nature (Sarukhán and Whyte 2005), of the 
benefits derived from them. As Kenter et al. (2011) stated, the benefits derived from CUES are very 
subtle and intuitive, it is difficult to assess or ‘value’ in order to be incorporated strategically in the 
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planning and policy decisions, as they are seldom used as economic indicators for marketing cities. Milcu 
et al. (2013) in their work indicate that cultural ecosystem services deserve attention beyond the label 
of a Millennium Ecosystem Assessment category and the negligence of CUES predominantly remains 
the same. While CUES are important in a wide range of settings (Milcu et al., 2013), it is more so in 
contemporary cities today, considering their potential impact on health and well-being. One of the many 
ways in which CUES contribute to the health and well-being of people is through green spaces in cities. 

Several studies have demonstrated the health and well-being benefits of green spaces: lower risk of 
hypertension (Agyemang et al., 2007), reduced noise annoyance and stress-related psychosocial 
symptoms (Gidlof-Gunnarsson & Ohrstrom, 2007) mental health and vitality (Guite et al., 2006) –
reduced stress (Hartig, Mang et al. 1991); mental well-being (O’Campo et al., 2009). Green spaces not 
only serve as places for relaxation, but also allow for social cohesion (Groenewegen et al., 2012) overall 
neighbourhood satisfaction (Leslie and Cerin, 2008) and create opportunities for active and passive 
recreation for diverse user groups. Contemporary urban living is often characterised by speed, 
alienation and displacement, leading to an increasingly fragile relationship between people and place. 
Amidst the rapid pace of urban living, parks and urban green spaces offer a sense of relaxation and 
restoration. Korpela and Terry (2001) defined restoration as a process of recovery that follows stress or 
fatigue, involving an enhancement of mood, a renewed capacity for directed attention, and possible 
self-reflection. People tend to depend on parks, open spaces, rivers, canals etc which are essentially the 
green infrastructure of the city. In a deeper sense, the restorative qualities of green and blue spaces can 
enable people to reconstitute their self and develop a sense of attachment to the physical world. 

 Spatial experiences that offer personal and social restoration are considered to be an important factor 
that enable people to develop a sense of belonging in cities. Restorative experiences fall under the 
characteristic nature of peak experiences which is the ‘integrated feeling, spontaneity, creative, ease of 
functioning, positive etc’ as described by Maslow (1968), and discussed as the most appropriate 
situation for evoking a strong sense of identity in a person which plays a vital role in the way one 
develops personal and social relations. 

Pressurised Cities and GI challenges and development 

The European Commission (EU Report 2013) defines green infrastructure as 'the use of ecosystems, 
green spaces and water in strategic land use planning to deliver environmental and quality of life 
benefits. It includes parks, open spaces, playing fields, woodlands, wetlands, road verges, allotments 
and private gardens. Green infrastructure can contribute to climate change mitigation and adaptation, 
natural disaster risk mitigation, protection against flooding and erosion as well as biodiversity 
conservation.' 

Cities today encounter a decrease both in the quality and the extent of available green space. Rapid 
urbanisation has distanced people from nature (Wilson 1984; Miller 2005) and nature related recreation 
activities. High density and compact cities are considered as a favoured model as they contribute to 
urban sustainability and green growth (Matsumoto and Sanchez-Serra, 2012). There are many social, 
economic and environmental benefits of compact and high density urban development: reduction in 
travel distances, easier access to local services, reduced CO₂ emission, facilitation of the local economy. 
Yet the CUES benefits of GI in compact cities are disproportionate (Wolch et al, 2014) due to spatial 
disparities in the distribution of parks and green spaces (Wen et al 2013). People living in the most 
deprived areas are less likely to live in the greenest areas, and will therefore have less opportunity to 
gain the health benefits of green space compared with people living in the least deprived areas. While 
high density developments have their own benefits, GI within such developments is under immense 
pressure and faces many barriers in delivering ecosystem services to communities. 
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While studies show that urban green space is an important element of well-being, it is often in short 
supply in cities today (Bertram and Rehdanz, 2015). Due to increased urbanisation, cities provide fewer 
opportunities for people to experience and engage in outdoor spaces. There is an urgent need to 
address the issue of lack of space through newer approaches in the process of designing and developing 
green infrastructure for cities that can deliver CUES. 

GI development needs to explore creative approaches to see how pressurised urban spaces can be 
developed into green pockets that are multi-functional, social interactive spaces that not only become 
positive places for developing meaningful place engagement but also enhancing habitats. One example 
which has demonstrated success of innovation GI design and development by integrating the socio-
spatial parameters is the High Line Park project in New York.  Originally launched to reclaim part of a 
disused elevated railway line, the High Line public park – designed by New York firm Diller Scofidio + 
Renfro in collaboration with landscape architects James Corner Field Operations and Piet Oudolf – has 
become one of New York's most popular public spaces. Built on an abandoned elevated railway, the 
High Line is a linear park that has been carved out of New York City’s existing urban fabric (David and 
Hammond, 2011). The project shows how an obsolete city infrastructure can be creatively used to 
effectively deliver CUES to people and also to increase the greening in city. The High Line is an elevated 
freight rail line transformed into a public park on Manhattan’s West Side. It is owned by the City of New 
York, and maintained and operated by Friends of the High Line. Founded in 1999 by community 
residents, Friends of the High Line fought for the High Line’s preservation and transformation at a time 
when the historic structure was under the threat of demolition. The project allows city dwellers to 
briefly connect to nature through passive recreation and also allow for everyday activity in a meaningful 
setting. 

Visitors reach the park through intermittently located stairs, including a monumental and highly visible 
“slow stair” that permits users to fully experience the transition from the street through the existing 
steel structure and up to the new landscape. Elevators allow access for those unable to take the stairs. 

 

 

Fig 2: The High Line Park 
Source: www.dezeen.com 
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Fig 3: Different views of the High Line Park 

The High Line park project serves more like a multifunctional recreation space allowing several kinds of 
nature based experiences that are both active and passive. The design includes attractive linear paths 
with shifting landscaping elements and structural points of interest that inspire walking, inviting 
staircases that encourage stair use. The High Line features a mixture of landscaping elements, including 
plantings, viewing decks, innovative “peel-up” benches, water fountains, and recreational pathways. 
The project uses inventive design to encourage stair climbing, walking and relaxation. This multi-
functionality and flexibility in the use and experience of spaces inherently considers spontaneous 
everyday spatial practices. 

A Socio-spatial approach to GI development 

With limited scope for expansion of the GI in cities, there is a need to explore innovative possibilities for 
better integration of the various existing GI systems. The case of the High Line Park project is an obvious 
example for best practice in a more unique context, it is important to understand that challenges and 
lack of innovative approaches still remain as obstacles in the context of high-dense and compact urban 
areas.  In the context of high-density development, the importance of integrating the existing everyday 
loose spaces within the GI development can play a potential role. While the above example showcases 
successfully integrating existing large and obsolete spaces in cities, everyday loose spaces which are 
largely a result of desultory urban planning and design, remain neglected or overlooked both in terms 
of their utilitarian and aesthetic value. Such spaces also get the least attention in environmental 
sustainability research as the interest is inclined towards larger areas with defined characteristics such 
as urban parks and plazas. Loose spaces are those public spaces that do not have any fixed use and 
allow people to recognise the possibilities inherent and make use of those possibilities for their own 
ends, facing the potential risks of doing so (Franck and Stevens, 2007). Apart from allowing more 
spontaneous and unconscious spatial behaviour of people, another important aspect of loose spaces is 
their potential to generate different kinds of activities and place appropriation that is enabled by 
accessibility, freedom of choice and the physical elements of the space itself (Franck and Stevens, 2007). 
Most of these activities Frank and Stevens (2007) state are ‘neither productive nor reproductive, being 
instead a matter of leisure, entertainment, self-expression or political expression, reflection and social 
interaction—all outside the daily routine and the world of fixed functions and fixed schedule’. The 
characteristic nature of these activities mentioned unconsciously encourages more meaningful 
engagement with the environment allowing a sense of identity to emerge implicitly.  Another significant 
reason for considering everyday loose spaces is in their potential to address the issue of environmental 
inequity in cities. The advantage of the everyday spaces lies in their increased accessibility which boosts 
the chances of delivering CUES benefits more inclusively. Improved access to green spaces will cater to 
the health and well-being of deprived communities and studies also suggest that living in areas with 
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walkable green spaces positively influenced the longevity especially of old-aged people. (Takano et al., 
2002). Paul C Adams explains the deep sense of place produced through walking, referring it as 
‘peripatetic’ (Greek peri meaning around, patein, meaning to walk). According to Adams (2001, p194), 
‘to walk through a place is to become involved in that place with sight, hearing, touch, smell, the kinetic 
sense and even taste’. The multisensory experiences draw people closer to their environment, enabling 
for deeper understanding and interaction with the environment. Peripatetic place-experience can be 
seen as a significant spatial practice consciously and unconsciously adopted by people, as in it lies the 
basis of [a] special kind of knowledge of the world and one’s place in it (Adams, 2001). 

One of the well-known works that brought to light the significance of ordinary everyday spaces and 
their associated activities is Jan Ghel’s (2011) book on Life Between Buildings where he notes that 
environments supporting optional activities act as a spur for social activity and enable a healthy social 
interaction between people. Gehl explains that life between buildings offers opportunities for these 
optional activities, as it supports people to engage with one another ‘in a relaxed and undemanding 
way’. This brings to focus the significance of those urban outdoor spaces which are not strictly ‘designed’ 
but which play an important role in social life, and consequently marks out the significance to be gained 
in understanding how people’s behaviour and engagement relates to these particular spaces. Walking, 
when done not essentially for a health promoting intention, in a way becomes an unconscious optional 
activity (Gehl, 2011) which can promote social wellbeing when provided with appropriate socio-spatial 
settings. The GI components like streets and pavements incorporating appropriate planting design will 
not only encourage diverse optional activities promoting social well-being but also improves the 
microclimate and provides valuable wildlife habitat. 

Conclusion 

The GI development need to consider both environmental benefits alongside promoting individual and 
social value in cities. Such a development will help in building healthy communities that will exhibit a 
transactional relationship with the environment, developing shared values for the environment. 
Considering the significance of everyday activity and practices, integrating them within GI development 
and intervention can be a potential strategy for enabling health, well-being and sustainability in city. A 
socio-spatial approach to GI design and development can increase the social value of 
development/intervention benefits for communities. These benefits can be further assessed based on 
the geographic information system (GIS) application, Social Values for Ecosystem Services (SolVES) in 
cities. The author aims to adopt this approach in the ongoing research project which develops urban 
design interventions in high density and high deprived wards in neighbourhoods for promoting socio-
ecological resilience and wellbeing. 
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Abstract 
 
Individuals with a disability and/or impairment(s) have had a long history battling with acceptance in 
mainstream society, life as an individual with a disability has changed with time, for example; in the 
Babylon era births of children with congenial impairments were used to predict the future; in the 
Renaissance period in Europe physical beauty and perfection was revived, fast forward to today’s time 
the United Kingdom hosted the Paralympic Games in 2012. What is deemed as acceptable and our 
understanding of the term “disability” has come a long way, important milestones have sometimes 
been achieved by way of protests and petitions resulting in legislation being passed.  
 

Designing inclusive buildings and the environments surrounding them is largely directed by the 
designer’s education, subconscious thoughts and ideas. In recent times the UK government and design 
bodies have hoped to direct inclusive design by introducing new, and fortifying existing legislation in 
conjunction with the Department of Work and Pensions rectifying and training professionals in 
understanding disability and to learn key skills when designing inclusive spaces. 

 

A qualitative method has been used in the form of questionnaires distributed via social media inviting 
professionals of the architecture and construction industry to partake in the research. 

 

The aim of this research is to explore perceptions within the architecture and construction industry and 
whether it has an affect when designing inclusive environments. 

 

The questionnaires concluded that preconceptions of disabilities within the architecture and 
construction industry do exist and education plays a dominating factor in changing our thought process.   

 

Moving forward it is recommended to carry out further investigations to establish how the 
preconceptions have formed and to evaluate the Built Environment Professional Education Project 
(BEPE) and its integration in higher education. 

 

INTRODUCTION 

It is important to understand the way we use our environment and how to create an environment 
whereby we can move from point “A” to point “B” without much thought – without separating from 
family members, friends or colleagues due to a dis/ability to navigate the same path as “normal” 
people. The built environment should be an extension of its users and cities flow and merge with their 
counterparts.  
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The ability to remain oblivious in navigating the built environment whilst carrying on with our daily lives 
unfortunately seems to be a privilege we are yet to experience in many cities across the United 
Kingdom. It is that very experience of being able to travel from one place to another seamlessly and 
how to replicate that experience which has resulted in this research.  

 

Designing inclusive environments has become an important issue for many designers nationwide and 
across the globe, legislation is updated regularly so that designers are forced to apply but legislation 
also forms barriers. It is ultimately the client who decides on how their scheme is to be portrayed, and 
the client can choose not to focus on inclusive design for various reasons, such as the inability to 
understand the importance of inclusive design, budget concerns that designing inclusive buildings is 
more expensive, the topography can also affect inclusive design, sloping levels on site often make it 
difficult to provide level access and shortcuts may be taken. These reasons often mean that applying 
inclusive designs aspects are left until the end and applied when the building has been fully developed. 

 

History shows that people with disabilities were often abandoned or sent away to asylums – even 
sterilised. Such confinement and isolation of people with disabilities reflected the negative societal 
attitudes held toward human difference. People with disabilities were commonly feared, pitied, and 
neglected (Braddock & Parish 2001: 13). Even today, people with disabilities are still often seen as 
“different” from “normal” people in society and are frequently attributed stereotypical characteristics 
such as weakness, dependency, and incapacity.  

 

In order to try and understand why the built environment is designed the way that it is, it is important 
to look at the designers of our towns and cities and to explore whether the architecture and 
construction industry understand the needs of individuals with disabilities, what perceptions of the 
disabled exist.  

 

The research will therefore look in to the perceptions we face in designing inclusive environments, and 
will seek to answer the following questions: how does the architecture and construction industry view 
designing inclusive environments? How do the designer’s attitudes towards disability affect the 
outcome of the design? What, if any, preconceptions are present when designing inclusive 
environments? Therefore, the aim of this paper is to explore perceptions of disabilities and their 
potential influence on designing inclusive environments. 

 

DEFINING DISABILITY 

 

There is a need to define disability and aid our understanding of what disability is, one way to do this is 
through legislation.  

 

There has been much published about disability and inclusive design whether it be legislation, articles 
or texts. The earliest disability legislation introduced in the UK was in 1388 The Statute of Cambridge 
(“Poor Law”) this statute established the difference between the “deserving” and “undeserving” poor 
claiming charity. It was considered that the elderly and disabled as “deserving” and thus they qualified 
for charity. Melanie Close OBE on behalf of Disability Equality (2011) has produced a report listing the 
historical timeline of legislation within the UK as has Shanaz Ali OBE on behalf of the NHS in 2013. 
Although The Statute of Cambridge is recorded as the first legislation within the UK it is clear from Ali 
(2013) that attitudes and stereotypes are recorded as far back as 2000 Before the Common Era (BCE), 
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both reports however do miss out legislation such as the National Health Service and Community Care 
Act 1990; ironic as Ali’s report was also on behalf of the National Health Service. It is fair to say that 
although both reports are detailed, they are by no means an exhaustive list of legislation in the UK.  

 

Over the years there were many small changes in legislation with regards to the “Poor” “Elderly” and 
“Disabled”,  of which the majority was not in the favour of people with disabilities and resulted in an 
attitude whereby anyone who was disabled to be removed from society and placed in a Mental Institute 
or an asylum, this was backed up by laws passed from 1774 up until 1893 after which it became 
apparent that governments were becoming savvy with the use of terminology and laws from thereon 
were less discriminatory within the terminology used. It was not until 1970 where a real change was 
made by way of The Chronically Sick and Disabled Persons Act. The Act was introduced by MP Alf Morris, 
it was the first Act in the world to recognise and provide rights to people with disabilities. 

 

Lord Morris was inspired by first-hand experience with disabilities within his family, and it was this that 
spearheaded his campaign and fight for rights on behalf of people with disabilities.  

 

In a report by the BBC (2010), Alf Morris went on to become the UK and the World’s first Minister for 
Disabled People in 1974, introducing benefits for disabled people and their carers, including a mobility 
allowance. It is Alf Morris who started the movement towards an acknowledgment of people with 
disabilities and to give people with disabilities their own rights.  

 

2010 marked the introduction of The Equality Act (EA), passed by Parliament days before the general 
election replacing the Disability Discrimination Act (1995).  The EA 2010 outlaws direct or indirect 
discrimination and harassment in employment, vocational education and the provision of goods and 
services, for a total of nine protected characteristics including disability. It also outlaws discrimination 
because of association with a disabled person or because of the perception that someone is disabled. 

 

It is clear that legislation has improved and strengthened over the years with each revision, it’s whether 
this legislation meets the needs of the public and whether the legislation can be implemented by 
designers to meet a client’s brief. More importantly has disability legislation altered the preconceptions 
of people with disabilities? 

 

There is a direct correlation between legislation, research and literature as designers alike seek further 
clarification on understanding accessibility and inclusive design. The application of legislation in reality 
is available in some literature but legislation is revised at such a rate that literature is often outdated 
quickly.  

 

PERCEPTIONS IN AND TOWARDS INCLUSIVE DESIGN 

 

Over the years two main frameworks have been used in order to understand disability and to provide 
two contrasting ways of thinking about disability. The first, the Medical Model of Disability was a 
traditional theoretical approach, the blame was laid solely on the individual with a disability. For 
example, if a person with a disability could not access a building it was considered the individuals “fault” 
and not the buildings. 
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As perceptions changed a new model was introduced: the Social Model of Disability, this Model made 
the distinction between ‘impairment’ and ‘disability’. For example, if someone required level access 
and a building did not provide it, it was the buildings ‘fault’ for not providing an accessible means of 
access rather than the person’s ‘fault’ for being disabled.  

 

Perceptions can be split into two processes (Bernstein 2010). Firstly, processing sensory input, which 
transforms low-level information to higher-level information (e.g., extracts shapes for object 
recognition). Secondly, processing which is connected with a person's concepts and expectations 
(knowledge) and selective mechanisms (attention) that influence perception. 

 

Perception depends on complex functions of the nervous system, but subjectively seems mostly 
effortless because this processing happens outside conscious awareness. (Goldstein 2009 pp. 5–7) 

 

Legislation alone cannot alter perceptions of disability alone, the UK government with the support of 
disability groups is working on several ways of improving how disability is viewed. 

 

There is a strong link between disability and marginalisation in education. Despite significant increases 
in school participation over the last decade and efforts to reduce gender disparities, the concerning fact 
is that children with disabilities continue to be left behind. (UNESCO 2010) 

 

The fact that there is legislation and literature widely available raises the question as to how the 
education sector is raising awareness about disabilities. The Disability Action Alliance (DAA) is one of 
many groups that supply information to schools to raise awareness of disability within young people 
whilst working alongside the curriculum. The greater the exposure children have to a variety of 
disabilities earlier in life will encourage future generations to understand disability as well as challenge 
any preconceptions of disabilities. Campbell (2009) undertook a study of teachers at the beginning and 
at the end of a semester following interaction with students with Down syndrome.  

 

“The study illustrated the value of combining information‐based instruction with structured fieldwork 
experiences in changing attitudes towards disability and inclusion. It also demonstrated that raising 
awareness of one disability may lead to changes in attitudes towards disability in general.”  

 

Popular culture images also play a part in both reflecting and affecting attitudes. Representations of 
disability will often reflect contemporaneous ideas in medicine, science, religion, or social 
management, but those ideas may themselves be affected by the assumptions inherent in popular 
images and fictional narratives (Block n.d). In the UK, the BBC reported in 2014 that they would 
quadruple the representation of people with disabilities on screen by 2017 which indicates that there 
is a shift in trying to change attitudes of the general public. 

 

The Office of Disability Issues (ODI) support the development of policies to remove inequality between 
disabled and non-disabled people and form part of the Department for Work and Pensions (DWP).  In 
2011 the ODI published Public Perceptions of Disabled People (2009) which was a follow up report from 
2005, “the aim of the questions was to measure public attitudes towards disabled people and 
disability.” 
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“The 2009 results show that attitudes towards disabled people had improved since 2005, when 
comparable questions were last included in the British Social Attitudes Survey.” (Gov.uk, 2011., n.pag.). 

 

The report however does not discuss the attitudes of the architecture and construction industry which 
is one of the weakest points of the report but does address the need for a similar report to happen 
which in the following year on the 3rd of December 2012 launched The Built Environment Professional 
Education Project (BEPE) its aim to make inclusive design central to the education and training of built 
environment professionals. (Gov.uk, 2011., n.pag.). 

 

The BEPE published an update in 2016, Justin Tomlinson the current Minister for Disabled people has a 
similar view about how we approach inclusive design and in his Forward writes:  

“But for too long inclusive design has been viewed as a “nice to do” or something that needs to be 
considered only in terms of the minimum standard outlined in regulations. It seems incredible that newly 
qualified built environment professionals could start their careers having received only the most cursory 
of introductions to such a vital element of design, and yet that has often been the case. That’s why I 
have been delighted to sponsor the Built Environment Professional Education project. It has raised the 
profile of inclusive design education for our future built environment professionals and has led to 
tangible steps forward amongst the professional institutions.” (Gov.uk, 2016., pg2.) 

 

The aim of the report has been to address how inclusive design skills are taught in the UK. The proposals 
are to provide mandatory training to built environment professionals. “Quality teaching about inclusive 
design so that they can help create inclusive buildings, places and spaces for future generations.” 
(Gov.uk, 2016., pg4.) The report is now at its most crucial point whereby the report and the data 
collated will be handed over to the built environment professionals to take forward. 

 

METHODOLOGY 

 

In order to analyse perceptions of disabilities a quantitative approach has been undertaken. 
Questionnaires have been to establish the thoughts of the participants who impact the design of the 
built environment; participants from the architecture and construction industry across the country will 
have access to the questionnaire.  

 

Quantitative research is useful for studies at the individual level, and to find out, in depth, the ways in 
which people think or feel (McLeod 2008). Questionnaires are extremely flexible and can be used to 
collect information from large or small groups of people. The questionnaires will include a mixture of 
closed and open ended questions.  

 

Social media platforms have been used to invite participants to take part in the questionnaires in order 
to collate responses. This current trend of using social media platforms has a larger return rate than 
that of emails and telephone calls and as such LinkedIn, Twitter and in some instances Facebook have 
been used as the primary avenue of distributing the questionnaire link. 

 

In this particular paper LinkedIn and Twitter platforms have been used to advertise the research paper 
and a link to the questionnaire for professional interested in the topic area to partake in. The results 
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found 15 participants answered the questionnaire and therefore these responses were used as the 
basis of the paper. 

 

Limitations of the questionnaire have included the small sample size and the number of architects 
answering the questionnaire in response to architectural technologists (26%/74% ratio). 

 

RESEARCH RESULTS AND DISCUSSION 

 

The aim of this paper is to explore preconceptions of disabilities and their potential influence on 
designing inclusive environments. The results of the questionnaire are as follows: 

 

Table 1, Question  1 - Participant Age  

The relevance behind this question is to link the age groups to answers further in the questionnaire and to try 
and establish whether a particular age group has certain perceptions about diasabilities. 

Age Percentage of Participants 

16-20 years 13.3% 

21-25 years 53.3% 

26-30 years 6.67% 

31-35 years 13.3% 

41-45 years 13.3% 

 

Table 2, Question 2 -Job Title of Partcipants 

The relevance behind this questions is to ascertain the level of understanding behind the professionals when it 
comes to disabilities and designing inclusive spaces. 

Job Title Percentage of Participants 

Architect 6.67% 

Student 6.67% 

Architectural Technology Student 6.67% 

Architectural Technologist 60% 

BIM Manager 6.67% 

Design Manager 6.67% 

Architectural Technician 6.67% 

Senior Designer 6.67% 
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Table 3, Question 3 - Participant Location 

Intially this question was to ascertain the locations of professionals around the UK and whether the answers 
reflected a particular area and/or age group. However there are particpants who have answered the questions 
from outside of the UK although it should be noted that their qualifications have been obtained from within the 
UK  

Location Percentage of Participants 

England, UK 80% 

Scotalnd, UK 6.67% 

India 6.67% 

Dubai, UAE 6.67% 

 

Question 4 results show all of the participants (not including the students) have completed an 
undergraduate qualification within the UK of which one participant has a post graduate qualification. 

 

Question 5 asks “What is your definition of disability?” varying answers were provided, some of which 
show preconceptions of disabilities in the answers. 

 

Table 4, Question 5 - The Definition of Disability by Questionnaire Participants  

The relevance of this question was to ascertain what participants actually think about disability and to 
try and wean honest answers from the participants. 

 

Highlighted answers indicate areas of concern as a researcher and an indication of a lack of education 
and/or understanding of the term “disability” in some of the answers. 

Answers 

Something which restircts or limits an ability 

Somebody that is phisically or mentally impaired 

A physical or mental condition that limits a persons movements, senses, or activities 

Special needs 

Disadvantages 

Someone who is unable to do basic tasks by themselves 

A situation whereby someone may require more attention than normal 

A mental or physical impediment that effects you in some way 

Physical or mental condition that limits a person's mobility 

Anything that causes difficulties to do everyday things. A disability can be either permanent or 
temporary. An injury can be a disability. Pregnancy can be a disability. Not all disabilities are 
physical. 

Being physically or mentally restricted to do certain tasks 

Unable to live efficiently due to illness 

Mental or physical, seen or unseen issues that impact your daily life 

Someone with a physical, mental or sensory impairment that prohibits them from undertaking 
everyday tasks. 
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The results show that some of the participants are not clear on what disability is, showing in some cases 
prejudice against people with disabilities. The majority of the participants however have a good 
understanding of the term “Disability”. 

 

It is also telling that every single participant has encountered first-hand experience of someone with a 
disability yet still do not understand the term “Disability” a result of answers from Question 6 when 
asked if the participants had encountered anyone with a disability during childhood. The relevance was 
to see if this had any effect on the participant and their understanding of disability. 

 

Question 7 asks the question “what (if any) preconceptions do you have of individuals with disabilities” 
the questions was answered with both positive and negative connotations towards people with 
disabilities.  

 

Table 5, Question 7 - Preconceptions held by the Participants towards people with disabilities. 

This question out of the ten is the most difficult question to answer as it shows whether the participants 
hold any preconceptions or prejudice towards people with disabilities. 

 

Highlighted answers indicate that some designers see disability as a hindrance or the need to be 
assisted at all times which is not the case. Again the answers suggest that with some education/training 
the preconceptions of these answers could change. 

Answers 

Usually that it must be a struggle 

An individual with a disability deserves to be equally treated as all other human beings 

They arent different from us 

We do not recognise them enough 

Unable to be independent. 

I immediately attempt to be as helpful as I possibly can towards people with disabilities 

Normal people with some deficiency 

They may need assistance. If so then ask and help 

The need to be Assisted at all time 

That our society and preconceptions hinder people with disability 

Whilst monitoring the development of a sports centre I did question the size of the changing 
room, however after speaking to a family it was very clear how important this space was for them, 
to allow them to assist and manage the process of changing a disabled person comfortably. 

 

The results clearly show that some of the participants either misunderstand what disability is or holds 
preconceptions about disability. 

 

Question 8 results indicate that all the participants thought that education about disabilities and 
inclusive design is important and in Question 9 go on to state at what age they think we should educate 
children on the topics of disabilities and inclusive design. 
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Table 6, Question 9 - Age of children where awareness about disability and inclusive design should 
be raised. 

The relevance of this question was to see at what age they feel education about disability and inclusive 
design is important as discussed under the section “Perceptions in and towards inclusive design” The 
answers clearly indicates that education should start of at a younger age however the ODI and BEPE 
conclude that adults should also have mandatory education into disability and the design of inclusive 
environments.  

Age Percentage of Participants 

Age 0-11 years of age at nursery and primary school 60% 

11-18 years of age at High School and college level 33.33% 

18 years upwards at University Level 6.67% 

 

Question 10, the last question requests the participant the grade their reactions towards three 
statements.  

 

10A. Disability is an important consideration on any project I get involved in. 

80% strongly agree whilst 20% agrees with this statement 

10B. Designers' attitudes towards disability influences design outcomes 

60% strongly agree whilst 40% agrees with this statement 

10C. Preconceptions about disability are always present when designing inclusive environments 

20% strongly agrees, 60% agrees and 20% disagrees with this statement 

The results for questions 9 and 10 are broken down further by using the Kruskal-Wallis test to show the 
correlations between the answers. 

 

Table 7, Krusal-Wallis Test 

Participant Question 9 Question 10A Question 10B Question 10C 

1 0-11 years Strongly Agree Strongly Agree Agree 

2 0-11 years Strongly Agree Strongly Agree Agree 

3 11-18 years Agree Agree Agree 

4 11-18 years Strongly Agree Agree Disagree 

5 0-11 years Strongly Agree Strongly Agree Agree 

6 0-11 years Strongly Agree Agree Agree 

7 11-18 years Strongly Agree Strongly Agree Strongly Agree 

8 11-18 years Strongly Agree Strongly Agree Disagree 

9 11-18 years Strongly Agree Strongly Agree Strongly Agree 

10 0-11 years Agree Strongly Agree Strongly Agree 

11 0-11 years Strongly Agree Agree Agree 

12 0-11 years Agree Agree Agree 

13 18 years + Strongly Agree Agree Disagree 

14 0-11 years Strongly Agree Strongly Agree Agree 

15 0-11 years Strongly Agree Strongly Agree Agree 
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Further analysis of the Krusal-Wallis test is required, the data collated is good evidence to prove that 
the majority of participants although Strongly Agree that disability is an important consideration on the 
projects they are involved in an equally large majority of the same participants feel that there are 
preconceptions about disability when designing inclusive environments. 

 

Furthermore, amendments of question 9 for future investigations to include a second and third part to 
the original question: 

Original question - At what point should the education system address disabilities and inclusive design?  

Proposed Part 2 – have you had any formal education regarding disability or inclusive design? 

Proposed Part 3 – Do you as a professional require specialist training to better understand disabilities 
and how to design inclusive buildings and environments? 

 

The overall data collated agrees in part with the literature review whilst the UK government is working 
to educate professionals and include the professional bodies within the Built Environment to assist in 
the education of university students the participants of the questionnaire believe that education of 
disabilities and inclusive design should start at a much earlier age of 0-11 years young. The DAA’s view 
however does agree with the participants but the advisory group does not form part of the curriculum 
and therefore the onus is on the schools and colleges to partake on a voluntary basis. 

 

Similar to the ODI findings the results demonstrate established the public hold preconceptions about 
people with disabilities and it is clear from the questionnaire that some of the participants also hold 
some preconceptions. 

 

The results demonstrate that the participants as young as 21-25 years of age hold preconceptions of 
people with disabilities and in hindsight there are two areas the questionnaire required to be able to 
answer the aim in full.  

 

Similarly, a questionnaire carried out with primary school children would indicate whether perceptions 
have changed between the current school children and the graduates as a direct result of their 
education.  

 

CONCLUSION 

The research results above indicate that preconceptions exist in the architecture and construction 
industry and at the same time it is important to recognise that the participants feel strongly about 
educating ourselves in order to improve our understanding of disability. The recognition that education 
is required is a step in the right direction. The results demonstrate that there is likely to be an impact 
on proposed designs based on architects’/designers’ perceptions regarding disability and the 
importance of designing inclusively. 

 

Further investigations however need to take place to establish in what way the preconceptions affect 
designing inclusive environments as well as how the BEPE will work with Universities in teaching 
students about disability and inclusive design. A review needs to be undertaken in conjunction with the 
professional bodies within the School of the Built Environment & Engineering at Leeds Beckett 
University to establish whether the recommendations are satisfactory.  
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Abstract  

 
The UK alone produces more than 170m tonnes of waste every year, much of it food packaging. While 

it has revolutionised the way we store and consume food, there is now so much of it that landfills can’t 

cope. It can take 450 years for some types of plastic bottle to break down; one type, PET, while 

recyclable, doesn’t biodegrade at all. And yet only a third of plastic packaging is recycled. (The Guardian, 

2017) 

 

Europe recycled 5.4million tonnes (35%) of plastic packaging in 2012, 35% was incinerated and used as 

heating and generating electricity, the balance going to landfill. (European Plastic Recovery 

Organisations, 2013) 

 

However, more than a third of the waste paper and plastic collected by authorities and big business is 

being sent 8,000 miles and further for processing by other countries. 

 

This paper explores how, by revisiting our past use of local materials and the application of Art Povera, 

much of landfill plastic can be made into usable objects of Art. 

https://www.gov.uk/government/policies/waste-and-recycling
http://www.bbc.co.uk/news/magazine-36882799
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INTRODUCTION  

Recycling in the UK and overseas  

 
Most UK citizens consider their contribution to recycling done when they put the bins out and 

rightly expect their local council to carry out a recycling program. 

 

However, Government figures suggest that exports from the UK to China are approximately 

200,000 tonnes of plastic rubbish per year, a year on year increase (Guardian, September 2004). 

When the plastic refuse arrives in China, much is farmed out to small companies without any 

regard for safety or environmental pollution. 

 

Other poorer Asian countries are also the unsung heroes of conservation. Garbage pickers endure 

hazardous conditions to sort through trash and to extract plastic that can be sold to recyclers for 

a little cash. However, these pickers tend to focus on plastic bottles, which are higher in value. This 

means that plastic bags and other packaging, ours and their own, end up in their environment, un 

recycled. (GlobalPost, 2016) 

 

An unfair society 

 

Modern times reveal that we are a two, three and even four speed global society. For example, 

the very rich carry on regardless, with the top 5% owning 95% of the wealth. The lifestyles they 

endure include a number of yachts, private jets and wealth in the billions. Where the bottom part 

of society, live on less than 2 dollars a day. In 1990, almost 4 in 10 people were living under the 

international extreme poverty line of $1.90 a day. In 2013, that figure had fallen to just over 1 in 

10. But that still represents more than 767 million people (The World Bank, 2017). It is this part of 

society that end up recycling our plastic waste. 

REVIEW OF LOCAL ORGANIC and PLASTIC MATERIALS 
Local materials in our past history 

 

In ancient times, they would use local materials that were readily available. Some are still used 

today. For example: 

 

Nettles 

 

The twine extracted from nettles is so strong that it can be used for cordage. Other applications 

include the manufacture of cloth in poor countries, for example Nepal, where it is still used today. 

It is also a flax substitute, for example in the early or war years it was used for both food and fabric. 

Further in the past, Samuel Pepys ate nettle porridge from plates on a tablecloth made of nettle 

fabric (Pepys, 1660). 

 

  

https://www.pri.org/programs/globalpost
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Flax and Hemp 

 

Flax is a major plant material that can be woven into linen and was grown widely in the UK 

throughout history. The start of the UK boom in the growing of flax began in 1678, when a ban on 

the importing of French goods included linen. To meet the shortfall, existing linen industries were 

developed in England, Scotland and Ireland promoted by the British government. This meant that 

the use of Flax grown locally to weave linen was at it its height between 1678 and 1810. This was 

when the import of cotton from the Americas started to become more mainstream. (Dolan, A, 

2015) 

 

Temple Works, which can be found just a few minutes away from the centre of Leeds, once 

contained ‘the largest room in the world.’ Built in 1838-40, the Works is known for its beautiful 

architecture and the production solution that it provided for flax mills all over the world. In fact, 

the roof of the building was so large that grass was planted on its surface, allowing sheep to graze 

upon the building itself. (Airborough Civic Society, 2017). 

 

Hemp had many applications included the manufacture of shipping and other containers. 

Lincolnshire was a county that made hemp ropes for ships. The hemp was grown in the 

Lincolnshire Wolds and the rope made in Barton upon Humber as discussed by Fenton (2017). 

 

However, hemp is making a major return, through car manufacturers using it as paper, car interiors 

and “HempCrete”, used in building. Research by the Stockholm Institute has concluded that the 

"ecological footprint" of hemp is lower than polyester and half that of cotton, (The Guardian, 

2006). The need to grow new replacements to plastic and other materials is supported by our own 

government, as illustrated at Gov.uk, (2017). 

 

Rush 

 

Rush is the French name for a particular type of Beehive or skep in Europe in ancient times. The 

word skep is derived from a Norse word from around 400BC, meaning basket. Although they are 

called rush beehives, the material is more likely to be straw, willow bark, lime tree bark and of 

course rush. (BeeSpokeinfo, 2013) An image of bee keeping using woven skeps in 1638 is shown 

in Figure 1. 

 

 

Figure 1, Bee keeping 1638 (Colonialsense.com,2017) 
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This ancient weaving technique however, lends itself to the weaving of more local modern 

materials such as …...plastic. 

 

A Modern ancient technique 

 

Art Povera, began during the 1960’s, when artists rebelled against the establishment. Many began 

using materials that had generally been discarded. One artist, Piero Gillardi (1963), was concerned 

with bridging the natural and the artificial. In some ways this paper explores this concept, by using 

modern local materials such as plastic bags and other packaging. Including plastic beach waste, 

many different products that can be converted in to very usable, practical and aesthetically 

pleasing artefacts. 

 

Taking the bee hive technique and sequence of: - 

 

 Open all the packing out, then washing the material 

 Cut the material in a spiral, starting from the outer edge working towards the middle 

 This gives a very long ribbon of plastic 

 When several long ribbons of this material have been made, they are then platted 
together. 

 Other extraneous plastic waste, for example toothpaste tubes, cigarette lighters or any 
other waste plastic can be plaited in. 

 Starting from the centre, a spiral of platted material is creating. This is interwoven using a 
man-made or natural material. This can range from discarded fishing line to plastic woven 
raffia. Shown in Figure 2 

 

 

Figure 2, showing spiral construction 
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The creation of these artefacts is based on the admiration of so called primitives cultures, which 

in some ways are more sophisticated than us. They developed these techniques to a very high 

standard. For example, certain South American tribes have incorporated their own mythology and 

culture into vessels made using a similar technique. 

DISCUSSION OF MODERN EXAMPLES  
Carrying Vessel or pannier 

 

The artefact is shown in Figure 3. The inspiration for this came from how to carry their goods 

around on donkey or by hand. The need for these types of vessel goes back thousands of year, ie 

the need to carry goods i.e. food and materials such as bedding back to camp. In Ireland it was 

used for carrying peat and seaweed, one either side of a donkey ie material for fuel and growing 

raised beds. The artist also shown in Figure 3 has had numerous paid exhibitions and been on 

French radio discussing this technique. 

 

 

Figure 3, recreation of donkey pannier with the artist 
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Greek Urn 

 

Early pottery was discovered by accident, from simple woven vessels that were lined with clay in 

order to make it watertight. When these vessels were burnt when broken, the clay was fired and 

so fired ceramics were discovered. A recycled example is shown below in Figure 4. 

 

 

Figure 4, Large Greek Urn, sold for 60 Euros 

 

Bird Box 

 

The main element is a discarded wine box; the features of the bird box included a separate 

removable lid using the traditional spiral woven technique. Other features include a toothpaste 

tube perch that was constructed by cutting the tube and insetting a hole that allowed the recycled 

tube and cap to be woven into the box. The entrance hole was made by making a mini loop that 

was woven back on itself to make a reinforced hole. The example is shown in Figure 5. 
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Figure 5, Bird Box 

 

Bike Panniers 

 

These were made in two parts fasted together by a plaited twine, as shown in Figure 6. The main 

parts were constructed using the interwoven spiral, started from the centre. Because it was a 

poignant artistic artefact i.e. a statement about modern living, other artefacts, such as cigarette 

lighters were woven into the main body.  

 

Not too many decades ago, people living by the sea would have been seen using willow or hazel 

wood and bark-interwoven panniers. They would have been used for collecting, seaweed, cockles, 

mussels and bait.  
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Figure 6, Bike Panniers 

CONCLUSION  

 
In ancient times and poor countries, local materials would have been seen as a resource to be 

used to construct usable artefacts. Modern waste materials should be seen as the new local 

resource in the spirit as to what has gone before. 

 

Current plastic waste should not be considered as an inconvenience and only to be used as landfill, 

which in its own right is a rapidly disappearing resource, especially the small island that is the UK. 

This current philosophy rages against the squandering of precious oil, especially when one 

considers that 12 million barrels of oil per year are used just to make plastic bags (1bagatatime, 

2017). 

 

The most immoral part is the hidden hand of transporting western waste to the poorer countries 

of the world. This has the double impact of pollution of transporting waste thousands of miles 

away to making the lives of the poor more miserable by making them carry the burden of making 

the planet cleaner by recycling our waste. 

 

This paper has shown that it is feasible to create usable objects that have artistic merit. It is then 

possible for third world countries to use this technique to make saleable items such as rubbish 

bins, that have aesthetic as well as functional appeal. 
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Flooding is becoming a frequent and persistent problem throughout communities across 
the UK, causing an estimated 1.1 billion pounds’ worth of damage annually. Recent 
research has established patterns in rainfall trends strongly suggesting the magnitude and 
intensity of flooding is set to get significantly worse. In response to these findings, 
Government bodies and the Environment Agency have implemented millions of pounds to 
build physical flood defences in the most affected communities across the UK. However, 
such measures have not always proven to be effective in times of crisis, leading to a gradual 
transition from flood defence to flood risk management. This shift has encouraged local 
communities and individuals to work holistically towards the development of more 
community adept flood mitigation measures.   
 
The paper aims to investigate how community engagement and implementation of local 
flood knowledge leads to the improved development of community flood mitigation 
measures. The paper is based on primary and secondary research including a review of 
literature surrounding the subject area, and interviews with flood action groups and senior 
members of the local council affected by flooding. The research is focused primarily on 
those areas that have been hit most recently by several flood events - Calderdale and 
Yorkshire - where local communities have lost power, water and telecoms commination 
during the flooding.  
 
The study shows that the Environment Agency is trying to use different approaches for 
flood mitigation measures that focuses on improving the local community engagement. 
Further, the City of York set a good example of local community engagement, however, 
officials expressed the need to work with communities before, during and after a flood 
event and there is a need to improve the community risk awareness for an effective flood 
preparation in the United Kingdom. 

 

INTRODUCTION 

Every year up to 340 million people world-wide are affected by natural disasters, which cause loss 
of life and damage to personal property, agriculture, and infrastructure, according to Bankoff et 
al.(2004). The attention to preparedness and mitigation strategies may help lessen the impact of 
future flood events. It is reported that 5 per cent of the United Kingdom population live in areas 
that are at risk of river or coastal flooding  (Hall, et al., 2003). Although this area is protected by 
the 34,000km of flood defences, serious flooding in the last 15 years demonstrates the need to 
improve our flood risk reduction strategies.  
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Flooding has become the main concern for many homeowners, developers and insurers as the UK 
experienced some of its wettest weather in a century. More than 8,000 properties in the UK were 
affected by the widespread of flooding, causing £400 million worth of damage27. The floods figures 
in recent years has shown that the country is facing an increase in flood risk, and the 
Environmental Agency’s latest report suggested that new approaches may be needed to 
strengthen the nation’s resilience against flooding (HM Gov, 2016). 
 
There has been a gradual transition from flood defence to risk management in the UK over recent 
years following the Floods Directive (2007)28. Nevertheless, the flood defences are still a necessity 
in protecting the United Kingdom and have been particularly successful in coastal areas, saving 
millions of pounds’ worth of damage, which was pertinently noted in a research paper by Thorne 
(2014). However, urban and rural communities continue to suffer the burgeoning and catastrophic 
impacts from the various sources of flooding, which cannot be prevented solely from physical 
flood defences. Therefore, a more holistic outlook has been taken towards flood mitigation, which 
include the stakeholders, individuals, communities, organisations and companies not only in flood-
prone areas, but also the wider public and institutions.  
 
The study highlights how professionals in the local authorities, the environmental agency and 
other related parties to flood risk reduction, engage with the local communities and the 
stakeholders, especially the beneficiaries, to adopt and disseminate local knowledge to improve 
community resilience. It also investigates how to enhance the UK’s existing flood mitigation 
though the local community’s flood knowledge. 
 

Floods Impact on Human and Built Environments  

The study of flood history shows that the frequency and impact of floods on human populations 
in the future can be expected to increase. The key findings on the Human Impact of Floods review 
by Doocy et al., (2013), regarding the impacts of major floods in the last half of the 20th century 
suggests that the frequency and damages associated with floods have increased over time. 
However, the report stated that the expansion of floods monitoring improved the mitigation 
measures, and the effective communication between the civil authorities and vulnerable 
populations have the potential to reduce loss of life in future flood events (Doocy, et al., 2013).  
 

Communities will always face natural hazards, but today’s disasters are often generated by, or at 

least exacerbated by, human activities… Poor land-use planning; environmental management; and 

a lack of regulatory mechanisms both increase the risk and exacerbate the effects of disasters’29 

(Kofi Annan) 

In the United Kingdom, more than 500 key sites across England remain at risk of flooding (HM Gov, 
2016). The National Flood Resilience review reported that 12 per cent of land area and 8 percent 

                                                           
27 Association of British Insurers, online resource: https://www.abi.org.uk/products-and-issues/topics-and-
issues/flooding/  
28 Directive 2007/60/EC of the European Parliament and of the Council of 23 October 2007 on the assessment and 

management of flood risks (Text with EEA relevance) 
29 Annan, Kofi, 2002: Foreword to Living with Risk: A Global Review of Disaster Reduction Initiatives, (UN/ISDR). 
Quoted in UN/ISDR, 2003: Disaster Reduction and Sustainable Development. A background paper for the World 
Summit on Sustainable Development; http://www.unisdr.org (2006). 

https://www.abi.org.uk/products-and-issues/topics-and-issues/flooding/
https://www.abi.org.uk/products-and-issues/topics-and-issues/flooding/
http://www.unisdr.org/
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of the population, including 2.4 million properties are under the risk of costal and river flooding in 
the UK. The evaluation of flood risk approach in the United Kingdom focuses on reducing the 
impact on communities by optimising investment benefits. In comparison, the measures in other 
European countries like France and the Netherlands focus on reducing vulnerability, improving the 
safety of exposed populations and reducing the recovery time for affected areas (HM Gov, 2016).  
 
A research for The Joseph Rowntree Foundation (JRF30) by the University of Manchester suggests 
vulnerability is the combination of exposure to flooding and social vulnerability which will lead to 
flood disadvantage, where the negative effects of flooding may be greatest for local communities 
(England and Knox, 2015). The report pointed out that although there is reference to addressing 
social vulnerability in national and local policies, the UK policies tend to focus on spatial exposure 
to hazards, and personal characteristics such as the age of population affected, rather than the 
broader social context. The JRF report stated that the government should review its current 
approach to flood investment to consider social vulnerability which relates to three main issues: 
personal sensitivity, enhanced exposure and adaptive capacity.  
 
The flood defence investment for England to protect people and communities shows that there is 
a decline on the level of risks, but risks remain high by mid-century, and future spending plans for 
the devolved administrations are unclear. Thus, it is argued that in order to increase the resilience 
of our cities structural changes are required to reduce the expected damage from flooding and to 
be balanced with non-structural adaptations directly related to flood management that 
strengthen the underlying ability of the population and built environment to accept and adapt to 
change (Lamond, et al., 2013).  It is also said that the resilience definition implies many measures 
that reduce human vulnerability and this may be reflected in the strengthening of four capacities 
within the built environment, namely: threshold, coping, recovery and adaptive capacity. In the 
context of managing flood risk, threshold capacity is the level to which flood hazard must reach 
before causing damage and disruption. Coping capacity reflects the ability of cities to continue to 
function despite the threshold capacity being exceeded (Lamond, et al., 2013). 
 
Community Resilience 

Resilience is the ability of a system and community exposed to hazards to resist, absorb and 
recover from the effects of a natural or man-made hazard in an efficient manner (Fernandez, 
2012). It is about adapting to a change and becoming stronger after natural disasters that cause 
loss of human lives and their assets. To enhance disaster resilience in urban areas, Jha, et al (2013), 
explain that we should avoid the mistakes of the past and build resilience into urban development 
through critical investments and flexible risk management measures. Thus, stretch across sectors 
and jurisdictions all the way to communities and the most vulnerable (Jha, et al., 2013). In addition, 
Lombard, et al (2012) in the Design Resilient Cities book, present a guide of the Urban Futures 
Method to test the likely future performance of urban development and regeneration-related 
‘sustainability solutions’. This tool has been developed to help urban designers analyse the 
resilience of their sustainability solutions. It is working through resilient urban design solutions 
and options within whatever context emerges. 
 

                                                           
30 The Joseph Rowntree Foundation is an independent organisation working to inspire social change through 
research, policy and practice. 
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The frequency and magnitude of flooding is set to increase in the UK because the increase of the 
rainfall which has stemmed from the effects of climate change (Hannaford, 2015). A study by 
Wragg (2016) stated that the funding for flood resilience in the UK is reactive and there is no direct 
funding option for retrofit outside of flood events. Wragg explained that there is no legislation 
driving implementation through planning or building control process, also, there is no direct link 
with insurance savings. The study referred to concerns from home owners and the need to accept 
that their properties are at risk of flooding in order to take proactive steps to reduce the impact 
of flooding (Wragg, 2016). Therefore, there is a need for an assertive effort to be made to better 
protect communities at risk across the UK through the implementation of flood mitigation 
measures by local communities working in collaboration with numerous other professional 
entities; such as planning departments, Councils, Local and National Flood Forums and numerous 
other organisations (Twigg, 2015). Disaster resilience perspective should be holistic and all related 
issues should be taken into account to produce a comprehensive analysis of disaster-related 
problems. Thus, resilience thinking encourages a systematic approach to enable a better 
understanding of how different types of system interact with one another (Twigg, 2015). 
Furthermore, a report by Fitzsimmons and Hutchings (2015), suggests that building community 
flood resilience, including raising awareness about flood risks and strengthening partnership 
working is an increasing part of the flood risk management process. 
 
According to a research by Washinger et al., (2012), community participation with local authorities 
at each stage of the disaster risk management including; preparedness, response, recovery and 
mitigation, is seen as a key part of increasing community awareness and resilience to flood risk. 
However, Begg et al., (2015) argue that the community participation could be seen as a transfer 
to the local level in regard to encouraging local community groups to develop emergency plans to 
encourage the general public to take action. On the other hand, it can also be seen as a 
communication exercise with local communities and individuals, leading to the understanding that 
flood defence, spatial planning, and emergency responders cannot offer 100% protection or 
response in the event of a flood (Begg, et al., 2015). However, without the motivation and 
resources required for neighbourhood planning, local actors are unlikely to take up this 
opportunity. 
 
In order to understand the role of community and its resilience in the event of natural disasters, 
research by Panton (2006) and others has led to the development of a generic model of 
community resilience, which considered many psychological and social factors and the interaction 
between them. The model helps to develop a framework that allows comparable assessments to 
be made across all hazards, all demographic groups, and at different levels of analysis (Paton, 
2006). The model in figure 1, shows that there are some indicators including; personal, community 
and institutional, which play more of a role than others in practicing. For example, while people, 
communities and societal institutions make different contributions, the model indicates that 
developing resilience as a component of an effective risk management programme will only occur 
when their respective roles are integrated (Daly, et al., 2009).  
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Figure 1: A model of community resilience, showing selected indicators at each level (personal, community and institutional) 
and the relationships between them. (adapted after Paton, 2006)  

Flood Mitigation Measures  

Worldwide nowadays, there are calls for Disaster Risk Reduction (DRR31) and many countries are 
proposing measures for disaster that consider the local communities as the key to managing the 
risk. The communities’ knowledge provides vital information to support local authorities and 
contributes towards the development of flood mitigation measures (Crate and Fedorov, 2013). 
However, others suggest that engaging with local communities may cause certain problems 
between members of the community, stakeholders and local authorities as conflicts of interests 
arise between these parties when attempting to put in place appropriate flood mitigation 
solutions. Flood mitigation measures are the responsibility of the management authority but 
decisions must be informed by proper engagement with the affected residents and stakeholders, 
to work together and ensure that engagement events are well attended and local issues are 
properly understood and discussed (Arthur, 2013). 
 
Globally, the Disaster Risk Reduction and other forms of disaster management founded to provide 
benefits in the short term for local communities, as well as contributing to vulnerability reduction 
in the long term (Twigg, 2015).  Further, the DRR aims to take specific measures to help societies 
adapt to the shock of natural hazards and to be prepared for and respond to risks. Furthermore, 
the UN’s Hyogo Framework (2005–2015)32 provide a detailed work plan to the contextual setting, 
to create a greater community resilience for disaster mitigation and identify core aims focused on 
tools to help in DRR. The Priority Action 3 of the Hyogo Framework demands for a global call to 
governments and others to use knowledge, innovation and education to build a culture of safety 
and resilience at all levels (Zhou, et al., 2014). The Sendai Framework33 recognises that the State 
has the primary role to reduce disaster risk but that responsibility should be shared with other 
stakeholders including local government and the private sector.  
 

                                                           
31 The Global Assessment Report on Disaster Risk Reduction (GAR) 2015 is a biennial global assessment of disaster risk 
reduction and comprehensive review and analysis of the natural hazards. 
32 The Hyogo Framework for Action 2005-2015: Building the Resilience of Nations and Communities to Disasters (HFA) 
is the first plan to explain. 
33 The Sendai Framework for Disaster Risk Reduction (2015-2030) is an international document which was adopted by 
UN member states at the World Conference on Disaster Risk Reduction held in Sendai, Japan. 

https://en.wikipedia.org/wiki/World_Conference_on_Disaster_Risk_Reduction
https://en.wikipedia.org/wiki/Sendai
https://en.wikipedia.org/wiki/Japan
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In the UK, historically, the most traditional methods of mitigating the impacts of flooding have 
been through the deployment, construction and integration of conventional flood defences 
(Tunstall, et al., 2004). However, due to the intensity and frequency of flooding within the last two 
decades, there has been a paradigm shift from flood defence to flood risk management as noted 
by Tunstall, et al. (2004) and Butler and Pidgeon (2011), therefore becoming the primary focus of 
mitigating the impacts of flooding.   
 
In England and Wales, the availability of the remote sensed data and other national datasets have 
enabled flood risk assessment to be conducted at national scale. The Environmental Agency, (EA)34 
introduced a National Flood and Coastal Defence Database (NFCDD) in 2002 (Hall, et al., 2004). 
The EA recognised the need to improve the performance of flood defences as a system and not as 
a single entity at any location in the UK. In addition, Hall, et al.(2004) explain that the Risk 
Assessment of Flood and Coastal Defence for Strategic Planning (RASP) was launched jointly by 
Department for Environment, Food and Rural Affairs (DEFRA) and EA in order to develop balanced, 
integrated risk management strategies for dealing with systems of flood defences. However, the 
British Government commissioned Sir Michael Pitt35 following a major flood in 2007, to review the 
lessons learned from this event. The subsequent report to the Government discussed both 
technical and organisational shortcomings (Sayers, et al., 2013). It also identified that having a 
legislative framework for Flood Risk Management (FRM) was fundamental and requires concerted 
action by public and private bodies, and this must be supported by appropriate legislation that 
would address all forms of flooding.  
 
The Pitt (2008) Review stated that the Government should allow and encourage communities to 
invest in measures that protect them, so that more can be done whilst giving communities a bigger 
say. This new approach creates the opportunity for as many communities as possible to enjoy the 
benefits that flood and coastal defences bring (Pitt, 2008).  Giving more role to local communities 
was a concept within British politics during 1970s and in the mid-1980s to early 1990s the concept 
saw the introduction of the form of decentralisation of responsibilities which aimed to be efficient 
and effective, while encouraging participation, equality, diversity, and innovation within local 
councils (Begg, et al., 2015).  
 
There were a number of new legislations and acts during the 2000s which shows the Government’s 
attempts to involve the local level in decision making and implementation. Begg argued that, by 
taking into account the local context and the needs of local actors, more democratic and better 
decision-making processes can be enabled through decentralisation, stronger local government, 
and improved local democracy. However, there is a more critical stance on the emergence of 
localism in contemporary politics which sees it as providing rhetorical support for local 
participatory empowerment but only in a way that serves to legitimise central governmental 
decisions.  
 
The shifts towards localism in Flood Risk Management (FRM) in England are not new but without 
providing the necessary resources, including government support and finances for these 

                                                           
34 The Environment Agency (EA) is a non-departmental public body, established in 1995 and sponsored by the United 
Kingdom Government's Department for Environment, Food and Rural Affairs (DEFRA), with responsibilities relating to 
the protection and enhancement of the environment in England and Wales. 
35 Sir Michael Edward Pitt DL is chair of the Legal Services Board which is the oversight regulator for the legal sector 
in England and Wales. 

https://en.wikipedia.org/wiki/Department_for_Environment,_Food_and_Rural_Affairs
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responsibilities to be properly exercised across the community contexts, could create new 
challenges, leading to distinct inequalities in degrees of resilience. Additionally, there is a strong 
likelihood that some vulnerable communities will be unable to capitalise on the opportunities that 
localism presents, whilst others will be able to take advantage of the scope to empower local 
actions and decision-making processes (Begg, et al., 2015). 
 
The theme of community resilience requires a long-term approach and a long-term commitment 
(Paton, 2006). Among other factors, increasing resilience has been shown to decrease recovery 
time after a disaster event. There is a need for a better understanding of our communities in the 
context of disaster management and how this approach might influence the way our community 
prepares for and responds to a disaster. Paton (2006) stated that research has shown that a 30% 
increase in the key community indicators will reduce recovery time by up to 10 per cent.  A 
research by the Environmental Agency (EA) shows that communities need to be helped to accept 
a certain level of flood risk, to accept that they need to share some of the responsibility (Speller, 
2005).  
 

RESEARCH REVIEW  

This study used qualitative approaches based on academic literature, journal reports and expert 
knowledge in order to obtain more detailed and informative data to develop a broader 
understanding of Flood Risk Management and to enhance flood mitigation measures through the 
community engagement and share local flood knowledge. The study included semi-structured 
interviews with members of local councils and the Environmental Agency as a qualitative approach 
to understand how local councils in the UK have integrated with the local communities and 
support their effort to be engaged, particularly in the events of flooding. The research is focused 
primarily on those areas that have been hit most recently by several flood events, in Calderdale 
and the City of York, mainly in December 2015, where local communities lost power, water and 
telecoms communication during the flooding.   

 
RESEARCH METHODS  
 
A literature review was performed to identify the factors affecting human vulnerability to flooding 
and the approach to community resilience and flood mitigation measures in the UK. The review 
approach was based on related literature contributing to identified themes and sub-themes. The 
extant literature is summarised into two distinct themes of “vulnerability” and “resilience” 
contributing to enhance flood risk measures through community flood participation in the UK.  
 
Semi-structured interviews of key actors: a list of questions was prepared beforehand, but 
additional questions were asked as the interviews progressed, and all interviews were tape-
recorded and transcribed. These interviews were carried out at the end of the research period, 
and their purpose was primarily to clarify information and issues that influenced the research.  
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Interviewee 
Number 

Organisation /Profession 

Interviewee 1 
Interviewee 2 
Interviewee 3 
Interviewee 4 
Interviewee 5 
Interviewee 6 

Council A member : Emergency Planning Manager  
Council A member : Head of Communities and Equalities 
Council A member : Flood Risk and Asset Manager 
Environment Agency: Floor resilience advisor 
Council B member : Leader of the Council 
Council B member : Secretary of the Council  
 

  

Interviewee Sampling: the criteria for selecting participants was based on selecting individuals 
who were qualified to give constructive responses to research questions. Implicit within this 
decision was the need to interview participants who could speak about not only their reaction 
during the flood events, but have demonstrated through their actions, a non-linear approach such 
as engaging with local communities and individuals. It is notable that the interview participants 
expressed a preference towards being interviewed as an “individual” participant rather than as a 
representative of an organisation. Thus, the interview participants view the ethical nature of 
interview questions to pertain to personal experiences rather than being representative of an 
entity that they are a part of. 
 
All interviewees were offered anonymity to encourage open and frank dialogue, and the 
permission of individuals to quote their responses was obtained. Each interview lasted for 
approximately sixty minutes. Hand-written notes were taken during or after the interview, and all 
interviews were recorded and transcribed. The interviews focused on three broad questions:  
 

 How could local community in the United Kingdom be involved in the Government 
efforts on Flood Risk Management? 

 What are the challenges of integrating local communities in the new approaches for an 
effective flood preparation and management? 

 How the information flow between experts, policy makers and local community impacts 
on disaster responses? 

 

DISCUSSION 

During the interview process the participants were asked a range of questions in order to 
investigate how to enhance the UK flood measures through community engagement and local 
knowledge and how this influences flood mitigation measures. Furthermore, to identify the 
associated problems between local communities and agencies such as the Environment Agency, 
Councils and other established authorities. Upon analysis of the results, community knowledge 
was a re-occurring importance evidenced between all participants.   
 
Raising Community Awareness 

In terms of community awareness, both interviewee 1 and 2 said that they are trying to educate 
the public with partners like the Environment Agency, the police, fire, ambulance and emergency 
services and others. The Emergency Department approach the local communities through either 
the parish council or Local Resident Association where they find individuals or groups who are 
interested in the community activities. During these meetings, issues related to flooding, what had 
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happened and what they are going to do about it are discussed. In York Council for example, the 
Emergency Department is following the Civil Contingencies Act 200436, which is the main 
legislation that focus on informing the public before, during and after an emergency. For instance, 
during the flooding, the emergency department inform the public about the flood boundaries and 
provide maps with highlighted flood risk areas. However, interviewee 1 pointed out to some 
challenges to their effort to educate the public, for example; there are some people who are not 
taking these measures seriously because either they are living away from affected areas or they 
are in a state of denial of the risks, or not interested to know what is going on. 
 

It is quite a challenge to get people engaged, even when we organise events to educate public, it is 

hard to get people to come to them  

(i1. Emergency Planning Manager) 

Nevertheless, to raise the flood risk and management awareness, we need sufficient direct 
resources funding for retrofit outside of floods, greater advice support from local agencies to local 
communities and individuals and expertise from professionals. Additionally, the flood risk 
measures should be communicated clearly to the public and individuals which will make the 
participation of the public in an early stage most effective. 

The Emergency Department in York also approach some local schools to educate children in year 
five and six and secondary schools to raise the awareness of risks. However, it is difficult to 
approach all schools unless they are invited to talk to students. Also the scheme of public 
education in York is a decision made by local authority and it is not funded by the UK Government 
(interviewee 1).  It is also seen that the Environment Agency in York is holding a national flood 
awareness campaign in previous years, in a partnership with national and local media. However, 
people are not taking the flood warning system seriously and they wait until the severe flood 
warning is issued (interviewee 4). In terms of encouraging and giving a role to people, it is noted 
that the local communities and individuals are not taking their responsibilities seriously and the 
majority think it is the Government and the Local Authorities’ duties. 
 

..if people could think about water in their homes and have a similar kind of emergency plan for 

fire and smoke alarm they would evacuate their homes to safe place.  

(i4. Floor resilience advisor) 

However, Arthur (2013) states that raising community awareness of flooding and local flood risk, 
particularly within local flood risk areas, should be initiated as a priority. Arthur advised that an 
effective communication and engagement with local communities, parish councils and members 
of the public is important in order to set realistic expectations and achievable outcomes of local 
Flood Risk Management. Additionally, improving community resilience can be tied to an effective 
flood warning system, improving emergency planning procedures, raising community awareness 
and increasing understanding of local flood risk issues (Arthur, 2013).  
 
Figure 2 shows the measures and actions taking by Essex County Council to communicate the risk 
of flooding and raising awareness within local communities. Arthur (2013) explained that 

                                                           
36 The Civil Contingencies Act 2004 (CCA) establishes a clear set of roles and responsibilities for those involved in 
emergency preparation and response at the local level.   
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increasing awareness can be public consultation events, newsletters and online resources such as 
council websites and social media. However, the issue of trust between local authorities and local 
communities is vital. Thus, the Environment Agency work with flood wardens whose members are 
volunteers from local communities in order to gain the local community trust and have the chance 
to talk to individuals (interviewee 4). 
 

 
Figure 2: Measures and Actions to raise community awareness. (adapted after Arthur (2013) 

An interesting point of view raised by interviewee 3, is a reflection about some individuals’ 
behaviour during and after event of flood and how information published on the local newspapers. 
For example, some people always point to something as a cause of failure because someone else 
opened the sluice gate of criticism and here he was pointing at the false press header when they 
publish news. Another example is that a header on a news press story shows a couple of 
paragraphs, saying that homes flooded because of the failure of the first barrier. But that's just 
not the case if a full investigation hasn’t take place. However, for the City of York and other cities, 
raising the awareness of flood risks is among the duties of agencies through organised events and 
campaigns. These agencies like National Flood Forum and other groups, target certain areas and 
work to raise the local communities and individual’s awareness and understanding, also to 
encourage people to take their own responsibilities in events of floods. Nevertheless, this process 
takes a long time and effort and it should be constant and sustain a high level of input to 
communities until people understand and become aware of flood risks. 

Community Engagement 

In Calderdale area, flood groups established from local people who volunteer to help their local 
communities with issues regarding flooding after the flood event December 2015. The groups 
formed in Hebden Bridge, Mytholmroyd and Todmorden, and they have been an important 
community resource in identifying and helping to address areas of concern relating to flooding, 
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linking with Calderdale Council, the Environment Agency and other partner organisations 
(interviewee 5). 
 

We’re really grateful for the work that members of the new and existing flood groups do to help 

raise awareness of flooding risk in their own villages and towns.  

 (i4, Council Leader) 

Members of the City of York Council37 who have been involved with engaging local communities, 
show remarkable examples of existing community participation and engagement with local 
authorities. Some argue that the local communities’ participation had happened because the city 
experiences of flooding quite frequently, which results on improving the communication level 
between local authority, agencies and local communities through open conversation, meetings 
and collaborative work that enhance the communication skills (interviewee 1,2 and 4). In addition, 
Calderdale Metropolitan Borough Council38 experienced a great effort from some local community 
flood groups after the 2012 floods event. However, there is a need for local communities and 
individuals to recognise the seriousness of the greater likelihood of flood risk and to make sure 
that local authorities’ warning of risks is not ignored (interviewee 5). 

However, it is noted that councils’ leaders do not communicate to each other to discuss common 
local issues, mainly the community level of awareness of flood risks and engagement on Flood Risk 
Management. For example, an interviewee from Council B stated that lack of time and the political 
factors, in terms of different party leadership, are the main reasons for the lack of communication. 
It is also stated that the lack of resources in some localities to use on the flood events may increase 
people vulnerabilities and inequality although there are motivated people willing to take up 
greater responsibilities (Begg, et al., 2015). The Local Government Information Unit (LGiU) has 
argued that local Government practice is shifting from just providing services, to providing the 
space, networks and support for communities to take control of their lives (Walker, 2016). 
Engaging with local communities on serious issues, such as flooding, is important and many 
councils recognise this and are moving towards a more curatorial role. Across the board, resource-
poor councils will need to enable communities to take control of their lives. 

Essex County Council sets another good example in terms of raising the level of preparedness and 
awareness at community level in the recent years. The strategy for Flood Risk Management shows 
that work has been done by Councils, Government bodies and water companies with that of 
communities and individual households. The Councillor John Jowers, a Cabinet Member for 
Communities and Planning said that the FRM strategy considers how all sorts of activities can help 
manage flood risk, from better planning, which makes sure new developments decrease rather 
than increase flood risk for its neighbours, to ensuring that emergency responses have a good 
understanding of where flood risk is greatest (Arthur, 2013).  However, Cllr Jowers stated that 
efforts need to be made by all involved, organisations and householders alike to reduce flood risk 
by focusing on decreasing the probability of flooding and its impact, making sure that properties 
and households can cope in the event of a serious flood.  

                                                           
37 City of York Council is the local authority of the City of York, England. It is a unitary authority, having the powers of 
a non-metropolitan county and district council combined 
38 Calderdale Metropolitan Borough Council is the local authority of the Metropolitan Borough of Calderdale in West 
Yorkshire, and provides the majority of local government services in Calderdale. 

http://www.lgiu.org.uk/wp-content/uploads/2012/06/MUNICIPALFUTURES1.pdf
http://www.lgiu.org.uk/wp-content/uploads/2012/06/MUNICIPALFUTURES1.pdf
http://www.lgiu.org.uk/wp-content/uploads/2013/06/Connected-Localism.pdf
https://en.wikipedia.org/wiki/York
https://en.wikipedia.org/wiki/Unitary_authorities_of_England
https://en.wikipedia.org/wiki/Calderdale
https://en.wikipedia.org/wiki/West_Yorkshire
https://en.wikipedia.org/wiki/West_Yorkshire
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The community resilience all depends on people's understanding, awareness and acceptance of 

risk. That's bottom line level to level. 

 (i3, Council Leader) 

However, to increase the approach to a resilient community; local authorities should support an 
effective dialogue with local communities, engage with a range of actors including householders 
and businesses and give them the opportunity to make their properties resilient to floodwater 
(Begg, et al., 2015).  These measures should include raising awareness and removing barriers for 
participation to develop the emergency plans and enhance the flood risk management.  
 
Additionally, interviewee 6 mentioned that it is important to understand the traditional measures 
which were used locally to mitigate against flooding in the past is a crucial aspect and it could be 
enhanced to improve our emergency and flood mitigation plan. However, this suggests that all 
actors come together to solve a common problem, but this requires expertise to implement their 
solutions within the policy frameworks that have been put in place by the central Government 
(Begg, et al., 2015).  Another piece of feedback about community engagement after one year of 
the floods that hits many parts of Calderdale area is taken from an article written  by Tim Swift, 
Calderdale Council Leader (Swift, 2017), saying: ‘We need to maintain and grow the strong 
partnership between the council, the Environment Agency, vital partners such as the Community 
Foundation for Calderdale, and of course most importantly, the communities and volunteers who 
are at the heart of our efforts’. However, sharing responsibilities needs collaboration work 
between local communities, individuals and other professional entities in order to raise flood risk 
and management awareness. It also needs to listen to local concerns, giving them the real 
opportunities to have more say on decision-making and adequate resources.   
 
The Environment Agency shows different ways to engage with the local community, for example, 
flood warden groups who are recruited after showing an active interest in the local river and their 
immediate surroundings, they are constantly watching the river and feeding information back to 
the EA. Also, there are the floodwaters who can be the eyes and ears on the ground for the 
Environment Agency (interviewee 6). However, the National Flood Resilience Review39 which was 
published in September 2016, received a wider criticism from local authorities and council leaders. 
For instance, Paul Cobbing, chief executive of the National Flood Forum, which represents flood 
communities, welcomed the review but said its narrow scope did not tackle the community-level 
work required. He said preventing every flood is impossible and adapting homes to cope is vital:  
 

It is really important to engage with people about the residual risk in the right way, so that they 
own that risk. There are elements of government that understand this and there are other 
elements that clearly don’t 
 (Carrington, 2016) 

 
This view was supported by The Leader of Calderdale Council, Councillor Tim Swift, as he explained 
his disappointment about the review and said it does not highlight the vital role of councils in co-
ordinating a comprehensive local response by close work with local communities to build their 
resilience and help them to recover quickly after flood events (Hirst, 2016).  
 

                                                           
39 Policy paper, National Flood Resilience Review.  
 

http://www.nationalfloodforum.org.uk/
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And the review fails to recognise the massive important role of communities themselves, both in 

term of inflicting decision-making and as key volunteers in response and recovery.  

(i5, Council Leader) 

It is argued that citizens and government at all levels urgently need to engage to enhance the UK 
flood measures. The interviewees 1,2,3,4 and 5 pointed out the need to improve the tools, funding 
and resources within local authorities to reach local communities and keep them engaged.  
However, efforts should be made by the professional public to engage, raise awareness, and 
convince local communities and individuals of their responsibilities in regard to Flood Risk 
Management (FRM) (Begg, et al., 2015). Moreover, the local councils, within their responsibility, 
should maintain an ongoing emergency plan put together by the communities, the local 
authorities and the emergency services. This will allow the key members of local communities to 
meet with different agencies that provide services to the public. However, it depends on the 
relationships with individuals and how willing people are to be engaged. 

CONCLUSION 

The outcome of literature review shows that local communities and individuals need an effective 
awareness and understanding of flood risks to be able to take their own responsibilities and take 
action on the events of flooding. Building public awareness to flood risk and benefits of local flood 
knowledge could be achieved by holding educational seminars and campaigns under the 
supervision of local flood groups, local authorities and the Environmental Agency.   
 
Furthermore, there is a need to improve the detection, forecasting and issue of warnings of 
flooding in order to encourage local residents and individuals to respond effectively on flood 
emergency events for faster recovery from floods’ impacts. Involvement from local community 
groups is also needed in resilience planning and learning from their flood knowledge to improve 
the mitigation measures for effective implementation. Working ‘bottom up’ with the community 
provides two way communications where information can be exchanged successfully. 
 
The study shows that the members of local councils think that the Environment Agency is trying 
to generalise the issues related to flooding in the whole UK instead of working effectively with 
local authorities. It is also stated that the latest National Flood Resilience Review fails to recognise 
the massive, important role of local communities and doesn’t highlight the vital role of councils in 
coordinating a comprehensive local response. However, The EA has reached different approaches 
in the recent years for flood mitigation measures that focus on improving the local community 
engagement and improving the community risk awareness for an effective flood preparation. 
 
The local communities and individuals cannot be treated as one target group; everyone has a 
different perception of risk. Some deny the risk for personal reasons; others may have a lack of 
appreciation of the risk because they have not encountered a flooding event. Therefore, it is clear 
that there is a need within the local councils to play a proactive role and encourage local 
communities and citizen engagement on event of flooding. Officials from local councils in 
Calderdale and York expressed the need to work with communities before, during and after a flood 
event.  
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Finally, the recent event of flooding in Calderdale and York in December 2015 show great examples 

of community engagement which could be used to enhance the UK flood mitigation measures. 

However, the public need to be constantly reminded of the risks of flooding and the actions to 

take. There is a need for the local flood groups to continue to take an active role in their 

communities by arranging regular meetings and workshops to assist before, during and after any 

flood event and the communications must be a continuous process because one-off events are 

often inadequate.  
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ABSTRACT  

In the UK, about 5.2 million properties, accounting for about one-sixth of all properties, are in 
areas at risk of flooding. A chronic shortage of housing, a growing population, and increased 
rainfall are likely to exacerbate this situation.  Sustainable Urban Drainage Systems (SuDS) have 
been successfully applied in cities worldwide and have proven to be a cost-effective solution to 
manage flood risk whilst also delivering a range of other benefits. Despite these benefits, there 
has been a relatively low uptake of SuDS in new developments and even less so in the 
opportunities for retrofitting SuDS in existing buildings. The aim of this study is to examine the 
barriers and opportunities in the retrofit of SuDS in a bid to appraise their effectiveness in the 
mitigation of flood risk. A systematic search of the available literature is employed to identify key 
sources of evidence. An examination of the search results reveals a range of multiple benefits from 
retrofitting of SUDS including enhancement of air quality, health improvements, and towards 
conducing a whole life costing methodology, among others. Furthermore, there exists a number 
of potential barriers to their uptake including, for example, the lack of experience and trust in such 
schemes, and that SuDS tend to be undervalued by stakeholders owing to the complexity of the 
monetisation and quantification of their wider benefits. Further research is therefore 
recommended to help develop a fuller appreciation of the true costs and the wider monetary and 
non-monetary benefits towards addressing some of the apparent barriers to the retrofit of SUDS.  
This will help to increase the uptake of SuDS retrofit as a valid approach within an integrated flood 
risk management strategy. 

Keywords: Flooding, systematic review, retrofit SuDS, Benefits, barriers. 

1.0 INTRODUCTION          

The effects of global warming are becoming evident in the continuous change in climatic 
conditions and the daily increase in the movement of people from rural to urban areas. This has 
led to an increase in the population of urban settlements and the constant depletion of natural 
resources by way of creating shelter, adapting to a changing climate and improving flood resilience 
(Baron and Petersen 2016). In the UK, about 5.2 million properties, accounting for about one-sixth 
of all properties, are in areas at risk of flooding (Ossa-Moreno, 2017). A chronic shortage of 
housing, a growing population, and increased rainfall are likely to exacerbate this situation 
(Simane, et al, 2016). Flood risk management aims to agree on the approach, procedures, and 
measures of flood risk, the identification of the current and potential risks, the clear identification 
of those who should be responsible for the management of the risks and ways of managing the 
risks effectively towards a proper implementation of the management procedures for the risks 
(Kendrick, 2015). 
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Sustainable Urban Drainage Systems (SuDS) have been proposed as a way of mitigating the effects 
of flooding at various locations prone to flood hazards and as part of an integrated approach to 
flood risk management (Jenkins 2016). SuDS have been successfully applied in cities worldwide 
and have proven to be a cost-effective solution to manage flood risk whilst also delivering a range 
of other benefits (Smith and Mijic, 2016). Today, almost all SuDS implementations have been 
carried out on new developments, however, the retrofit of SuDS offers many benefits but the 
uptake until now has been somewhat limited (Stovin, 2010).  This research seeks to investigate 
the benefits and barriers to the retrofit of SUDS in the UK as part of an integrated approach to 
flood risk management. 

 

2.0 RESEARCH METHODS 

To address the key focus of this paper, a systematic search of key literature was carried out (n=50). 
In structuring the search terms and questions, the key points in the research were considered first 
and then the search terms (flooding, SuDS, benefits, barriers) were derived. Google Scholar was 
used for the extraction of the required research publications representing the up-to-date body of 
knowledge. A well-structured and defined outline gave a clear identification of the fields of study 
including flood risk management and SuDs globally and within the UK. 
 
The search was able to identify the key sources concerning the current flood risk management 
challenges both globally and in the UK, considering the policies, preventative measures, benefits 
and barriers to the uptake of SuDS (refer to Table 1 for search terms). 
 

Table 1: Search terms for the critical review 

Flooding The review of the global and UK flood risk management, flood impacts and 

UK policies. 

SuDS Sustainable Urban Drainage Systems (SuDS) and the application of the 

Retrofit SUDS. 

Benefits The opportunities in the uptake of SUDS retrofit in the UK government 

policies. 

Barriers The obstacles to the uptake of SUDS retrofit in the UK. 

 

Upon achieving a good knowledge of these elements, a range of sub—elements were developed. 
These included impacts of flooding, cost estimates of SUDS and green infrastructure. 
 
A major outcome of using a systematic critical review is that an evidence base with the best 
conclusions is made available no matter what subject area the research is derived from. In a field 
like flood risk management, a major challenge reviewers face is to ensure that there is adequate 
coverage of all important search terms for a proper body of knowledge. A balance of academic 
and industrial sources was scoped for this study, generic search websites with more dominance 
on the google scholar website were used. As this was a review focussed on different academic 
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papers that were centred on the retrofit of SuDS in the UK, the websites of some government 
organisations, local agencies and academics journals were accessed for information. 
 
For the search databases, an assessment of the first 10 journal papers was made for any large 
positive returns of more relevant sources around the search terms. Focussing on the results from 
Google Scholar search website, owing to its systematic extraction of relevant information, led to 
the 50 research papers that were used. All sources retrieved were assessed with relevance at the 
title, abstract level, introduction and conclusion. 
 
Relevant Subject(s): Studies which concentrated on floods, SuDS, local and international 
application of SuDS retrofit and cost effectiveness. 
 
Types of Intervention: Studies relating to global flooding, UK flooding and their current flood risk 
management measures and challenges. 
 
Type of Study: Technical studies, academic studies, empirical studies and statistical studies. 
 
Geographical Scope of Study: Worldwide. 
 
Language Scope: English. 
 
Now follows an account of the review using the key sources extracted from the review process. 
 

3.0 A REVIEW OF CURRENT FLOOD RISK MANAGEMENT CHALLENGES 

Flooding occurs within a location of land which is usually known to be dry and is then submerged 
under water and includes three main types, coastal flooding, flash flooding and pluvial flooding 
(WIREs Water 2015).  

Coastal flooding is usually triggered by earthquakes in the Ocean causing tsunamis or by coastal 
storms.  Flash flooding is a quick flooding of geomorphic low-lying areas such as rivers, dry lakes, 
basins, caused by heavy rain associated with a severe thunderstorm, hurricane, tropical storm, or 
melted water from ice or snow flowing over ice sheets or snowfields (Raut, 2014). Flash floods can 
have a devastating impact on human activities and may occur after the collapse of a natural ice or 
debris dam, or a human structure such as a man-made dam, as seen in the Johnstown Flood of 
1889 (ALFIERI, and THIELEN, 2015). High-velocity runoff in small basins, short lead times, fast rising 
water, and transport of sediments make flash floods extremely dangerous to property, 
infrastructure, and human lives (ŠPITALAR, 2014).  Pluvial flooding, also known as surface water 
flooding, occurs from the result of intense and continuous rainfall (Coles, 2017). Pluvial flooding 
events account for over one-third of the water hazards which are usually recorded in the UK 
(Schaller, 2016). Over 2million of the population of those who reside in urban areas in the UK are 
exposed to annual pluvial flood risk (Grahn and Nyberg, 2017). 

Flooding is among the greatest hazards in the world and poses a huge threat to the sustainability 
and function of urban infrastructure – road, rail, electricity, housing and water supply, sewage 
networks and the lives of those who live in urban areas all over the world (Juan 2017). For example, 
Ndugwa (2017), has identified flooding in Africa as a major deterrent to the growth of urban 

https://en.wikipedia.org/wiki/Rain
https://en.wikipedia.org/wiki/Severe_thunderstorm
https://en.wikipedia.org/wiki/Hurricane
https://en.wikipedia.org/wiki/Tropical_storm
https://en.wikipedia.org/wiki/Ice_dam
https://en.wikipedia.org/wiki/Debris_dam
https://en.wikipedia.org/wiki/Dam
https://en.wikipedia.org/wiki/Johnstown_Flood
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settlements and as a major factor encouraging the increase of poverty and the decline in the 
improvement of the lives of urban dwellers. The lack of infrastructure needed to withstand the 
extreme weather is also a growing concern. Poor planning procedures and governance challenges 
are not helping situations (Chirisa, 2016). These issues have therefore increased the vulnerability 
of urban dwellers to the growing risk of flooding in Africa (Adelekan, 2010).  

Going by the substantial increase in flooding events in the 1990s, it is therefore evident that 

flooding has become a major global natural disaster. Annual reports suggest this trend is 

continuing and so flood risk management becomes ever more important (Salathé Jr, et al, 2014).  

In urban cities where flooding events are experienced, the impacts of flooding can vary but in most 
cases, their impacts are similar (Hallegatte, et al, 2013). Locations which are close to drainage 
canals, rivers and dams are more liable to the risks of floods (Downs and Gregory, 2014). Impacts 
include damage to infrastructure, disruption of movement that could result in diverted routes, 
destruction of homes, unhealthy environments, damage to agricultural farmlands and livestock 
and destruction of educational facilities (Castaneda and Simpson, 2013). 

Flooding events have been on the increase significantly in the UK since the year 2000 to date 

(WIREs Water 2015). One of the major reasons for this development is the change in climate which 

has made the UK significantly warmer (Intergovernmental Panel on Climate Change, 2014). This 

suggests that flooding is not reducing but will continue to increase and therefore a pragmatic 

approach is necessary for improved resilience to flooding. In the UK, the population is expected to 

increase greatly by 2050 and has the potential to put around three times more people at risk from 

pluvial flooding (Kundzewicz, 2014).  In 2007, over 55,000 homes and businesses were affected by 

inland flooding affecting many parts of England and Wales. Between November 2015 and January 

2016, there occurred the highest ever rainfall which caused the most extreme events within the 

UK in the last 100years (Council 2017).  The Pitt Review (Pitt, 2008) aimed to address the serious 

and widespread flooding events which were recorded in 2007 (Crick, et al, 2016) and outlined the 

lessons learned during the review. An emphasis was made on the need for the environmental 

agencies and councils to strengthen their technical capability to take the lead on local flood risk 

management (Pitt 2008). A prevailing interest of every citizen of the UK is to see an environment 

where the risk of flooding and its impact is reduced (Geaves, and Penning-Rowsell, 2016). 

The Pitt review outlined 92 recommendations including a commitment to make SUDS and the 

retrofit of SUDS more useful in flood risk management by resolving the issue of who should be 

responsible for their ownership and maintenance (Pitt 2008).  

   

4.0 SUSTAINABLE URBAN DRAINAGE SYSTEM (SUDS) 
 
SUDS is a generic term that refers to various measures used to control the effect of surface water 
runoff in the environment (Locatelli, 2016) and it is the method most often mentioned in relation 
to possible measures that can be taken by homeowners. Hence, SUDs are seen by many as an 
important contribution to urban climate change adaptation (Baron and Petersen 2016.). SuDS 
replicate the natural drainage processes of an area through the use of vegetation-based 
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interventions such as swales, water gardens, and green roofs, which increase localised infiltration, 
attenuation and/or detention of stormwater. Hence, SuDS improves flood alleviation capacity in 
any community. In all SUDS, the most used and well known examples are soakaways, green roofs, 
swales, rainwater beds and permeable surfaces as well as open drainage waterways and reservoirs 
for excess rainwater (Baron and Petersen 2016).  All these solutions aim to absorb, evaporate 
and/or channel rainwater so it does not end up in the sewage system. 
 

4.1 Retrofit of Sustainable Urban Drainage Systems (SuDS) 
 
SuDS retrofit is a stormwater management process which is aimed at addressing urban water 
quality and the problems associated with flooding (Walsh 2016). Retrofit is used when SuDS are 
proposed for the replacement or augmentation of an existing drainage system (Smith 2016). There 
is limited experience of retrofitting SuDs in the United Kingdom and there are no well established 
procedures for evaluating the feasibility, value or cost-effectiveness of doing this. However, there 
remains growing interest in the introduction of this technology (Stovin 2013) and stakeholders and 
researchers have sort to develop modalities on how to make SuDS more acceptable and relevant 
within the UK (CARBONI 2016). Examples of retrofitting SuDS can be seen in the installation of 
green roofs, the diversion of roof drainage from a combined sewer system into a garden soakaway, 
the conveyance of road runoff via roadside swales into a pond sited in an area of open space (Ellis 
2013). These represent alternative ways of influencing the quality of the water downstream and 
the problems relating to it, thereby providing a more effective, resilient and sustainable approach. 
 

5.0 BENEFITS AND BARRIERS TO THE IMPLEMENTATION OF THE RETROFIT OF 

SuDS IN THE UK 

A number of benefits that cuts across various positive improvements in housing schemes and the 

lives of people have been identified. Malulu (2016) found that a common SuDS intervention 

scheme which is one of the essential benefits of SUDS entails the carrying out of works to rivers 

with the aim of increasing their capacity to carry flood flows.  Friberg, et al (2016), identifies the 

ways the scheme is carried out, which are by channel maintenance or enlarging the channel cross 

section and thereby increasing the flow of surface water by extending the wider capacity. The 

mitigation of the heat island effect and noise, the improvement in air and water quality and the 

provision of sites for recreation or urban amenities are various ways by which the ecosystem is 

sustained through SUDS retrofit (Demuzere, et al, 2014; Ellis 2013; Kazmierczak, et al 2010). 

Other benefits of SUDS retrofit is in the reduced cost of infrastructure by the introduction of green 

infrastructure. Ellis (2013), argues that conventional drainage systems cannot provide the 

expected solution to any flood mitigation process but an extended approach based on the 

introduction of retrofit SuDS, in the likes of micro-and meso-vegetative SUDS systems into a wider 

green infrastructure(GI) framework, can effectively address on-site and catchment urban surface 

water issues. 

Health Improvements from the use of SUDs is also a very essential benefit to every citizen.  Lamond 

et al (2015) affirm the importance of an improved flood risk management system to manage the 

growing pressure of the effect of flooding events on the health of the occupants of any community. 

Greenough, et al (2001), addresses the health effects of flooding which are typically associated 
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with disasters. These are, direct morbidity and mortality and secondary or indirect health impacts. 

A direct impact includes an impaired public health infrastructure, reduced access to health care 

facilities, and psychological and social effects. While an indirect effect could result in the alteration 

of ecologic systems which may result in land covers being damaged, and the abundance and 

distribution of disease-carrying insects, rodents and some other vectors. An improved health 

system through the application of SuDS retrofit, helps to address these health issues. 

Economic growth can be stimulated by SuDS retrofit, through attractiveness of an area to new 

businesses, creation of jobs from the installation and maintenance of SuDS, and an improved 

productivity of workers when the environment is positively impacted by aesthetics, improved 

health conditions, improved air quality and many others (West, et al 2009; Kruger 2014). 

Carpenter (2012) found that an aesthetically improved environment with the installation of SuDS 

and for the purpose of tourist attraction, recreation and research, tend to attract visitors from 

different locations, both locally and internationally. Green infrastructure has been credited in the 

UK with significant impact in job creation (Chegut, et al 2014). Also in the United States, shoppers 

tend to stay longer when visits are made for business purposes, owing to the presence of green 

structures (Yi 2014). 

In addition, in projecting the cost of installing SuDS retrofit and the future effect on a community, 

most importantly when considering a value oriented structure, a conducive whole life costing 

(WLC) is guaranteed. Lamond (2016) explains whole life costing as a methodology that gives a 

systematic economic consideration of all costs associated with SuDS retrofit. In considering this 

methodology, a number of factors are measured – finance, business costs and income from land 

sale, user costs. All these factors are essential when measuring the economic implication in terms 

of the cost effectiveness of SuDS retrofit in a community, in other to deliver the best value for 

money. 

However, despite the increased flooding events in the UK, the uptake of SuDS retrofit as a flood 

risk management measure is still largely being ignored (Ossa-Moreno, et al, 2017). The lack of 

experience of, and trust in some of the approaches is a major setback for the implementation of 

SuDS retrofit (Backhaus, et al, 2016). Convincing stakeholders about a new scheme could be quite 

difficult when consideration is given to failed flood risk management schemes (Kundzewicz, et al, 

2017).  

Flood management in the England and Wales is currently seen differently in water supply and 

water quality management terms (Kangalawe 2017). This hinders the possibility of collaborating 

efforts and budget across these regions in other to maximise the available output, through major 

solutions which are able to manage existing challenges in a cost effective way (Cousins 2017).  

Damming is traditionally considered safe because they have been built according to high technical 

standards. However, many dams that were constructed decades ago do not meet the current 

state-of-the-art dam design guidelines (Marsden 2017). This then has resulted in the collapse of 

these structures and increased the failure of the SuDS tool in mitigating flooding.  

The responsibility of the cost of maintaining and implementing of SuDS retrofit is also being shifted 

because of fear of the high cost of maintaining such schemes (Ashley, et al 2010). SuDS tend to be 

undervalued by stakeholders owing to the complexity of the monetisation and quantification of 
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its wider benefits, with major stakeholders. Agwuele (2013) attributes this to the avoidance of the 

implications of the possible high financial effect and the management of the future costs of 

implementation. The fragmented nature of systems resulting in the assessment of the retrofit 

proposal from varying angles makes it difficult to appreciate the full advantages (Zeunert 2017). 

Owing to the reluctance in the uptake of SuDS retrofit in the United Kingdom, direct and indirect 

incentives are low, therefore the number of private investors which are prepared to invest in the 

scheme are limited.  

CONCLUSIONS 

This study has investigated the feasibility of SuDS implementation and specifically the benefits of 

retrofit of SUDS. The most relevant benefits provided by SuDS are flood risk reduction, rainwater 

harvesting, reduction of surface water charges and amenity, air and water quality, improved 

health and conducing a whole life costing approach. However, barriers such as the lack of trust in 

these schemes, the lack of clarity in regard to the responsibility of the cost of maintenance, the 

complexities of monetising their full value, and the experience of similar approaches will need to 

be addressed before there becomes better acceptance of SuDS retrofit in the UK. 

The further implementation of policies that have been successful in promoting large-scale SuDS 

implementation schemes worldwide should continue to help promote the use of SuDS and lead to 

a stronger flood risk management approach (Feng and Tan 2017). However, other developments 

and further research will be needed to promote and support the use of SuDS retrofit. Specifically, 

further research is recommended to help develop a fuller appreciation of the true costs and the 

monetary and non-monetary benefits of SuDS as part of an integrated approach to flood risk 

management. 
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ABSTRACT 

Purpose: This paper analyses the structural features of stakeholders that influence the 
implementation of rainwater systems in Belem (Brazil). 
 
Methodological approach: The paper presents an explorative research based on the application 
of Social Network Analysis (SNA). Interviews were made with experts in the field and the data was 
coded and analyzed. A stakeholder's map was made to summarize the information collected and 
visualize the identified factors 
 
Findings: The key finding is based on the identification of key players and issues in the 
implementation of rainwater systems; the absence of interaction with some of them and the 
canalization of decision-making powers in few agencies. 
 
Research limitations: The scope of the study is limited to the region analyzed and consequently is 
context specific. Due to the limitations of the data collection in the field, the full potential of SNA 
could not be explored in this analysis. 
 
Implications: The paper makes evident some of the redundancies in the management of water in 
the region. Also, it makes evident issues related to lack of inclusion in the decision-making process 
and planning for the implementation of rainwater systems in the region.  In this sense, the paper 
can inform policy for the planning of the further expansion in the implementation of this source 
of clean water. 
 
Originality and value: This study if is the first of its kind in the region. The use of methods to map 
stakeholders and visualize the relations of influence, as well as the identification of previously 
unseen key actors is a contribution of great value for the planning of further expansion in the 
implementation of rainwater systems in the region. 
 
Key Words: Rooftop Rainwater Harvesting; Stakeholder Analysis; Social Network Analysis 
 

1. INTRODUCTION 
 

1.1. The Sustainable goal 6: 
 

The United Nations Development Program (UNDP) defined the provision of clean and secure water 
for all as a priority developmental goal (UN, 2015). Water scarcity and limited access to clean and 
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secure water affect more than 40% of world's population and it is reported that 41 countries 
experienced water stress in 2011. Consequently, the projections made by the UNDP suggest that 
by 2050 one in four people will experience recurring water shortage. Although 2.1 billion people 
have gained access to improved water sanitation since 1990, dwindling supplies of safe drinking 
water is a major problem impacting every continent. 
 
In this context, international and local efforts are necessary to protect and restore water-related 
ecosystems to mitigate water scarcity; as well as to encourage water efficiency and support 
treatment technologies in developing countries. 
 
1.2. Millennium Development Goal 7: 
 
The UN Millennium Development Goal 7 sought to ensure environmental sustainability (UN, 
2012); and one of its four sub-targets aimed to halve the proportion of the universal population 
without sustainable access to clean and safe drinking water and basic sanitation. 
 
By 2015 the Millennium Challenge (UN, 2015) reported that globally the number of people using 
improved drinking water sources has increased from 76 percent in 1990 to 91 percent; 2.6 billion 
people have gained access to better drinking water since 1990. Of these, 1.9 billion have access to 
piped drinking water on premises, with 58 percent of the global population enjoying this level of 
service in 2015 and 147 nations in the world have fulfilled the drinking water target. In general, 
between 1990 and 2015, the proportion of the world population using improved drinking water 
source and using improved sanitation facilities have increased significantly, surpassing the MDG 
target in 2010. 
 
1.3. Millennium and development goals in Brazil - clean water in the Amazon states: 
 
Oliveira (2015) reports that over the last decade 28 million Brazilians have moved out of poverty 
and 36 million ascended to the middle class. Despite these enormous efforts of social mobility and 
alleviation of inequality with positive impacts on the development of the internal market and the 
growth of the economy; this progress needs continuity. The Brazilian Institute of Geography and 
Statistics (IBGE, 2010) reports that about 16.2 million people still live in situations of social extreme 
vulnerability. To achieve this purpose, the Federal Government implemented the “Brazil Without 
Misery Plan”: A set of actions involving the creation of new programs and the expansion of existing 
initiatives, in partnership with states, municipalities, public and private companies and civil society 
organisations in order to include the most deprived populations in the dynamic of economic and 
social development of the country. 
 
One of the most challenged regions is the Amazon, in which the local municipalities in these areas 
have to cope with the complexities of logistic access in this region, being largely reliant on the river 
as the key transport link. This factor significantly impacts the distribution and supply of products 
and services, principally the provision of clean water. This is highlighted by high local rates of 
waterborne disease, which are often aggravated by untreated water supply systems, 
inadequate/inappropriate sewage treatment facilities and open-air dumps. These issues are 
outlined in further detail within local Municipal Sanitation and Management Plans reporting that 
91% of the municipalities have water supply systems. However, in 100% of the Amazon 
municipalities, the water quality does not comply with the minimum standards for human 
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consumption defined by the Ministry of Health (International Workshop on Of Solid Waste, 
Manaus / AM - 2013). According to Brazil's National Water Agency (ANA, 2010), about 70% of the 
population of the North region is deprived of access to potable water. This situation is ironic as 
the Amazon area is widely recognized as being the largest reservoir of fresh water on the planet. 
In response to these challenges, rainwater has been explored as an appropriate solution for the 
provision of clean water to rural communities in the Amazon basin. 
 

1.4. The case of rainwater - international context 
 
Harvesting rainwater for human consumption is not a new concept and it has been used by many 
different cultures in the past (Gnadingler, 2000; Tomaz, 2003; Kautsoyiannis et al, 2008). 
Contemporary methods mostly depend on the use of roofs to collect the rainwater. This technique 
- Rooftop Rainwater Harvesting (RTRWH) - is used successfully to cover basic water needs in many 
different countries, for instance: 
 
Zhu et al. (2004) and Zhu and Yuanhong (2009) report that in Ganzu, one of the poorest regions in 
China, this technology benefits 2.5 million people; in New Zealand for 11% of the country's 
population the rainwater the main source of water for consumption (Ministry of Health, 2006); in 
Thailand, 4.3 % of the Urban population and 25.7% of the country’s rural population access 
drinking water through the collection and storage of rainwater (ONESDB/UNCTT, 2004).  This 
technique has been extensively documented (UNEP, 1998); there are good examples from 
Venezuela, Maldives, Turks and Caicos and Bermuda. Oliveira (2008) also documents the collection 
of rainwater in insular territories of Portugal and Greece. 
 
UN-HABITAT (2005) further describe the experiences of Bangladesh, Singapore, Honduras, the 
United States, Tanzania, and Kenya. In these countries, different actors are involved in the 
promotion of rainwater harvesting systems including governments, national and local authorities, 
international development agencies and social organizations. 
 
Most of these documented cases utilize roofs as a primary mechanism to collect water. Such 
initiates may be private or publically owned, and utilized by individual and/or multiple users. 
 
In general, the advantages and growing interest for the use of RTRWH are related with problems 
of contamination of superficial and groundwater sources; systems failures, maintenance and 
operational problems; increasing water demand in rural areas due to population growth; the 
increasing availability of impermeable low cost materials such as tiles, veneers and galvanised iron 
roofing components as replacement for straw roof as well as the more economical and effective 
water storage devices (Fawkes, 1999). 
 
1.5. The use of rainwater in the Amazon. The case study of Belem. 
 
Belem is illustrative for the provision of potable water to the riverside communities of the Amazon 
due to its complexity and diversity in terms of population, and the number of organizations related 
to the management of water distribution and exploration of solutions. It is also one of the best-
documented examples in the Amazon region. 
 
In Belem, ⅔ of the district is composed of 39 river islands, in which the provision of water has not 
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been officially registered and managed. The region suffers from the widespread degradation of 
water springs due to the increasing pressure of urban development. Whilst, the levels of Iron 
emanating from the local groundwater table are above the limits for human consumption. The 
underground aquifers are at a depth that makes unviable for use; especially when considering the 
widespread distribution of population across this region - For example, the underground system 
in Ilha Grande is inoperative (despite its good condition) and the quality of the water delivered is 
questionable in terms of its iron content (Veloso and Lopes, 2014). 
 
Technical studies about the availability of potable water began, for both Belem and the wider 
Amazon region in 2004 as a UNESCO initiative.  These studies concluded that despite the 
immensity of its hydric resources, the main limitation for their use for human consumption is 
related to the qualitative aspects of the water (Aragon, 2004). Veloso (2012) investigated the 
consumption of water for the islands Ilha Grande and Murutucu; finding that 45% of the riverside 
population buy water from informal distributors: boatmen (20lt barrels of - untreated - water 
collected either from a surface of underground sources), and 20% consumed water directly from 
the river. However, the study also revealed that the common practice is to combine the use 
different sources of water; for instance, to buy water from the mainland to drink and to use water 
from the river for cooking. Souza (2012) documented the case of Ilha Nova, where 100% of the 
water for human consumption comes from rainwater collectors; and Fenzl et al (2010) registered 
the case of the only two islands where the water is distributed via public aqueduct (Mosqueiro 
and Outeiro islands). 
 
In consequence, rainwater has been considered as an appropriate source for human consumption 
in Belem (and the Amazon in general) due to the logistic challenges experienced in this region (e.g. 
no/few roads or other transport/communication infrastructure different to the rivers; vegetation 
growth, river tides, high humidity, instability of the subsoil) and the wide geographical dispersion 
of the rural communities that would adversely impact distribution methods for clean water.  
The first documented of use of rainwater harvesting in this region, was by imperial troops using 
the roof of the Saint Antonio de Ratones on the island of Saint Catarina in the 18th century (Veloso 
and Lopes, 2014). In modern times the use of rainwater collection systems in Belem comes from 
the informal adaptation of the cistern technology implemented in other areas of Brazil as an 
independent attempt to solve the issue of access to clean water by the riverside communities 
(Veloso, 2012). This technology was initially implemented in the semi-arid region via the ‘One 
Million Cisterns’ program; the Semi-Arid Articulation (ASA) program has been fully implemented 
providing concrete plaque cisterns for multiple users. This was implemented through partnerships 
with individuals, the private sector, cooperation agencies and the federal government.  However, 
concern has been expressed regarding the quality of water, this issue has been documented by a 
range of independent studies carried out by Gnadlingler (1999, 2007); Joventino et al (2010); 
Souza et al (2011) and Silva et al (2012). 
 
However, such technology proved not suitable for the bioclimatic conditions of the Amazon; 
particularly to the riverside communities, subject to the river tides and high levels of instability 
and humidity of the subsoil (Veloso, 2012).  
 
To go around this issue, in Belem the University of Para developed a project to use rainwater as a 
source of clean fresh water for the riverside and rural communities in the region by adapting to 
local conditions the RTRWH technology. This solution has been well documented both, in the 
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convenience and advantages in response the bioclimatic conditions of the region - when compared 
against the national plan of cisterns - and the impact to the riverside communities in terms of 
access to quality and quantity of clean water, health and economic viability (Veloso et al, 2013).  
The implementation process of RTRWH followed a slightly different scheme as the one used by 
the ASA. In the case of Belem, the implementation was fully funded by the government; involving 
multiple federal and local agencies, NGOs with strong influence in the region and community 
organizations.  
 
However, a systematic identification of stakeholders and issues affecting the implementation and 
subsequent maintenance of the rainwater systems has not been documented. This is particularly 
relevant as the Amazon region is characterized by being under the jurisdiction of several offices at 
different administrative levels in the Brazilian government, and contains a multiplicity of 
communities that makes of the region a case of high complexity for policy making and socio-
economic and technical interventions. In this sense, this paper’s intention is to make a first 
exploration of such complexity through the identification of issues and stakeholders affecting the 
implementation of Rainwater systems using methods related to the analysis of complexity such as 
Social Network Analysis. 
 

2. METHODOLOGY  
 
Standard techniques for the mapping of stakeholders were used and enhanced with the use of 
Social Network Analysis (SNA), developing on the methodological developments previously 
presented by Prell et al, (2007); Lim et al, (2010) and Lienert et al, (2013); particularly on the use 
of centrality measures to assess the importance of stakeholders, anticipate possible conflictive 
relationships, and to improve their selection and level of engagement in the design of 
interventions.  
 
The collection and analysis of data followed a two-stage process where stakeholders were 
identified and classified on the basis of an iterative process that drew on a combination of methods 
(e.g. expert opinions, semi-structured interviews) following the suggested multi-method approach 
by Brugha and Varvasovszky, (2000) and Reed et al, (2009). To identify stakeholders, the 
respondents were asked to 1) mention all stakeholders and issues that may influence or are 
affected by the implementation of water infrastructure - rainwater systems. 2) Quantify the 
influence each stakeholder exerts on water infrastructure planning (Brugha and Varvasovszky, 
2000). We merged very similar stakeholders (e.g. community organizations). 
 
A relational categorization matrix was created based on a typology to classify them along the 
vertical axis, i.e. from national, federal, county, local, and off-site levels to a local, on-site level. A 
further typology also made a distinction between those agents who affect (determine) a decision 
or action and those affected by this decision or action. The matrix also included the issues 
identified in the conversations with experts and how these issues related to the different actors. 
The data were analyzed in UCINET (Borgatti et al., 2002). The potential influence of actors in a 
policy process can be assessed in network terms via its connectivity to others. To assess this 
feature, we used measures of centrality as described by Freeman (1979). More specifically, we 
took into consideration the measurement of degree centrality, which considers the ties that an 
actor shares directly with other actors. It looks at the local structure in which an actor is embedded 
(Ansell, 2003; Crona and Bodin, 2006). In policy networks, actors with high degree centrality have 
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better and more direct access to information and have considerable potential for framing the 
planning process. Power and importance were assessed via betweenness centrality (Freeman, 
1979; Ingold, 2011). Betweenness centrality calculates the number of times an actor is on the path 
between two not-interlinked nodes. An actor with high betweenness centrality can thus act as a 
gatekeeper or mediator. If absent, the network would fall apart. Hence, the more central an actor 
is, the better he or she is integrated into the network and can influence the planning process in 
resource management policy. 
 
3.  RESULTS AND ANALYSIS 
 

The following figure (figure 1) reflects the results of the use of SNA for the mapping of issues and 
stakeholders related to the adoption of rainwater systems in Belem. 

 

Figure 1. Identification of issues and stakeholders for the implementation of rainwater systems in Belem. In the 
figure, the issues are represented by triangles and the stakeholders by circles. The connections between them are 
represented by links. 

The analysis of the connectivity of stakeholders and issues is guided by the level of centrality and 
betweenness where some nodes (issues and stakeholders) providing a ranking based on 
parameters such as degree and betweenness - with direct relation to influence in the network and 
functions of brokerage. Based on their structural position and the role/function within the 
network as well as their values of centrality (degree and betweenness) the following classification 
was made in order of importance:  
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Issues: 

- Funding: With the highest value of connectivity this issue is the most 
connected to stakeholders and seems to be determinant for the future implementation of 
rainwater systems. The fact that the funding comes mainly from two sources (government:  
via public bank -BASA; research funds - FAPESPA-  and a charity) makes the implementation 
extremely dependant and sensible to the financial environment.  
 

- Education: This issue is connected to providers (UFPA, CARITAS, Forum das 
Ilhas) and the recipient community (either directly or via several community organizations: 
Unions, community associations). In general, the education related with the rainwater 
systems and its implementation is adequate, however, it is sensible to the level of education 
and the social dynamic of the recipient communities (e.g. peer pressure, the perception of 
wealth). 
 

- Conflict: This issue was connected mainly to the different organizations 
acting in representation of the recipient communities. Community organization is a complex 
issue itself as in the region is possible to find more than 100 different community 
organizations with different agendas and political interests.  It noticeable that the issue was 
not raised in relation to the multiplicity of governmental agencies involved - in many cases 
with overlapping functions.  
 

- Relationship: In general, the issue relates to the brokerage function 
between delivery organizations and recipient communities. the common perception from the 
interviewed is that the relationship between delivery organizations - at different 
governmental levels (e.g.: MDSA - Federal government; SEASTER - County government; AMAE 
- Municipal government) must improve and be more efficient. 
 

- Training: The issue connects delivery organizations directly with the 
recipient community. IT confirms the protocols for implementation of rainwater systems in 
the region where before, during and post implementation the recipient community receive 
instructions on how to use and maintain the system for a limited period. 
 

- Monitoring & infrastructure: Despite the training, the monitoring and 
infrastructure maintenance and evaluation are deficient and not connected in any form with 
governmental agencies. Currently just the UFPA performs limited observations on the 
functioning and condition of a limited number of rainwater systems in the region - aiming to 
develop a systematic approach to collect information to inform policy. 

 
Stakeholders: 

- Residents: Their high level of centrality is easily explained as these are the 
direct recipients of the rainwater systems.  
 

- CARITAS: Is perhaps the most influential organization (Catholic NGO) at the 
ground level. Is well connected with all the key governmental organizations at all levels 
(Federal, County, and Municipality) and has strong links with the communities and community 
organizations in the region. 
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- UFPA: The Federal University is the following well-connected organization 

with strong links with governmental agents. Its brokerage role is crucial as is the only agent in 
the network with links with federal institutions such FAPESPA and CNPq. 
 

- SEASTER: Its high level of centrality is explained as it is the only organization 
and county level related to the delivery and implementation of rainwater systems. They act 
as brokers for federal agents and point of contact and coordination for local agencies. 

- Community Associations: Their centrality is explained as they act as 
intermediaries with final users for the implementation of rainwater systems. They have high 
levels of complexity due their number and variety.  
 

- Forum das Ilhas: its high level of connectivity relates to its function as a 
broker at a local level. Structurally equivalent to CARITAS, it lacks the connections with 
organizations at the federal level. 
 

- Unions: Their centrality relates to the connections with local organizations 
at the community level. Structurally equivalent to community associations. 
 

- Material traders & Water Traders: These actors are negatively influenced by 
the implementation of rainwater systems as they economic activity is related and dependent 
on the existence of such autonomous water supply systems. Is noticeable that they are not 
connected with any of the delivery organizations suggesting that they have not been involved 
in any stage of the development and implementation of rainwater systems. are listed here 
due to their significant low values of centrality. 

 

4. DISCUSSION AND CONCLUSIONS 

The key actors identified in this study where the residents, UFPA, SEASTER and CARITAS. Their 
importance in the network is related to the fact that most of them are local to Belem (residents, 
UFPA SEASTER) and are key brokers for the design and implementation of the rainwater system, 
as well as for the bidding for public funds (UFPA, SEASTER, CARITAS); implying brokerage with 
other public agencies at different administrative levels (state, federal, national). Further research 
would be recommended to better understand their role and impact in the event of privately 
funded implementation of rainwater systems. 

From the interviews and the SNA, it became evident that the implementation of rainwater systems 
is highly dependent on public funding where the NGOs (e.g. CARITAS) act mostly as delivery 
partners. In this sense, to increase the use of rainwater in the region - given the current economic 
situation of the country -  this study highlights the need to explore new sources of funding based 
on private capital and/or autonomously funded by the recipient communities (for instance via 
social entrepreneurship and/or social banking).  

The study suggests also that the overlapping functions of governmental agencies at different levels 
(Federal, county, municipality, local) is not an issue at a practical level - due perhaps to 
accumulated know-how by delivery agencies at a (local) community level. However, this has the 
potential to be a major issue for the communities at the time to claim ownership and autonomy 
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in the implementation process, particularly under the current economic environment and the 
budget limitations of the multiple agencies involved - presiding of delivery/broker agencies. In this 
respect, this study suggests that more autonomy in the local administration with more direct 
access to funding sources could simplify and reduce the administrative complexity and cost of the 
implementation process.  Here again, the adoption of private or autonomously funded initiatives 
could bypass and/or simplify the complexity and bureaucratic cost of the multiple overlapping 
agencies involved, making relevant just the local agencies that could regulate locally the 
implementation of rainwater systems (from a sanitary perspective). 

The second major issue at a community level is the complexity and variety of community 
associations (generalized in this study but with more than 100 in the Belem area). Yet playing an 
important role in the recipient end of the implementation process facilitating issues such 
ownership and management of the rainwater systems; the existence of unions with structural 
equivalence in the network may suggest that such unions could be used to bypass the 
role/function and complexity of the community associations to deliver rainwater systems.  It is 
also noticeable the local influence of CARITAS as a key player with influence in local communities 
derived from their religious affiliation (Catholic charity), their contacts with different agencies at 
different administrative levels and their capacity to mobilize financial resources. 

In terms of design, is concerning the fact that not all the economic/social groups to be affected by 
the implementation of the rainwater systems have been involved in the different stages of 
development and implementation of rainwater systems in the region. In particular, the ones who 
can potentially be negatively affected by this initiative (e.g. water and building materials traders) 
For further expansion on the implementation of the system in the region it would be key to include 
these actors, particularly if exploring forms to expand the adoption of the system not depending 
(exclusively) on public funding; as these stakeholders may either act as key partners or 
competitors if a marked based implementation process is adopted (however, rainwater has 
proved to be more economically efficient than the distribution of bottled water). 

With regards to the methodology used in this exploration, SNA offers the possibility to map and 
understand better the functions and relation to the different agents involved in this initiative. The 
main limitation to explore the full potential of this method was related to the nature of the dataset 
and the data collection. Limitations to access information, public records and availability of data 
and time affected the depth of this exploration.  The use of more complete datasets including 
interviews (cascade model) involving all the agents identified as well as a comprehensive review 
of previous documented process of implementation could provide a more detailed view of issues 
affecting the implementation of rainwater systems in the region by offering a better 
understanding of institutional aspects affecting the development of this initiative. At ground level, 
the use of interviews could accurately identify key actors in the communities playing enabling roles 
that could be used in the exploration of other forms of funding. 
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Abstract 

Emphasis within plastic recycling is centred on closed-loop recycling - using waste plastic to 
produce a new item similar to the original – especially new bottles from old. However recent 
reports indicate that 44% of the 35 million plastic bottles used each day in the UK are not recycled. 
Using industrial case studies, supported by academic research, this paper will demonstrate the 
potential for use of waste plastic products in the Construction Industry and propose that 
construction represents a more beneficial, and sustainable use of a valuable resource than either 
the original application or the product from closed-loop Recycling. 

The use of recycled plastic to replace wood or concrete in outdoor construction projects is 
becoming more widespread due to recognition of the advantages from the rot-proof, 
maintenance-free material. Proprietary blends of waste plastic have now replaced wood or steel 
in the construction of civil engineering projects as far apart as Canada and Australia. 

Progressing from a plastic lumber substitute in outdoor furnishing, the advantages of the 
utilisation of blended recycled plastic in construction projects is demonstrated in three case 
studies; an ‘Ecocrib’ retaining structure at Centre Parcs, a ‘Woonerf’ (living street) in Montreal, 
and a ‘biofilter’ flooring system in Farington that represents many such floor systems now built 
around the world. Each case shows how blended recycled plastic can be created in bespoke shapes 
and configurations, and to strict specifications for the engineering strength, stiffness, flexibility, 
durability and low-unit weight, allowing the material to easily suit a variety of design needs. The 
chemically inert nature of the material prevents it from interacting with surrounding chemical or 
biological agents in even the most challenging of environments. The paper concludes with a 
discussion of how a general consideration of the engineering properties of the material should 
lead to the development of the next generation of blended recycled plastic structures that 
designers will be able to incorporate into future sustainable construction projects within the built 
environment. 

1. Introduction 
 

Plastic has become synonymous with the ‘throw-away society’. Single-use plastic packaging 
represents an indulgent, short-term utilisation of a fossil feedstock formed over millions of years. 
Moreover, the disposal of plastic is becoming an increasing threat to marine wildlife, with 
potential consequences for human health. A far better use of the lightweight, robust and long-
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lasting characteristics of plastic can be found in the increasing number of applications using long-
term, recycled plastic in the construction industry.  

This paper will demonstrate how sustainable construction using recycled plastic often provides a 
superior engineering material over currently used materials, allowing the potential to generate 
commercial benefits for civil engineering construction projects, whilst helping to protect the 
environment through landfill diversion of waste plastic. 

1.1 Crude oil supply 
 

Plastics are formed from the prehistoric remains of marine organisms such as algae or zooplankton 
(Kvenvolden, 2006), transformed over millions of years by the high pressure and temperature 
involved in the process of pyrolysis, into fossil fuels such as natural gas and crude oil. The first 
known oil well was drilled in 1858 by James Miller Williams in what is now Ontario, with the first 
USA oil well produced by Edwin Drake in 1859. Less than 100 years after these oil wells were first 
drilled, Hubbert (1956) predicted that oil would reach peak production in the USA in 1970 before 
entering a terminal decline, and that global production of crude oil would peak around the year 
2000. The bell-shaped curves produced by Hubbert for oil production gave rise to the phrase 
‘peak-oil’, which has been used since the 1950s in forecasts of oil reserves and production.  

Although the oil crisis of 1973 appeared to prove Hubbert correct, later oil discoveries and the 
fracking of ‘tight’ (shale) oil indicated larger reserves, with the result that current estimates of 
peak production range from the late 2020s (Royal Dutch Shell) and the late 2030s (Statoil) (Crooks, 
2017), whilst the ‘International Energy Outlook 2016’ stated that ‘the global supply of crude oil, 
other liquid hydrocarbons and biofuels is expected to be adequate to meet the world’s demand 
for liquid fuels through 2040’ (US Energy Information Administration, 2016). 

Irrespective of whether world crude oil production will peak in the late 2020s or in 2040, a natural 
resource formed over millions of years is being rapidly consumed. The World Energy Outlook 2008 
stated ‘Current global trends in energy supply and consumption are patently unsustainable – 
environmentally, economically, socially’ (International Energy Agency, 2008). It is clear that crude 
oil should be used in a manner than reflects the long-term nature of its formation.   

1.2 The current use and disposal of plastic 
 

Plastics consume almost 10% of global oil production, either as a feedstock or as a source of energy 
to power its production. World production of plastics amounted to 322 million tonnes in 2015, 
with demand from Europe (EU28 plus Norway and Switzerland) reaching 49 million tonnes 
(Plastics Europe, 2016).  

The sector with the largest use of plastics in Europe during 2015 was the packaging industry, which 
accounted for 39.9% (19.55 million tonnes) of total demand. Whilst the lightweight yet robust 
nature of plastics makes the material an attractive proposition as a packaging medium, there is a 
clear dichotomy between the millions of years required to form the feedstock crude oil and the 
disposal of the packaging material immediately after use. 

The problems associated with plastics were highlighted by Morgans Lykketoft, President of the UN 
General Assembly, in a report in which he stated that ‘plastics have tangible and substantial 
benefits, but drawbacks are significant, long-term and too obvious to ignore’ (World Economic 
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Forum, 2016). The report itself contained various statistics in relation to plastic packaging, 
including: 
 

 ‘after a short first-use cycle, 95% of plastic packaging material value, or $80-120 billion 
annually, is lost to the economy’ (p6), 

 ‘72% of plastic packaging is not recovered at all; 40% is landfilled and 32% leaks out of the 
collection system – that is, either it is not collected at all, or is collected but then illegally 
dumped or mismanaged’ (p12). 

 
A worrying aspect of the failure to recover plastic packaging is the amount of plastic entering the 
oceans. Citing a report from Lambeck et al. (2015), the World Economic Forum report stats ‘At 
least 8 million tonnes of plastics leak into the oceans each year’, and continues ‘there are over 150 
million tonnes of plastic waste in the ocean today’.  
 
The impact of plastic waste in the oceans can be seen from two scientific reports published in 
‘Nature’. Rochman et al. (2015) conducted an examination of seafood sampled from markets in 
Indonesia and California and found that 28% of fish sampled in Indonesia contained plastic, with 
25% of individual fish in the California sample containing anthropogenic debris – mainly fibres. 
Later, Taylor et al. (2016) indicated that ingestion of plastic debris or entanglement was recorded 
in 44-50% of all seabirds. 
 
The World Economic Forum report discussed above stated ‘In a “business as usual” scenario, the 
ocean is expected to contain 1 tonne of plastics for every 3 tonnes of fish by 2025, and by 2050 
more plastics than fish (by weight)’. Clearly the business as usual scenario cannot be allowed to 
continue, placing greater emphasis on the need for better practices in managing waste plastic, 
supported by an economically, as well as environmentally sustainable model of recycling of plastic. 
 

2. The economic need to improve waste plastic recycling 
 

In 2014, 25.5 million tonnes of post-consumer plastic waste entered the official waste streams in 
Europe, of which 39.5% was converted to energy (incinerated), 30.8% went to landfill and only 
29.7% was recycled (Plastics Europe, 2016). Emphasis in both Europe and the USA is placed on 
‘closed-loop’ recycling; creating plastic products from identical, previously used incarnations. The 
typical example would be the creation of new plastic bottles from recycled bottles, where only 
two materials are largely involved – high-density polyethylene (HDPE) used for plastic milk bottles 
and polyethylene terephthalate (PET) used for carbonated drinks. In the USA, HDPE and PET 
comprise 97% of the plastic bottle market (American Chemistry Council, 2016). 
 
Unfortunately, the post-consumer waste sector is particularly difficult as regards plastic recycling 
due to the number of different plastics that enter the waste stream. Sorting through the waste 
stream requires a range of optical or floatation mechanisms to separate out the required 
polymers. Commercial problems with plastic recycling have been compounded by technical 
challenges largely generated by the packaging industry, including the use of pressure sensitive 
labels on PET bottles, which stick to and contaminate the recycled plastic stream, requiring the 
use of costly hot wash systems needing large volumes of water and detergent to remove the labels 
(Karidis, 2016). A larger problem has been caused by the increasing use of full-wrap labels, which 
are heat shrunk around a significant portion of the entire bottle surface. These labels are popular 
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due to their marketing opportunities, however the labels prevent optical sorting systems from 
identifying the plastic used in the bottle itself, whilst the labels shrink further during hot wash 
processes, making their removal extremely difficult (NAPCOR, n.d.). 
 
The cost of collecting, cleaning and sorting the waste plastic results in plastic recycling only being 
viable provided that the material can be recovered at a cost lower than virgin plastic. However, 
the current abundance of oil has resulted in low prices, which have had a knock-on effect on the 
price of virgin plastic, which in turn has reduced the market value for recycled plastic. This has 
created commercial difficulties for plastic bottle recyclers on both sides of the Atlantic. 
 
In the USA, a $35m recycling facility opened in 2014 by Infinitus Energy was shut down in October 
2015 and Waste Management, the largest recycler in the USA, has reduced the number of 
recycling facilities it operates from 130 to 100 during the last two years. Waste Management had 
been receiving $230 per bale of thin translucent plastic in February 2015 but were only able to 
obtain $112 per bale 12 months later. Gelles (2016) quotes the Waste Management CEO David P 
Sterner as saying “Recycling is in a crisis”.  
 
The position in the UK is little different from that in the USA, with declining sale prices shown in 
Figure 1 leading to difficulties for recyclers. In December 2014, Eco Plastics, which had a £15m 
bottle recycling plant described as the largest in Europe and capable of sorting around 150,000 
tonnes of waste plastic bottles per year, went into administration, followed in April 2016 by closed-
loop Recycling, the UK’s largest supplier for recycled HDPE for milk bottles, which entered 
administration 3 years after expanding capacity to handle 55,000 tonnes of plastics bottles 
annually. Further difficulties arise for UK plastic recycling due to the lack of overall strategy. The 
responsibility for waste management and recycling has been passed to local authorities, with the 
result that neighbouring councils can have different policies on which materials can be recycled. 
 

 
Figure 1. The UK sale price of closed-loop recycled plastic bottles in the last three years 

(letsrecycle.com). 
 
The combination of commercial pressures caused by low prices, the costly resolution of technical 
problems and confusion within the general public is having adverse impacts on recycling rates. An 
October 2016 report indicated that 35 million plastic bottles are used every day in the UK of which 
16 million are not put out for recycling (Recyclenow, 2016). In a similar fashion, in the USA about 

0

50

100

150

200

250

300

350

400

450

Jan '14 June '14 Dec'14 June '15 Dec'15 June '16 Dec '16 Mar '17

£
 p

e
r 

to
n

n
e

Clear & light blue PET HDPE natural



448 
 

30 million PET water bottles end up in landfill every day (Pope, 2016), whilst the US bottle recycling 
rate fell by 0.6% to 31.1% in 2015. One solution to declining recycling rates is to switch emphasis 
from closed-loop recycling that creates products that are instantly disposable and therefore more 
vulnerable to ending up as landfill at the second cycle, to recycling plastic into new, long-life plastic 
products that do not share the form or purpose of the used products from which they are made. 
This typically involves non-food applications, particularly where the material can be used cost-
effectively by the construction industry to replace wood, concrete or steel in long-standing 
structures. The longevity of such structures keeps the recycled plastic out of landfill for much 
longer than even the unlikely multiple recycling of closed-loop, disposable products. Bespoke 
variations of blended recycled plastic that can make multitudes of different products are now 
being utilised as construction materials. 
 
2.1 Initial usage of blended recycled plastic in the built environment 
 
At around the turn of the millennium, the use of blended recycled plastic as a construction 
material in the UK was initially restricted to the production of ‘plastic lumber’. This mainly involved 
being utilised to make outdoor furniture, such as park benches, pontoons or picnic tables, or the 
creation of recycled plastic decking, as well as square palisades, rail and knee rail fencing. Figure 2 
shows an example of a pontoon fashioned from blended recycled plastic.  
 

 
Figure 2. Typical blended recycled plastic lumber pontoon. 

 
Classical timber products that are expected to be exposed to weathering agents typically require 
chemical treatments to ward off rotting of the material. Recycled plastic so chemically stable, 
resistant to moisture, micro-biological attack and acidic soils, that there is no requirement for 
chemical preservatives even in applications involving continual contact with earth and/or water. 
The inherent resilience to the degrading conditions experienced by these basic structures means 
that the products can be marketed not just solely on the basis of being a sustainable construction 
material, but also because the material’s inherent engineering properties allow it to consistently 
out-perform those currently utilised in the built environment. Lightweight furniture items that 
remain splinter free throughout their life, decking impervious to the effects of sitting in standing 
water for 6 months of the year, fencing that is maintenance free for local authorities while also 
that allowing graffiti to be easily wiped clean from the material’s surfaces, are all examples of how 
this material has been recognised as improvements on materials typically used to make such 
items. 
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After around a decade of plastic lumber product refinement, producers began to explore larger-
scale, industrially-oriented applications for blended recycled plastic construction materials. As in 
the case of the acceptance of plastic lumber to the market place, serious consideration for 
industrial and civil applications would depend on the material providing further unique solutions 
to design teams than simply being a ‘green’ alternative to well understood and relied upon 
classical materials already many years in the usage. 
 
2.2 The unique properties blended recycled plastic provides for construction applications 
 
While the use of blended recycled plastic in construction projects might first come to the mind of 
designers though its sustainable nature as a material option, more consideration should be given 
to the material’s engineering properties in their own right, which give the material a strong 
advantage over currently utilised, established market rivals. Such properties will now be discussed. 
 
In the first instance, blended recycled plastic is easy to mould into a bespoke form dictated by 
individual application needs, while also lending itself to forming standardised modular 
components that can be constructed at site to suit the in situ requirements of the project design. 
This is thanks firstly to the fact that the material is manufactured using intrusion moulding. Unlike 
extrusion, which involves the production of a continuous profile, such as PVC window frames, by 
forcing the molten material through a die, intrusion moulding is more akin to a casting process. 
Intrusion can be used to manufacture a wide range of large cross-sectional or non-uniform shapes. 
Secondly, the material is easy to cut to shape using handheld tools and so modifications to 
standard components can easily be fabricated by the manufacturer or onsite operatives. 
 
Once manufactured, the produced materials are suitably strong, stiff and durable to safely stand 
up to the designed loading forces carried by the final structures. A particular product material, 
‘Hanit Ultra’, was formulated to be used as a replacement for timber and concrete railway 
sleepers. Materials testing undertaken by a third-party testing company showed that at a 
temperature of 23ºC the material had a maximum flexural stress of 24.0 MPa, and a bending 
modulus of 1,424 MPa during a standardised 3-point bend test. Its tensile strength was 15.6 MPa 
at 1.7% elongation, and a compressive strength of 29.0 MPa at yield.  The reported water 
absorption of <1% at all tested temperatures showed its impervious nature to freeze-thaw 
episodes that are able to break up more permeable concrete sleepers. 
 
Thirdly, the materials are user-friendly from a transportation-installation point of view, where 
their unit weight could be up to one-eighth of that of their timber or concrete market 
counterparts. Transportation to site, and then place of installation can be fraught with the danger 
of breakage for brittle materials such as concrete. Impacts delivered by mechanised handling 
equipment or by impact with the ground when dropped from heights greater than only one metre, 
can lead to damage to classical materials that range from the reduction in the aesthetic value of a 
component, to the total breakage of a component that requires a full replacement to be sourced. 
 
Finally, the materials are extremely resilient to being exposed to weathering agents and thermal 
extremes, while also being chemically inert with the surrounding environment that is sensitive to 
chemical treatments used with typical timber materials.  
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The following section details a small collection of case study examples peculiar to projects 
involving Hahn Plastics and its earlier incarnations, which clearly demonstrate that blended 
recycled plastic materials are already being utilised in Civil Engineering applications within 
infrastructure. 
 

3. Case Studies of blended recycled plastic as a construction material  
 
3.1 ‘Ecocrib’ retaining structures at Centre Parcs and on the A14 widenings 
 
The Ecocrib system, shown in Figure 3, was granted a BBA certificate in 2012 with an assessed 
Design Service Life of 120 years, which is twice that of a wooden crib wall. The 16.5Kg weight of 
the longest 3,000mm header is less than one-eighth of the weight of a comparable concrete 
header and unlike the concrete variant the plastic header does not require steel reinforcement. 
The lighter weight of the recycled plastic headers offers cost savings from reduced transport and 
easier handling during installation, with additional environmental and safety benefits as compared 
with wooden or concrete versions. Wooden crib walls are mainly constructed using southern 
hemisphere Radiata pine, chosen for its ability to absorb large volumes of copper azole 
preservative, whilst concrete is associated with a large carbon footprint, with 927Kg of CO2 emitted 
for every 1,000Kg of Portland cement produced in the USA (NRMCA, 2012). In comparison, 
recycling one tonne of plastics reduces emissions by 1.1 – 3 tonnes of CO2 as compared with plastic 
from virgin fossil feedstock (World Economic Forum, 2016). Moreover, unlike concrete, recycled 
plastic can be sawn or drilled on-site without creating dust. Ecocrib walls have been used to 
support main highways and by most major house builders in the UK to protect housing 
developments. 
 

 
Figure 3. Nine metre high Ecocrib wall under construction at Center Parcs, Woburn Forest. 
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3.2 Woonerf (living street) in Montreal, Canada 
 
A woonerf is a traffic calming aid for low speed enforcement, centred on the creation of a ‘living 
street’ that provides equal priority for all modes of transport, including pedestrians. The concept 
of a woonerf was first popularly employed in the Netherlands during the 1970s. The province of 
Quebec wished to undertake a pilot project in Montreal to assess the ease of use and access for 
all of the street users, as well as the long-term benefits of a living street. The road material needed 
to be capable of carrying the complex range of potential vehicle users, ranging from pedestrians 
and cyclists through to cars and trucks, while allowing the growth of natural vegetation throughout 
the street as shown in Figure 4. 
 

 
Figure 4. Woonerf made for blended recycled plastic ground grids, Quebec. 

 
This solution was addressed by employing ground grids, visible in Figure 4, made from blended 
recycled plastic. They are strong and durable with a high resistance to impacts, and to both 
mechanical and chemical weathering agents. This also includes a minimal amount of thermal 
expansion, protecting the grids from deformation in intense sunlight. Modular in nature, the 
process of installation was quick and simple with an interlocking system that improved the overall 
stability of the road material. Ventec, the contractor responsible for the installation, found that 
when laying out approximately 2750 m2 of paving, it required around half the time and resources 
to complete in comparison to the previously used concrete grass pavers. The grids were filled with 
either gravel or topsoils that allowed easy surface drainage, providing a sustainable urban 
drainage system (SUDS), while also encouraging the growth of natural vegetation through the 
grids. The impermeable nature of the plastic and minimal ability to transfer heat prevents the 
drying-out of these soils, and the resultant withering of the associated plant matter. Additionally, 
being chemically inert no toxic materials were leeched into the soil material, protecting both the 
contained flora as well as any local fauna. In this single project alone, the 8,500 individual grid 
units represents almost 77 tonnes of recycled plastic waste material that has been saved from 
ending up as landfill. 
 
3.3 Biofilter floor at Global Renewables site in Farington 
 
Intrusion can be used to manufacture a wide range of large cross-sectional or non-uniform shapes, 
such as the recycled plastic tenon-crowned legs and grids used in the Hahn Plastics biofilter raised 
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flooring system. This system has been installed not only in the UK, but also across Europe, North 
America, Asia and Australasia. An installation of a biofilter in France is shown in Figure 5. In 2000, 
one such biofilter was installed at the Global Renewables site in Farington, near Leyland. 
 

 
Figure 5. Hahn Plastics biofilter flooring system at Montepellier, France. 

 
Biofilter systems are used to purify air produced by wastewater (sewage) operations and other 
plants that generate malodourous emissions, such as refuse processing or pet-food manufacture, 
whilst also controlling bioaerosols. As shown in Figure 2 below, contaminated air is pumped into 
the plenum, which supports a raised grid acting as a bed for material such as peat or wood bark.  

 

 

 

 

 

 

Figure 6. Diagram from Shreyash Gupta. 

Moisture within the bed material absorbs pollutants, which are consumed by microbes within the 
media. Typical biofilter operating conditions include a media height of 1 – 1.5m; operating 
temperatures of up to 30°C; humidity >98%; media moisture content 60% and surface loading of 
5-500m3/m2/hr (Sniffer, 2014). 
 
The harsh operating environment in a biofilter is made more difficult from the perspective of 
construction design by the content of the contaminated air, which generally contains a complex 
mixture of chemical components including hydrogen sulphide; ammonia; a wide range of odorous 
volatile organic compounds (VOCs) including aliphatic hydrocarbons, alcohols, ketones; and 
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organic sulphur compounds; organic acids; esters and terpenes (Sniffer, 2014). During operation, 
condensed moisture in the form of dilute H2SO4 acid passes back though the grids and into the 
plenum via the legs of the raised flooring. 
 
Early versions of biofilter floors were manufactured using wood or steel, however neither material 
was able to survive the hostile operating conditions. During a visit to the biofilter facility at the 
Global Renewals site in Farington, the team from Hahn Plastics and Leeds Beckett University were 
informed of an earlier incident in which a metal stairway within one of the enclosed biofilters had 
collapsed. Alternative materials used for biofilter flooring included plastic injection moulding, 
however the thin walls associated with injection moulding resulted in the grids becoming clogged 
by compacted bed media, reducing the efficiency of the process, whilst PVC variants suffer from 
the need to re-seal cut edges. 
 
The Hahn Plastics biofilter raised flooring system is manufactured using a proprietary blend of 
recycled polymers. The system has been subjected to a variety of independent tests including a 
July 2014 examination by the Neuwied Material and Testing Centre (accredited to DIN 1045-3) of 
the open-mesh grids involving determination of the failure and deflection loads in case of point 
loading.  Tests were conducted on 3 loading cases - case 1, the unsupported join midway between 
2 adjacent grids; case 2 the unsupported section in the middle of a single grid and case 3 a point 
midway between a perimeter supporting leg and a central leg, as below. The tests were conducted 
using a Tonitechnik DPM 100KNhydraulic test machine which applied a test die with a diameter of 
100mm, with the load applied to each of 16 grids until the first failure of each sample. The results 
of these tests is shown in Table 1. 
 
Table 1. Results of loading tests conducted at the Neuwied Material and Testing Centre to DIN 

1045-3. 

Case Breaking load (kN) Deflection (mm) 

1 19.19 21.79 

2 25.85 33.27 

3 27.15 35.17 

 
Figure 7. The three loading cases conducted to DIN 1045-3. 

 
Further independent strength tests were carried out in the UK by Salvtech Ltd using a press fitted 
with heated platens which were kept at 40°C for the whole testing period. The press was capable 
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of applying equal pressures through self-adjusting rams up to a maximum of 60 tonnes per square 
metre. The results presented in a November 2015 report from Salvtech are shown in Table 2. The 
Salvtech report concluded “the maximum load of 3T vehicles to be driven on the structure appears 
to have a high degree of safety” (Salvtech, 2015). 
 

Table 2. Results of loading tests conducted by Salvtech Ltd. 

Test Loading   Continuous test duration Visible effects Comment 

  (tonnes/m2) (hours)     

1 10 tonnes 8 Nil Very stable 

2 20 tonnes 8 Nil Very stable 

3 30 tonnes 48 Slight crushing  A very stable 

      in one corner structure 

 
Further tests are currently being conducted by Leeds Beckett University to assess the impact that 
regular contact with sulphuric acid solutions at extremely low pH levels will have on the recycled 
plastic legs of the raised flooring. The initial assessment has shown no change in the compressive 
strength of the leg’s material despite being exposed to twelve weeks of acid attack. 
 
As with the Ecocrib retaining wall, a major advantage of the recycled plastic raised flooring system 
is the light weight in comparison with a precast concrete alternative. Although specifications for 
concrete alternatives were difficult to obtain, the one example that could be found showed a 
concrete weight of 206Kg per square metre (Premier Tech Aqua, 2010), as compared to 31.4Kg 
per square metre for the Hahn flooring. With Hahn Plastics grids manufactured in 1,000mm x 
500mm sizes, the 15.7Kg grid weight can result in single-person installation if required, without 
the need for lifting equipment. 
 
4. Discussion: the potential for the further usage of blended recycled plastic construction 

materials 
 
As has been shown by the case studies, blended recycled plastic as a construction material 
presents designers with unique engineering properties that are superior to materials currently 
employed in the construction industry. At the point of creation, the engineering properties can be 
instilled into bespoke components through the careful blending of sorted waste plastic, in order 
to meet a range of design specifications for strength, stiffness, flexibility and durability. Such is the 
potential, blended recycled plastic materials are now being considered in the construction of large, 
civil engineering structures such as embankment reinforcements and retaining walls, footpaths 
and footbridges, drainage pipework sections, or water retention and treatment systems. The 
thermal properties of blended recycled plastic also provides a material that could replace steel 
(used in the place of timber prone to rot) that is often responsible for cold-bridging and the 
resultant poor thermal energy performance of both new and retrofitted households or industrial 
properties. 
 
Once fabricated, the lightweight nature of the material leads to the ease of transportation and 
installation, which in turn saves on the cost of using mechanical aids and the reduction in double-
handling. During this phase, the material’s resistance to breakage if dropped or accidentally 
impacted by plant machinery onsite further reduces costs through losses, which can be up to 50% 
for brittle concrete construction components (e.g. concrete curbing.). The ease and speed of 
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installation opens up the possibility of blended recycled plastic being employed during the 
emergency erection of temporary, demountable structures, even including temporary flood 
defence and costal defence systems. 
 
As blended recycled plastic is so chemically stable, no role-specific modification of the material is 
need during its 100+ year life-cycle. Also, being so chemically inert, no impact on the natural 
environment should be expected. Blended recycled plastic components can spend their entire life-
cycle immersed in water or buried in earth without fear of degradation or releasing toxic 
substances into ecosystems. Future applications exploiting this could include the material being 
utilised for drainage works, maritime and costal pier or port structures, ground anchorage points 
for load-supporting tension cables, as well as driven pre-cast segmental pile sections.  
 
At the end of the life cycle, the material can be much more easily reclaimed in relatively whole 
sections when compared to concrete counterparts that generally have to be demolished, and the 
resultant rubble sorted. Reclaimed sections of blended recycled plastic components are ready for 
instant recycling into a new component. If structures are utilised for their whole life-cycle and then 
recycled into new blended recycled plastic structural applications, the long-term diversion of 
tonnes of waste plastic from landfill, for civil engineering and construction purposes, will become 
a sustainable practice spanning many generations. 
 
5. Conclusion 
 
While no one can expect construction professionals to choose materials solely on their 
environmental benefits, the inherent engineering properties of blended recycled plastic as a 
construction material should make recycled plastic an attractive proposition solely from a 
commercial viewpoint, while the obvious sustainable nature of blended recycled plastic 
production only adds to the benefits that an industry-wide uptake of its employment would bring. 
The challenge for the construction industry is to work with the manufacturers of recycled plastic 
products to make the best use of this valuable resource, and provide a means by which future 
generations can reduce the global volume of waste plastic disposal. 
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Abstract 

Spatial planning has a long-founded concern with place-making and planners are increasingly 
urged to balance the requirements of capital accumulation with the goals of environmental 
sustainability and human wellbeing. The legislative and policy framework for spatial planning is 
concerned, therefore, to define how the attachments of place can be represented in land use and 
development plans and to calculate their appropriate weighting in relation to economic growth. 
This paper explores the normalisation of place attachment in planning policy through a study of 
neighbourhood planning in England. The aim of the paper is to evidence the process through which 
the intelligibility of place is established in relation to the market imperatives of development. The 
paper is concerned with the construction of norms, the variations on those norms, and the point 
at which those variations become characterised as deviant. The paper charts the exclusions and 
exceptions through which the intelligibility of place is negotiated in neighbourhood planning policy 
and concludes with an assessment of the impact of neighbourhood plans on sustainable place 
making. 

Introduction 

One of the challenges for participatory planning is to express and enhance the bonds between 
people and place within development frameworks. Spatial planning has a long-founded concern 
with placemaking and with the incorporation of local knowledge and lived experience into abstract 
rationalities (Friedmann 2010; Natarajan, 2017). Much attention has focused, therefore, on 
establishing the intelligibility of place representation in relation to economic growth and on 
defining its appropriate contribution to, and comparative weighting in, land use and development 
plans. In its participative practice, planning provides a technical matrix through which the 
cognitions and emotions of place attachment can be normalised, and a semblance of equilibrium 
achieved between market rationalities and the pursuit of wellbeing (Rutherford & Rutherford 
2013).  This is a process of integration in which a way of being – the phenomenology of 
emplacement – is brought into dialogue with a way of knowing – the epistemology of planning 
(Allen & Crookes, 2009). The resulting assemblage of spatial practices enlarges planning’s “space 
of knowledge” at the same time as it modifies the perception and material production of place as 
the object of this knowledge (Foucault, 2002/1970: xi). This process of integration takes place 
under constraint, as Lefebvre (1991/1974) argues; it is a merger made in the hegemony of abstract 
space, and rule of “abstraction as a codified practice” (Poovey 1995: 9). It conceals potentially 
irreconcilable differences between the rationality of development and the particularities of place 
attachment and it serves to distract attention from those expressions of lived space that are 
rejected and excluded from planning practice.  The aim of this paper is to critically examine the 
“rules of formation” for the integration of place attachment in planning policy (Foucault, 
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2002/1970: xii). The paper is concerned with the construction of norms, the variations on those 
norms, and the point at which those variations become characterised as deviant. In uncovering 
this process of normative inclusion and abjection, the paper seeks to identify yet unacknowledged 
contradictions inherent in participatory planning practice that act to constrain the advancement 
of a more sustainable placemaking. 

Methodology and trajectory of the paper 

The focus of analysis in this paper is on a specific case study of participatory planning: the policy 
of neighbourhood planning in England. This paper draws on national research studies carried out 
by the author and other scholars to critically analyse the ‘rules of formation’ of placemaking 
knowledge in neighbourhood planning. It charts the representations of place scripted by the local 
citizens compiling a neighbourhood plan, the amendments to these policies made by planning 
professionals to ensure they complied with statutory development frameworks, and any 
subsequent changes to the content of the neighbourhood plan brought about through the 
planning appeal process or through legal action by developers and land owners.  

Neighbourhood plans, or to give them their full significant title, Neighbourhood Development 
Plans, were introduced to England in 2011 in the context of a chronic mismatch between housing 
need and housing supply. The right to produce a neighbourhood development plan was promoted 
by government as an opportunity for local people to enhance place identity and to foster a sense 
of place in exchange for their acquiescence in, and support for, the allocation of land for new 
house-building (Stanier 2014). Neighbourhood planning addressed itself to a growth agenda in 
which economic development served to enhance the values and attachments of place belonging 
and it offered local citizens the opportunity to achieve some balance between economic, social 
and environmental sustainability (DCLG 2011).  

A neighbourhood plan could be initiated by a Town or Parish Council or, in urban areas, by a 
community group establishing a Neighbourhood Forum. These ‘qualifying bodies’ could apply to 
the local planning authority to be designated as a neighbourhood area. They were responsible for 
assembling an evidence base from community engagement, and for writing planning policy, and 
the resulting neighbourhood plan went through a statutory consultation process and was formally 
examined. To win community support, the neighbourhood plan must be approved in a local 
referendum and receive more than 50 per cent of the vote of those registered and taking part in 
the ballot. Once approved in referendum, the neighbourhood plan became part of statutory 
development policy and was used to help determine planning applications in the locality (Brownill 
& Bradley 2017; Bradley 2015; Parker, Lynn, & Wargent 2015; Wills 2016). 

By the beginning of 2017, there were over 2000 neighbourhood plans under production, or already 
approved at referendum, covering 15 per cent of England.  The data for analysis is supplied by 
surveys carried out with 52 participants in neighbourhood plan groups (Parker et al, 2014; Parker 
& Wargent, 2017) and research with 30 groups carried out by the author (Bradley, 2015). It also 
draws on examination reports which evidence the amendment and deletion of neighbourhood 
policies on place and considers the outcomes of legal judgements, reports from appeals against 
refusal of planning permission, and rulings from the planning inspectorate and the Secretary of 
State on appeal decisions. Excerpts from two interviews carried out by the author are provided to 
corroborate and provide more qualitative expression to themes evidenced widely in national 
research and discussed in the text.  
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In the first section, the paper provides the theoretical context to this case study in a discussion of 
the epistemology of planning, or planning as a way of knowing. It explores the relationship 
between abstract space and the phenomenology of place and discusses the mechanisms by which 
the intelligibility of place is established in planning. In the following sections, the paper identifies 
three processes of exclusion that act to constrain the representation of place in neighbourhood 
plans. It then turns to a discussion of the successes of neighbourhood plans in expanding the 
possibilities of development planning. It concludes with an assessment of the impact of 
neighbourhood planning in enlarging the space of knowledge available to planning policy. 

Abstract space and planning knowledge 

One of the key drivers for the advancement of public participation in town planning has been the 
need to widen the sources of knowledge and ways of knowing applied to the ordering of space.  
Where development policy may privilege the supposed objectivity of scientific knowledge, 
participation brings other ways of knowing and different types of evidence and methods of 
evidence gathering to the understanding of place (Davoudi 2015; Natarajan 2017).  

Planning appears largely guided by a technical rational understanding of space as abstract; as 
homogenous, continuous and empty. Abstract space provides a conceptual grid that enables 
phenomena to be “compared, differentiated and measured by the same yardstick” (Poovey 1995: 
9). This notion of functional equivalence provides the rationality for spatial practices that 
demarcate space into property, subject it to calculation and valuation and parcel it into lots for 
development. Abstract space establishes an epistemology or way of knowing that renders 
particularities intelligible through generalisation, and through the measurement of norms. It 
extrapolates a transcendent meaning from statistics and empirically observed facts to establish an 
incontrovertible and universal narrative (Allen & Crookes 2009). The concept of abstract space 
spawned a rationality of abstraction inseparably associated with the rise of capitalism and the 
evolution of liberal governmentality (Wilson 2013). It established the legitimacy of commodity 
production and of commodification.  Logics of abstraction were applied to people and behaviours 
as well as to representations of space, with the effect that work was transformed into labour 
power, use value was abstracted into exchange value and the products of labour were changed 
into commodities (Poovey, 1998).  

The abstraction of space represented more than an ability to generalise and engage in abstract 
thinking. In the 1844 Economic and Philosophical Manuscripts, Marx characterised it as a process 
of alienation, in which: “the object that labour produces, its product, confronts it as an alien being, 
as a power independent of the producer” (Marx 1971/1844:135). This critique of abstraction as 
alienation was applied to spatial planning by Henri Lefebvre in his key work The Production of 
Space (1991/1974). He argued that space was materially produced as abstract to render it uniform, 
exchangeable and plannable. This production of abstraction stripped place its specific significance. 
As Lefebvre (1991/1974: 52) explained: “abstract space tends towards homogeneity, towards the 
elimination of existing differences or peculiarities”. In the abstraction of lived place daily life was 
alienated from its spontaneity. Its diversity and its meaning were replaced with an alien form that 
increasingly appeared as reality: “space planned for production and growth” (Lefebvre 1991/ 
1974: 343).  

If abstract space is “the location and source of abstractions” as Lefebvre argued (1991/1974: 348), 
it is implied by contrast that there exists a real place where “spatial practice is lived directly” 
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(Lefebvre 1991/1974: 34). In Lefebvre’s famous spatial triad this reality appeared in the form of 
representational or lived space. It was the qualitative element in his three-part dialectic of spatial 
practices. Lived space “embraces the loci of passion, of action and of lived situations” (Lefebvre 
1991/1974: 42).  In advancing the concept of representational space Lefebvre reflected a 
phenomenological concern with emplacement as a condition of being. Phenomenological 
philosophers regard place as essential to the human condition. In Being and Time (1962), Martin 
Heidegger originated the term Dasein – literally translated as ‘There Being’ – to designate what it 
is to be human. Dasein is Heidegger’s name for humanity and for the type of emplaced being that 
humans have, a being-in-the-world, where space and spatiality are conditions of perception, action 
and social identity (Gorner 2007). Human geographers argue that our experience of place is felt “in the 
bones” (Tuan 1975: 165). Place is not a backdrop or a setting from which we stand distinct; instead “people 
and their worlds are integrally intertwined” (Seamon 2014: 11). In phenomenology, knowledge flows from 
emplacement rather than from abstraction. 

In The Order of Things, Foucault (2002/1966) traced the origin of the dichotomy between 
phenomenology and abstract thought to the Kantian notion of the knowing subject which, he 
argued, established humanity with the disciplinary power to award meaning and organise space.  
In A Critique of Pure Reason Kant (1781/1939) maintained that knowledge of space is a priori; that 
is, an understanding of abstraction that does not proceed from perception or empirical 
observation.  Knowledge of abstract space is assumed to be a truth that is prior to and 
independent of practical experience. In this way, the epistemology of planning is founded on a 
repudiation of “the knower’s messy involvement in the factual world of language, life and labour” 
(Dreyfus & Rabinow 1982: 32).  Kant’s philosophy goes further than that, however, to frame 
experience of place as the abstraction. Since space is homogenous and continuous any 
representation of place is meaningless unless it applies to space as a whole. To single out the 
particularities of place is to fail to grasp the unity of space. This leads Kant to make a distinction 
between the value of concepts and intuitions, where concepts are formed through the reasoned 
manipulation of abstract thought and intuitions arise from our sense perception of particularities, 
a sensibility of one aspect only of the whole.   Kant’s (1781/1939 B:75) well-known axiom that 
“thoughts without intuitions are empty, intuitions without concepts are blind” can be applied in 
spatial planning as the philosophical grounding for participation and community engagement. 
Planning knowledge stands above the practicalities of experience, and universalises its 
epistemological discipline by engaging with earthy but limited perceptions from the world of the 
senses. 

The engagement of place-based experience or ‘local knowledge’ in professional decision-making 
has been the abiding theme of participatory planning (Mosse 2001; Natarajan 2017). Those who 
champion participation as an instrument of empowerment challenge “the narrowness of the 
sources of knowledge considered relevant to public policy, the restricted categories of people 
whose knowledge was valued and the processes by which knowledge is arrived at” (Wainwright 
2003: 23). Local knowledge implies an assessment of ends and means that is qualitatively different 
from the ‘objectivity’ of deductive reason. It does not depend on abstract thought nor does it 
proceed from the principle of functional equivalence. The value attributed to local knowledge in 
participatory planning draws on a moral register informed by phenomenology’s representation of 
emplacement as a primal human relationship, as direct and unmediated (Massey 2004). This 
perception of local knowledge as primordial is difficult to sustain without reference to a pre-
modern, if not archaic way of life. Heidegger has been criticised for appearing to root his 
philosophy in a romanticised idyll of Alpine peasantry (Harvey 1996). Lefebvre (1991/ 1974: 41) 
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explicitly associated lived space with ethnography and anthropology. The notion of an antediluvian 
epoch when human relations with place were not alienated by technocratic rationalism may 
colour participation in planning with resonances that reflect its colonial roots and postcolonial 
critiques (Somerville 2016). Participation becomes the purposeful and selective inclusion of an 
apparently less sophisticated people, the “ordinary residents” (Allen & Crookes 2009: 477), or 
“ordinary working class people” (Allen 2009: 53) whose lives are distanced from the epistemic 
abstraction of planners. The assertion of an irreconcilable distance between a phenomenology of 
lived space and the epistemology of abstract space risks addressing citizens, or lay planners, as 
people who are radically Other. Participation would then be seen to engage them in the guise of 
what the postcolonial theorist Gayatri Chakravorty Spivak (1999: 6) calls the “native informant”; 
as Aboriginal or Indigenous guides assisting professional explorers to map a dark continent. This 
unacknowledged colonialism distorts the critical discussion of participation and community 
engagement in planning policy. Collective action inspired by place attachment is contemptuously 
referred to as NIMBYism (Not in My Backyard), and dismissed as an irrational refusal to accept 
change (Burningham 2000). Place belonging and community identity are easily cast as outmoded 
attachments that have not evolved to the pace of global change. The idea of community is 
characterised as backward looking, nostalgic and regressive: “a community of being rather than 
becoming” (Amin & Thrift 2002: 41).  

While its inhabitants are dismissed as primitive in attitude, place and community are otherwise 
viewed as new territories to be colonised by the planning profession. In the practice of 
placemaking, planners sought to acquire “the knowledges that people-in-place have of their own 
lives and their own places” (Schneekloth & Shibley 2000: 135) and refine them into a skillset that 
would be cemented into professional orthodoxy (Rogerson, Sadler, Wong & Green 2010). 
Incorporated into planning policy, placemaking condensed the particularities of place into a ‘logic 
of environment’ that competed on uneven ground with the dominant rationality of sustainable 
development (Murdoch & Abram 2002). Promoted as the pursuit of harmony between 
environmental, social and economic wellbeing, sustainable development was conceived in English 
planning policy as a presumption in favour of economic growth – unless its adverse impacts 
“significantly and demonstrably outweigh the benefits” (DCLG 2012: paragraph 14). While this 
policy allocated weight to amenity, heritage and historical setting, the phenomenological 
challenge of lived space was adjusted to economic processes in an enforcement of conformity that 
Foucault termed biopower, or authority exercised through qualitative experience. To govern in 
this way, Foucault said, it was necessary that: “regulatory measures must be introduced to 
establish an equilibrium, maintain an average, establish a sort of homeostasis, and compensate 
for variations” (Foucault 2004: 245-246). Normative concepts such as “strong sense of place” or 
“local character and history” (DCLG 2012 paragraph 58) enabled an acceptable range of variations 
of place representation, but also a point at which the boundary of acceptability was deemed to be 
exceeded. Expressions of place attachment that went beyond this range of acceptability would be 
judged to have crossed a line between place distinctiveness and place protection. They would no 
longer be in conformity with the prevailing logics of development and could be demonstrably 
evidenced as abnormal and subsequently excluded from consideration (Dreyfuss & Rabinov 1982: 
196; Huxley 2006; Mayes 2015). 

To explore this process of normalisation further, the paper now turns to a study of neighbourhood 
planning in England, a policy unusual for its declared intent to mobilise the attachments of lived 
place to enlist citizen consent for economic development. Neighbourhood planning provided a 
regulated environment within which place attachment could be expressed in planning policy and 
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made subject to the imperatives of sustainable development. Scrutiny of the planning policies 
produced by neighbourhoods under this regime can evidence the rules of formation for this 
normalisation. The next section explores the first of three dynamics of exclusion that operated to 
constrain the representation of emplaced knowledge in neighbourhood plans.  

Neighbourhood planning and alienation of abstraction 

Neighbourhood planning was intended to bring local knowledge into the development process 
and to give citizens and local communities responsibility for statutory decisions over land and 
property rights (Brownill & Bradley 2017). The first stage in the neighbourhood planning process 
was for the town or parish council, or designated neighbourhood forum to gather a wide range of 
local views on place; assembling from popular consultation a mental map of place meanings, 
associations, and memories. A steering group or sub-committee would then attempt to marshal 
these feelings for place into potential planning policies. The first challenge they encountered was 
in the collision of two distinct sets of knowledge; there was little common ground in language or 
understanding between an experiential feeling for place and the technical rationalism of planning 
policy. Citizen planners engaged in neighbourhood planning had to learn to translate their direct 
experience of the particularities of place into an epistemology founded on abstraction.   

Neighbourhood planning absolved professional practitioners from the need to acquire local 
knowledge. By awarding statutory responsibility to communities and residents it required locals 
to adopt professional methodologies to achieve acceptance (Mosse 2001). This was a form of 
cultural transference in which citizens achieved the status of (lay) planners but their successful 
incorporation in the profession reinforced the universality of abstract rationality and underlined 
the exclusion of other “spatial cultures” (Porter 2010:1). To establish the grounds of intelligibility 
of local knowledge, citizen planners had to adopt an orthodoxy established by professional 
expertise, and their mastery of this technical lore provided them with limited social recognition 
(Mayes 2015). In seeking to represent the particularities of place they had to submit local 
knowledge to a growth-oriented planning culture and accept the normalisation of the 
subjectivities of place.  

The experience of Clayton-le-Moors and Altham neighbourhood forum in Accrington in the urban 
north of England was that few of the issues raised in public consultation were amenable to solution 
through planning policy (Bradley 2016). Residents were concerned about dog fouling, access to 
public transport, young people’s services, schools, policing, as well as employment and adequate 
housing.  The forum received advice from the advocacy service Planning Aid, as well as support 
from planners in the local authority but their initial problem was simply in understanding the 
language that these planners used. The chair of the neighbourhood forum explained: 

Unless you’ve worked in local government, I don’t think you can get your head round that 
sort of thing because they can only talk in one way, so they talk at a level that’s foreign to 
the normal public and that’s something we’ve tried to get away from, but it is very difficult. 

As they attempted to translate community issues into planning policy, the planning officers 
advised on the technical drafting of these representations of place. For the chair of the 
neighbourhood forum this process of translation into planning policy involved the sacrifice of 
important local concerns experienced as a loss of authenticity. 
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There were rules to follow and those rules meant that this and that had to be thrown out.  It 
didn’t matter if the baby went with bath water. 

The solution adopted by the forum was to separate land use policies from community aspirations, 
and to package these separately as local projects. This distinction between planning policies and 
projects was first established by Exeter St James, an urban neighbourhood plan that went to 
referendum in 2012.  The inclusion of community projects in the plan provided a means to address 
some of the concerns raised by residents that were not amenable to planning solutions. The first 
community project put into action by the Exeter St. James forum involved the setting up a 
community benefit society to take ownership of a neglected urban green space (Exeter St James 
Forum 2015). This was resourced by volunteer labour, and depended on limited supplies of social 
capital. For more disadvantaged neighbourhoods the exclusion of community concerns from 
statutory planning policy underscored their alienation from professional discourse, and reminded 
them forcibly of the withdrawal of public investment and the shrinkage of the space of public 
responsibility. Clayton-le-Moors and Altham neighbourhood forum had to reconcile themselves to 
a plan that was in two halves, with community concerns separated from statutory land use policies 
and relegated to the status of a wish-list. The chair made clear which section of the plan had the 
most value for the neighbourhood: 

There’s got to be the sterile language and then there’s the other bit we need to tag on, and 
show people yes, this is what you said you want, this is what we’ve put in the plan, this is 
what we want to do. And I think that will be the more interesting part and I hope that’s the 
part that people will take on board, knowing that they had very little influence over planning 
issues but the other part is theirs. 

 

The “sterile” language of planning policy was contrasted with the immediacy attributed to the 
residents’ experience of place. This contrast between abstract space and the particularities of 
place was sharpened by the contradictions within the design of neighbourhood planning policy. In 
order to be successful the plan needed to be agreed by popular referendum. There was, therefore, 
pressure on the neighbourhood planning group to demonstrate that the views expressed by the 
community had been represented in the neighbourhood plan, in order to win support from 
constituents at the referendum. If they could not translate those place-based experiences and 
values into planning policy, and into a distinctive set of projects, the neighbourhood plan would 
appear alien to the community. The product of the community would confront it as “a power 
independent of the producer” as Marx originally argued (1971/1844:135). 

Neighbourhood planning and the logic of development 

Financial support and training was made available to neighbourhood planning groups and the 
voluntary agency Locality was contracted by government to provide communities with advice on 
writing planning policy. In a handbook titled The Power of Neighbourhood Planning (2014) Locality 
advised local groups on how they might write planning policies to protect green space, safeguard 
local heritage, improve the quality of public spaces in the area, and preserve community assets. 
The potential to implement these place-protective policies in neighbourhood planning was 
carefully constrained, however, by regulatory mechanisms that aimed to determine an acceptable 
range of approaches to development. Neighbourhood plans were brought in as one component 
in a radical programme of spatial deregulation that aimed to liberalise access to land and 
dramatically boost planning approvals for the speculative strategies of the volume house-building 
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industry. The National Planning Policy Framework enshrined a presumption in favour of 
sustainable development binding on local authorities and their neighbourhoods (DCLG 2012).  
Local planning authorities were required to provide more than five years’ worth of specific, 
developable housing land sites and identify broad locations for new housing up to nine years 
ahead. Neighbourhood plans had to be in general conformity with these strategic policies and had 
to contribute to the achievement of sustainable development and “plan positively to support local 
development” especially housing development (DCLG 2012 Paragraphs 15-16). They could not 
promote less development than stipulated in the Local Plan or undermine its strategic policies and 
they had to have regard to national policies and be compatible with EU obligations.  These 
regulations effectively structured the possibilities for the expression of place attachment, and 
offered communities the freedom to influence development within a governmental framework 
pre-determined to housing growth. Even if neighbourhoods successfully translated the 
particularities of place into planning policy they were obliged to adjust their ambitions to 
economic processes. In the order of knowledge of neighbourhood planning, placemaking yielded 
to the logic of development (Murdoch & Abram 2002).  

National research with neighbourhood planning groups has demonstrated the barriers 
encountered by neighbourhoods in planning for place attachment in a regulatory environment 
focused on economic development (Parker et al, 2014; Parker & Wargent, 2017). Neighbourhood 
groups were dependent on planning professionals for the skills and expert knowledge required to 
write policy that would comply with the regulatory requirements. Using the financial support 
available to them from government, the majority of groups commissioned private planning 
consultants to help them draw up suitable policies. Neighbourhood participants complained that 
many place-making concerns identified as important in community consultation were excluded 
from the final plan on the recommendation of local authority officers and consultants in the 
professional scripting of policy.  Some community policies were deemed not to meet the 
requirements of land use planning and therefore fell outside the remit of neighbourhood powers. 
Others were omitted because the phrasing was unclear or they were insufficiently evidenced and 
might then fail to stand-up to legal challenge from developers (Parker, Lynne & Wargent 2015).  

The formal examination of a neighbourhood plan by an independent planning consultant 
appointed by the local planning authority proved the stage in the process when plans were most 
often amended and re-scripted to establish their conformity with the logics of development. The 
examination is the final stage before referendum and follows a statutory six-week period of public 
consultation. The examiner, who must be independent of the local authority and have appropriate 
qualifications and experience, is tasked with assessing whether the neighbourhood plan meets the 
basic conditions of statutory policy which were: 

 Having regard to national policies and advice contained in guidance issued by the Secretary 
of State, it is appropriate to make the neighbourhood plan 

 The making of the neighbourhood plan contributes to the achievement of sustainable 
development  

 The making of the neighbourhood plan does not breach, and is otherwise compatible with 
EU obligations 

 Prescribed conditions are met in relation to the neighbourhood plan and prescribed 
matters have been complied with in connection the proposal for the neighbourhood plan. 
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The examiner is required to check whether the neighbourhood plan has been prepared in 
accordance with the regulations and can recommend either that the plan should proceed to 
referendum, or proceed subject to modifications, or that the plan should not go to referendum on 
the basis that it does not meet the legal requirements (Town and Country Planning Act 1990 
Paragraph 8 of Schedule 4B as amended). 

At the point of examination, nearly all neighbourhood plans were amended and about half had 
policies deleted on the recommendation of the examiner (Parker, Salter & Hickman 2016). Prior 
to 2016, however, only three plans had failed examination.  The neighbourhood plan for Dawlish 
was produced in 2012 before the regulations governing the process were published and was never 
expected to pass. More striking was the failure of the Slaugham neighbourhood plan, and its 
associated Community Right to Build orders, in January 2014, where the examiner found its 
housing site allocations were not compatible with EU regulations on strategic environmental 
assessments. The Coton Park estate near Coventry failed examination on the grounds that it 
contained two highways policies that were outside the scope of neighbourhood planning. The local 
authority revised the plan to exclude these policies and Coton Park went to successful referendum 
in October 2015. 

So the flurry of neighbourhood plans failing examination in 2016 raised the question whether 
examiners were now setting a higher bar for the technical detail expected in citizens’ planning. In 
Planning magazine (September 9, 2016, page 9), examiner Nigel McGurk was quoted saying it was 
“inevitable that one or two will fail as communities try to push the envelope, or lack sufficient 
understanding of what a neighbourhood plan can achieve”. The neighbourhood plan for 
Storrington, Sullington and Washington, near Horsham in West Sussex, failed examination in 
March 2016 because its site allocation policies did not contribute to sustainable development, due 
to concerns over the adequacy of the supporting criteria and evidence base. In South Oxfordshire, 
Berinsfield neighbourhood plan and neighbourhood development orders failed examination in 
May 2016, principally on the grounds that they did not have regard to national policy relating to 
green belt. The neighbourhood plan for Wantage, in the Vale of White Horse, Oxfordshire, failed 
examination in August 2016, because it was overly focused on protection of environmental assets. 
Arguably, though, the highest profile failure was a neighbourhood plan that passed examination, 
although with major amendments. The examination of the neighbourhood plan for Swanwick, in 
Amber Valley, Derbyshire, called for the deletion of several key policies including the aims and 
objectives agreed by the parish. Swanwick parish council felt that the deletions meant that the 
plan no longer represented the aspirations and expectations of the community. When Amber 
Valley made the amendments and pushed ahead with the referendum, the parish council 
campaigned against it and the neighbourhood plan was defeated by an 85% ‘no’ vote in October 
2016. Less dramatically, the parish council of Alrewas, in Litchfield, withdrew their neighbourhood 
plan from referendum in February 2016, after the examiner recommended the deletion of policies 
felt to be crucial in addressing issues identified by the community. 

It is worth exploring in more detail one of these high-profile neighbourhood planning ‘failures’, 
that of Wantage, in South Oxfordshire. Wantage is a market town with a population of 11,000 
situated near the North Wessex Downs Area of Outstanding Natural Beauty (ANOB). A rare chalk 
stream, the Letcombe Brook, flows through the centre of the town. The town council had launched 
its plan-making process with a series of public meetings and a steering group carried out 
consultation through a number of further events, sending questionnaires and newsletters to every 
household, with email updates, website information and exhibitions, trying to build up an 
understanding of the place and its residents’ concerns. Following a further statutory consultation 
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period, the draft Wantage neighbourhood plan was submitted to examination. On 30 July 2016 
the experienced independent examiner John Parmiter recommended that the Wantage plan 
should not proceed to referendum because it did not meet the basic conditions. His view was that 
the plan did not promote sustainable development and that, instead, it proposed “extensive 
protectionist policies” (Parmiter 2016: 9). One of the central policies in the Wantage 
neighbourhood plan was the proposal to establish a green infrastructure network; a series of 26 
green spaces linked by footpaths, cycleways and bridleways with the focus on the conservation of 
the rare chalk stream and the biodiversity of the ANOB landscape (Wantage Neighbourhood Plan 
2016). The examiner correctly pointed to numerous shortcomings in the evidence presented to 
support this policy and concluded that the plan was “overly focused on protection of the locality’s 
many features, too often without sufficiently robust evidence to do so” (Parmiter 2016: 14). The 
inference of this statement is that a green infrastructure network would have been deemed 
protectionist even if the evidence had been sufficient. There is no intention to criticise this 
examination judgement, but it is revealing in that it appears to establish a boundary of 
acceptability in the order of knowledge of neighbourhood planning. Parmiter’s judgement 
confirms that policies to conserve and enhance place distinctiveness are acceptable only when 
their impact is significantly outweighed by policies enabling development. As the examiner 
acknowledged, however, there was little scope in Wantage for allocating land for housing because, 
due to extensive previous development, “there is little room left to shape the plan area” (Parmiter 
2016: 14).  In these circumstances, it could be argued that seeking to contain further expansion of 
development, and aiming to protect green space and environmental assets were not protectionist 
policies. Instead, it could be maintained that they were compatible with the promotion of 
sustainability and wellbeing.  

Neighbourhood planning and the threat from developers 

The enforcement of norms through exclusions during the neighbourhood plan examination 
process threatened the light-touch regime promoted by government to secure the engagement 
of communities in development planning. The increasingly rigorous policing of neighbourhood 
plans was not a quirk of the examiners, however; it was a consequence of a deepening conflict 
between neighbourhood plans and the development industry (Parker, Salter & Hickman 2016). 
Major house-builders had sought to overturn the results of neighbourhood plan referenda 
through judicial review and had appealed against planning decisions made in accordance with 
neighbourhood development policies. In March 2016 the housing and development policies in the 
Haddenham neighbourhood plan in Aylesbury Vale were quashed in the face of a High Court 
hearing brought by property company Lightwood Strategic Ltd, thus overturning the decision of 
its examination and the outcome of its successful referendum. The neighbourhood plan for 
Loxwood, near Chichester, had been subjected to a series of legal challenges from Crownhall 
Estates since 2014, with its July 2014 referendum result overthrown, its May 2015 referendum 
postponed, and its final public endorsement in July 2015 unsuccessfully contested in the High 
Court in January 2016. Henfield’s neighbourhood plan was quashed by the courts in October 2016, 
when Stonegate Homes and Littleworth Properties won a judicial review on the grounds that the 
making of the plan was incompatible with EU regulations. This legal action focused on the criteria 
and evidence used to make housing site allocations, and the result underlined the need to ensure 
that policies in neighbourhood plans were robust and founded on unimpeachable process. This 
had the effect of making citizen planners more dependent on the technical advice of the local 
planning authority and of private planning consultants (Parker & Wargent 2017). Under increasing 
pressure to be litigation-proof, an “authoritative knowledge” of neighbourhood planning began to 
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be established through a process of self-censorship and outright exclusion by planning 
practitioners and developers (Roy 2010: 56). The technical assistance given by local planning 
authorities was often guided by the need to avoid anything likely to lead to developer challenge. 
This risk-averse approach was bolstered by the reliance of private planning consultants on a ‘one-
size fits all’ approach and the transposition of template policies from one neighbourhood to 
another (Brownill & Bradley 2017). 

The effect was to further alienate citizen planners who had aimed to use neighbourhood planning 
to enhance their sense of place. In the neighbourhood forum of Fishwick and St. Matthews in 
Preston, the former secretary explained the impact of this increasingly restrictive policy regime: 

We wanted the final document to reflect the fact that it was produced by a community group. 
We then slowly realised that in order to pass the examination stage, we had no choice but to 
comply with protocols, which included using planning speak throughout. The final product 
ended up looking more like a corporate document. 

This perceived gap between the function of planning policy and the place-based needs of residents 
was not healed by the neighbourhood planning process. Two years after the Fishwick and St. 
Matthews plan was approved at referendum, and became part of the statutory development 
framework, the former secretary of the neighbourhood planning group saw no change either in 
the place she lived, or in the responsiveness of planning to local needs.  

I personally see no obvious change as a result of the neighbourhood plan. Planning policy I 
would say has so far remained as inflexible and geared to support developers as it has always 
been. I would therefore acknowledge the relationship between community ideas and 
planning policy as a tension, or a struggle, and based on our experience I would argue that 
planning policy is winning (at the moment). 
 

The rules of formation of neighbourhood planning knowledge appeared to tighten under pressure 
from the threat from the development industry.  The antagonism of the major house-builders 
suggested conversely, however, the extent to which these rules had already been blurred by 
neighbourhood planners. The next section discusses how the norms of place representation were 
changed under neighbourhood planning and how a new variant of placemaking became 
acceptable practice. 

Neighbourhood planning and sustainable placemaking 

The most common policy in neighbourhood plans was the promotion of local distinctiveness and 
place identity (DCLG 2015). Neighbourhood plans attempted to evoke a sense of place through 
policies on design, green space, recreation, natural and historic environment and the identification 
of community assets. The challenge they faced in expressing the spirit of place in development 
planning can be illustrated by this extract from the Ascot, Sunninghill and Sunningdale 
Neighbourhood Plan that aimed to ensure that new development was in keeping with local 
character: 

New development should be similar in density, footprint, separation, scale and bulk of the 
buildings to the density footprint, separation, scale and bulk of buildings in the surrounding 
area generally and of neighbouring properties in particular, unless it can be demonstrated 
that the proposed development would not harm local character (Ascot, Sunninghill and 
Sunningdale Steering Group 2014: 37). 
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Constrained by the limited scope allotted to placemaking in the National Planning Policy 
Framework (DCLG 2012), neighbourhood plans had no choice but to script “sterile” regulations 
that had little apparent connection to the complex phenomenology of place.  The intent of 
statutory policy was that the invocation of a sense of place would come through the allocation of 
land for new homes.  Analysis of selected neighbourhood plans showed they had provided more 
sites for housing than required in the strategic Local Plan (Mountain 2015). The escalation of legal 
action by the volume house-builders, however, suggested that the housing policies in 
neighbourhood plans were not those demanded by an industry dominated by volume builders and 
speculative practices (Bailey 2015). In scripting policies on housing delivery neighbourhood 
planners found the opportunity to champion local needs and to express a sense of place 
distinctiveness.  Neighbourhood plans prioritised small, previously developed or brownfield sites, 
where development would cause minimum disruption to environmental quality and local 
character. They were especially concerned to deliver affordable homes to meet local housing need 
and favoured resident-led approaches in custom-build and community land trusts that might lock-
in affordability for the future (Bradley & Sparling 2016).  The selection of specific sites for housing, 
the specification of the size of the development, and policies regulating its affordability and 
relation to local need were evaluated and rationalised in reference to assertions of place identity 
(Bradley 2017). There is now a substantial literature to evidence this direction of neighbourhood 
planning and in this paper two examples should serve as illustration. 

The neighbourhood plan for Tattenhall, a village of around 1000 homes in rural Cheshire, set out 
a development strategy that would allow “a vibrant and distinctive village to evolve and expand 
whilst retaining its unique character” (Tattenhall & District, 2013: p.8).  A sense of place was 
conveyed through assertions of local character and heritage and these provided the evidence base 
for a limit set on the number of homes that could be built in the village. The Tattenhall 
neighbourhood plan was approved at examination and was successful at referendum in 
September 2013 on a convincing 52 per cent turnout. A legal challenge to the plan by house-
builders Barratt Homes and Wainhomes was dismissed by Mr Justice Supperstone who ruled that 
the neighbourhood plan had established its case for housing development at a scale that reflected 
the existing character of the area.   

The neighbourhood plan for the town of St. Ives, in Cornwall, with a population of 11,000, 
addressed the problems of housing affordability in a globally recognised holiday destination that 
receives tens of thousands of visitors every year.  St Ives “needed to be nurtured, protected and 
guided into the future” and “the best people to do this are those who live here” (St Ives Town 
Council, 2015: p.3). This task of stewardship provided the rationale for policy interventions in a 
local housing market that threatened the physical and social identity of St Ives. The neighbourhood 
plan introduced restrictions on all new-build to ensure homes could only be used as the owner’s 
primary residence and mandated that 40 per cent of all newly developed housing should be 
affordable and reserved for local people. The policy was approved by the Examiner, and 
subsequently upheld in the High Court, on the grounds that: “The restriction of further second 
homes does in fact contribute to delivering sustainable development” (McCann, 2015: p.30). 

Neighbourhood planning authored a spatial practice of housing delivery that resonated with the 
emplaced perceptions of local knowledge.  In their housing policies more than in any other aspect 
of plan-making they “demonstrated a different way of ‘doing’ planning, emphasising […] the sights, 
smell and feel of a neighbourhood as well as making provision for health and happiness rather 
than focusing solely on the built environment” (Field & Layard 2017: 107).  They showed that logics 
of development could be brought into balance with those of the environment and that planning 
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in its most abstract conception of spatial practice could nevertheless evoke the particularities of 
place.  Where neighbourhoods like Wantage encountered an inflexible divide between 
acceptability and abjection, plans such as Tattenhall and St. Ives established new norms of place 
intelligibility in their housing policies, expanding the space of knowledge in development planning 
and re-writing the rules of formation.  

What is noteworthy here is that neighbourhood planning achieved its normative shift in the 
production of abstract space, in space divided into subdivisions and plots, the object of speculative 
business practices, intelligible only in its exchange value and its contribution to commercial 
expansion.  These achievements came despite the pressures to avoid risk, to keep to the norm and 
stick to the script (Parker Lynn & Wargent 2015). They point to the “auto-production of 
knowledge” in neighbourhood planning (Roy 2009: 168) or the attainment of what Appadurai 
(2001: 35) called “governmentality from below”. Citizen planners proved capable of drafting 
technocratic specifications and attuning them to express the complexities of place. In doing so, 
they undermined the epistemological stability of planning as a professional discipline and made 
lived experience central to their spatial practice (Poovey, 1998). The establishment of a new 
normal in policies for housing delivery demonstrates that local knowledge cannot be treated as 
Other, as if it was an attribute of a more primitive way of being. Neighbourhood planning concedes 
the dominance of abstract space, but it subverts this alienation to show that lived experience and 
local knowledge can express themselves in an alien tongue. For Lefebvre, abstract and lived space 
were not dichotomous, or poles apart, they were moments in a unity of spatial practice. “The 
perceived-conceived-lived triad (in spatial terms: spatial practice, representations of space, 
representational spaces) loses all force if it is treated as an abstract ‘model’,” Lefebvre wrote 
(1991/1974: 40). He argued instead that there was movement between them and he sought to 
“rediscover the unity of the productive process” (Lefebvre 1991/1974: 42). Abstract space 
dominates the productive process, and it establishes the rules of knowledge in its image. It 
dispossesses the space of lived experience and renders place conditional: a colonised subsidiary 
of the technocratic universe (Wensing & Porter 2016). The practices of neighbourhood planning 
give us a rare glimpse behind this hegemony of abstraction, to spatial practice as a unity of 
moments, in which we find the abstract and the particular: concepts, perception and dreams. In 
neighbourhood planning we are reminded that sustainable development too should be 
understood as dialectical triad of spatial practices. The environmental, the social and the economic 
exist at once and in each other at all times. The pursuit of sustainable placemaking declares an 
equality of “spatial cultures” and signals their interdependent coexistence (Porter 2010: 1).  As 
Kant said (1781/1939 B:75): “thoughts without intuitions are empty, intuitions without concepts 
are blind”.  

Conclusion 

Participatory planning practice has been seen as a touchstone for the ability of technocratic 
knowledge to accommodate an amateur perspective of lived space. The incorporation of place-
based knowledge in development planning becomes integral to the knowledge through which 
abstract space is produced. The aim of this paper was to evidence the rules of formation through 
which the intelligibility of place attachment is established in planning and to evidence the 
production of norms and mark the limits of acceptability. In its study of neighbourhood planning 
in England the paper has evidenced the incorporation and colonisation of local knowledge by an 
otherwise technocratic programme dedicated to economic growth.  Many neighbourhood plans 
submitted to referendum went through a process of normalisation to ensure the plan complied 
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with the regulatory framework.  The final plan was very distant from the residents’ initial 
expressions of place attachment and had been in cases rendered unrecognisable and alien. 
Despite this, and in the face of this work of domination, neighbourhood plans successfully pushed 
the boundaries of acceptability in planning. They established new norms in the spatial practices of 
housebuilding and expanded the space of knowledge allotted to participative planning. In doing 
so they asserted the unity of the environmental, social, and the economic in sustainable 
development and rendered the particularities of place intelligible in a rationality of abstraction. 
Through neighbourhood planning we are reminded of the diversity but also of the 
interdependence of spatial cultures and the potential for a planning practice that is founded on 
equality and not abjection. 
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Abstract  

The National Health Service (NHS) in the UK represents a significant challenge both in terms 
of scale and increasing pressures on the estate.  The NHS is the fifth biggest employer in 
the world with 1.5 million staff (NHS Choices 2016), costing £139 billion per year (Harker 
2017). The supporting estate is aging, covering around 26 million m2 (Naylor Report 2017) 
with running costs of over £8 billion per year (Carter Report 2016). As well as managing the 
performance of the estate, the NHS, as with most world healthcare economies, is dealing 
with the challenges of an ageing population, increasing demand and increasing cost against 
a backdrop of constrained funding. So how can we assess the performance of the estate 
against the backdrop of these increasing pressures. 

This review considered whether a performance based analysis of NHS estate data provide 
useful indicators regarding the efficiency of existing assets for future uses. 

The results identify significant cost in running the estate and significant variations in both 
running cost and space utilisation between hospital sites, indicating the potential saving 
with small percentage improvement to key indicators. While there are differences 
between small, medium, large and teaching hospitals and the age of the estate, the 
complexity of factors does not indicate an ideal performing type of hospital or age of the 
estate. Neither does the review show an increased cost of running older estates, though 
the results do show more inefficient space utilisation. The review indicates the need for 
more research and illustrates the potential for predictive analytics. 

Introduction  

Healthcare Challenges in the English National Health Service (NHS) 

The NHS employs more than 1.5 million people, putting it in the top five of the world’s 
largest workforces. (NHS Choices 2016). The budget for the NHS in England for 2016/17 is 
significant at £120 billion (Kings Fund 2017). 

Healthcare is delivered from a valuable national building portfolio; NHS Property Services 
portfolio represents around 10 percent of the entire NHS estate and is worth over £3 billion 
(NHS Property Services 2017). NHS provider trusts occupy over 1,200 sites, 6,500 hectares 
of land and buildings with a gross internal area of 26 million square metres (Naylor Report 
2017). The cost of running these facilities is over £8 billion per annum and these costs are 
rising (Carter Report 2016).  

The NHS, as with most healthcare economies, face a growing population, an ageing 
population, and a sicker population, as well as costs associated to treatments, technologies 
and care delivery. “Monitor, NHS England and the independent analysts have previously 
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calculated that a combination of growing demand if met by no further annual efficiencies 
and flat rate real terms funding would produce a mismatch of nearly £30 billion a year by 
2020/21” (Five Year Forward View 2014). 

The NHS Five Year Forward View (2014) sets out a vision for the NHS’s future direction; 
improving public health, patient centred care and integration of services across health and 
social care. The NHS estate needs to consider the impact of the NHS Five Year Forward 
View and the changing demand for care, driven by the aging population and the potential 
impact of new technologies (Naylor Report 2017). 

At present, over 16 percent of NHS occupied floor area of general hospitals in England is 
considered functionally unsuitable (ERIC 2016). Age of the estate is also seen as a 
contributing factor in the performance and suitability of NHS assets with buildings 
deteriorating over years because of continuous wear and tear, furthermore, it is seen that 
old buildings require additional investment to meet new regulations, design standards, IT 
infrastructure and energy directives (Mills et al 2015). The assessment of age being a 
contributing factor in the performance and cost of buildings was empirically established 
when 20 buildings over their complete life-cycle peaked at 30 years (Pfrunder et al. 2007; 
Bahr and Lennerts 2008). Others such as Lavy and Shohet (2007) identified major 
parameters in developing facility assessment models which included, age of a building, 
level of occupancy against the performance of assets and their operations. 

The Carter Report (2016) also states more can be done to improve quality and efficiency in 
acute hospitals; including a £5 billion efficiency opportunity (an efficiency of at least 9% on 
the annual spent of acute hospitals) by following 15 recommendations in English non-
specialist acute hospitals. Of this around £1 billion per year relates to total estates and 
facilities running costs.  

Without investment of around £10 billion capital and a conservative estimate of £5 billion 
for backlog maintenance, the NHS estate cannot deliver the future view of the NHS 
outlined in the NHS Five Year Forward View (2014) and the NHS estate will remain unfit for 
purpose and will continue to deteriorate (Naylor Report 2017). 

Furthermore, the benefits of identifying and realising un-used asset value is highlighted in 
NHS plans to release £2 billion of assets for reinvestment and to deliver land for 26,000 
new homes. With an effective programme of interventions in high value propositions in 
London, this could significantly increase the property receipts to a figure exceeding £5 
billion in the longer term (Naylor Report 2017). 

The Carter Report (2016) and Naylor Report (2017) both indicate the size of the 
opportunity on efficiency, the need for a mix of incentives and sanctions required for 
delivery and the need to strengthen capacity and capability across the system. 

This review analyses NHS estate data (ERIC 2016) to derive performance indicators to 
assess the current position of the NHS estate, consider whether a performance based 
analysis of NHS estate data provide useful indicators regarding the efficiency of existing 
assets for future uses and to see what we can learn from variations between estate age 
and type. 
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Key Terminology 

The central concepts applied within this paper are defined below. 

National Health Service (NHS) - is a legal entity, setup by order of the Secretary of State, to 
provide goods and services for the purposes of the health service, generally serving either 
a geographical area or a specialised function. NHS trusts will be responsible for acute 
hospital site(s). 

Department of Health (DH) – is the ministerial department responsible for government 
policy on health and adult social care in England and overseas the National Health Service 
(NHS). 

Estates Return Information Collection (ERIC) - is the main central data collection for estates 
and facilities services from the NHS containing information dating back to 1999/2000. Data 
is reported by all English NHS Trusts on an annual basis and is published on a NHS Digital; 
Hospital Estates and Facilities Statistics website. The most recent data reported on is the 
2015/16 Estates Returns Information Collection and published in October 2016. 

Five Year Forward View (2014) – the report published by the NHS, sets out how the health 
service needs to change and sets out a vision for the NHS’s future direction; improving 
public health, patient centred care and integration of services across health and social care. 

Unwanted variation – This is a term used in the Carter Report (2016) and is the median 
benchmark of NHS Trust peers, used to indicate what they could potentially save by 
improving their performance in line with their peers. In the report the following 
performance indicators were introduced; running costs per area (£/m2), use of floor space 
with a target limit of 2.5% of unused floor space and a target limit of 35% of floor space 
used for non-clinical services. 

Research Methods  

This review looks at the status of the NHS estate in terms of running costs, space utilisation 
and suitability, using several performance indicators. These are then assessed to identify 
differences between the type and age of hospital site. The research also considers the 
outcomes through a performance led approach of operational running costs, space 
utilisation of area data and suitability. 

This involves analysis of secondary empirical data from the Estates Return Information 
Collection published by NHS Digital (ERIC 2016). The study looks at data for 213 NHS 
general hospital acute sites. This consists of hospital types categorised as; small, medium, 
large and teaching hospital sites. The figures assume that the data recorded by Acute Trusts 
is accurate and correct according to the data definitions (ERIC 2016).  

The key measures examined and the data definitions are listed in Appendix A. These consist 
of source ERIC data and the production of new data fields, derived from analysis of ERIC 
data items, to create indicators. The new data fields and analysis was supported by peer 
review (Redmond & Batson 2017). 

Data was analysed using Microsoft’s Excel and Power BI tools. 

Indicators were used or derived looking at the following areas: 
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 Costs; including the cost per area per m2 and the cost of energy per m2 

 Space utilisation; the percentage and m2 of empty space and the space used for 
non-clinical services versus non-clinical services 

 Suitability; the percentage and m2 of space deemed “not-functionally suitable – 
patient occupied” and the cost of risk-adjusted backlog maintenance. 

These indicators were used to assess the difference in performance between the type of 
hospital and age of the estate. A hospital site may consist of multiple buildings, each of 
which will have been built at different times, as a result an average age of the area data 
for the hospital estate per site was calculated. Age data was then categorised into one of 
two groups by site; the average estate age is equal to or younger than 30 years or greater 
than 30 years of age. 

To support a performance based analysis, median values were used for benchmarking, to 
determine an average value while removing outliers, especially considering the variation 
of data between hospital sites. Data was also compared to the maximum existing targets 
for non-patient floor space (35%) and un-utilised space (2.5%).  

These benchmarks were used to assess the opportunity by seeing how much improvement 
would occur in NHS acute hospitals below the benchmark, moved up to the benchmark. It 
also assesses the variation between the size of hospital and age of the estate to identify 
insight and trends. 

Results 

An analysis of the indicators for 213 general acute hospitals, representing the current state 
of the NHS estate shows a wide variation between hospitals, these are shown in Table 1 
below. The median figure is used to inform a benchmark value. 

The data shows the significant cost of running the estate at £6,344 million for the year and 
the challenges facing the estate; with a risk-adjusted backlog maintenance cost at £2,085 
million and 13.5 percent of the estate being used for patient facing services but deemed 
non-functionally suitable. There is also a wide variation between hospitals with running 
costs per m2 varying between £87 and £1,054 per annum with a median of £350. Energy 
costs vary from between £9 and £50 m2 and the use of hospital space varies from between 
zero and 42 percent empty floor space. This indicates the value of a performance based 
system on key indicators, to help inform policy and improve asset utilisation and value. 

Table 1 Status of the NHS General Hospital Estate in England According to Cost, Space 
Utilisation and Suitability. 

 

Because of the wide variation between hospitals, further analysis was performed to 
understand whether the variation can be explained by the type of trust and the age of the 
estate. 
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Table 2 below, shows that the average estate is around 34 years, which is just over the 30-
year optimum life cycle peak of buildings (Pfrunder et al. (2007) and Bahr and Lennerts 
(2008). 

Table 2 Average Age of NHS General Hospital Estate in England by Type  

 

Table 3 shows a relatively small difference overall in estate running costs (£/m2) between 
estates with an average age of over 30 years and younger estates. Counter-intuitively, sites 
with an older estate are 2 percent (£6 per m2) cheaper to run per annum. 

Table 3 Cost per m2 Comparison by Hospital Type and Age of Estate for NHS General 
Hospitals in England 

 

The reduced cost of running the estate with age and the similarity of energy costs was 
unexpected; with older buildings using more energy inefficient technology and 
traditionally requiring increased maintenance costs. Analysis was undertaken of other 
indicators to understand whether this could be explained with measures looking at the 
effective use of space including; empty floor area and non-functionally suitable patient 
occupied space. 

Tables 4 and 5 below show that space is not used as effectively with an estate with an 
average age more than 30 years, with a 12 percent increase in the space unable to be used 
for clinical services, a 20 percent increase in non-functionally suitable patient occupied 
space and a 120 percent increase in the percentage of space that is empty. Empty space is 
less likely to require energy and maintenance cost providing a possible explanation for the 
lack of difference between running costs and age. The results also show a significant 
variation between the space utilisation indicators and the type of the estate; with older 
large general hospitals having a higher percentage of empty space and a higher percentage 
of non-functionally suitable patient occupied space. 
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Table 4 Comparison of Space Utilisation Percentage by Hospital Type and Age of Estate for 
NHS General Hospitals in England  

 

Table 5 Comparison of Space Suitability Percentage by Hospital Type and Age of Estate for 
NHS General Hospitals in England 

 

The scale of running the estate indicate the potential savings to be generated by small 
percentage improvements and the variation the potential for improvement using a 
performance approach on key indicators.  

Table 6 below, shows the potential outcomes of implementing a performance led system 
in which estates achieve existing benchmarks for utilisation of space; non-patient floor 
space not to exceed 35 percent and un-utilised space not to exceed 2.5 percent. In 
addition, current median benchmarks were used to assess the opportunity by seeing how 
much improvement would occur in NHS acute hospitals below the benchmark, moved up 
to the benchmark. The results indicate a saving of £1,040 million per annum on running 
costs and freeing up 1,122,562m2 of space. The results also show the requirement for 
improvement of 2,082,455m2 of space currently used by patients that is deemed not 
functionally suitable. 

Table 6 Potential Outcomes for a Performance led Approach for NHS General Hospitals in 
England 
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Discussion 

The data shows wide variations between hospitals, for example the running cost per 
square meter ranges from £87 to £1,054, (12 times the cost) and energy supplies from £9 
to £50, which indicates the value in benchmarking performance. The analysis suggests the 
following potential outcomes, through a performance led approach for acute general 
hospital sites; savings of £1,040 million in hospital running costs, including a saving of £44.8 
million in energy costs per annum and freeing up 1.2 million m2 of space (the equivalent of 
157 football pitches). 

The results didn’t show a clear difference in estate running costs by age, although an 
average estate of over 30 years had running costs 2 percent less than a younger estate 
representing a total of £120 million per annum based on a circa £6 billion annual running 
cost. This is inconsistent with the deterioration expected by Pfrunder et al. (2007) and Bahr 
and Lennerts (2008). There was a variation between hospital types of 10 percent but not 
progressive based on size; for example, younger estates and large estates are the most 
expensive and medium trusts the cheapest. 

The results show that space is not used as effectively with an estate with an average age 
more than 30 years with a 120 percent increase in the percentage of empty floor space. 
These findings indicate the benefit of a performance led approach to NHS estate indicators 
in terms of financial savings and space utilisation. This is a theme that is consistent with 
the findings of the Carter Report (2016) and Naylor Report (2017). But the findings do not 
suggest an ideal type of hospital site for most effective performance in terms of cost and 
space utilisation. 

Further research is recommended to provide more comparative analysis by region, urban 
vs rural, single vs multi-site etc. For example; there are regional variations in cost and value 
of the estate, 13 percent of surplus land in the London region, equates to 57 percent of the 
potential financial opportunity of £1.8 billion (Naylor Report 2017). Clinical use of space 
within an asset, the type of clinical care provided and footfall is also expected to have a 
significant impact on cost, none of which is covered in this study. The addition and 
understanding of specific health related groupings within an asset would need to be 
obtained along with patient volumes and an understanding of the standards, compliance 
regimes, maintenance, repair and on-going cleanliness requirements, all of which would 
provide robust cost, comparison and benchmarking accuracy required for fairer 
performance assessment. This paper does not include the impact of certain technical 
systems on the asset performance; for example, a considerable portion of a building’s 
performance will relate to engineering services, such as lifts and power installations, which 
will often have shorter lives than the fabric of the building Mills et at (2015). Further studies 
would need to be undertaken for this to happen.     

Research also indicates links between the condition of the NHS estate and healthcare 
performance outputs and outcomes (Redmond & Gorse 2013); and that hospital facility 
design can positively affect health is needed to research the impact of the NHS estate on 
healthcare performance outputs and outcomes. (Ulrich et al. 2004, 2008; Phiri 2006). 
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Conclusion 

In this paper, we have explored the opportunity for capitalising on an understanding of the 
condition of 213 NHS acute general hospitals in England. These findings indicate the benefit 
of a performance led approach to NHS estate indicators in terms of financial savings, space 
utilisation and suitability. This is a theme that is consistent with the findings of the Carter 
Report (2016) and Naylor Report (2017). It did not however indicate clear type of trust or 
age of trust to ensure optimum performance, due to the complexity and multitude of 
factors. 

The ambition is to apply advanced statistics, modelling and data mining techniques in the 
analysis of current and historical estates data to make predictions about future, or 
otherwise unknown, events and scenarios Nyce (2007). This paper has highlighted the 
potential benefits of this approach; however, further studies are needed to explore and 
explain further the unexpected finding relating to the age of assets and their better than 
expected performance when compared with more contemporary assets. 

Appendix A 

Source data definitions 

The definitions for each of the following data fields are listed in ERIC Definitions (2016); 
Acute General Hospital, Gross internal floor area (m2), Non-clinical space (m2), Floor area 
empty (%), Non-functionally suitable - patient occupied floor space (%), Risk adjusted 
backlog maintenance (£), Energy costs (all energy supplies) (£). 

Details of new data fields are listed below: 

Total facilities management cost (£) - the total of hard FM, soft FM, estates and facilities 
finance and maintenance costs. 

Cost per m2 (£) – total facilities management cost divided by the gross internal floor area 
m2. 

Energy per m2 (£) – energy cost (all energy supplies) (£) total divided by the gross internal 
floor area (m2) 

Space for non-clinical services (%) - calculation of non-clinical space (m2) as a percentage 
of gross internal floor area (m2) 

Non-functionally suitable - patient occupied floor space (m2) – Non-functionality suitable - 
patient occupied floor space (%) multiplied by the gross internal floor area (m2) 

Outcome Indicators: 

Cost per m2 (£) – difference between the actual value per site and the median value 
multiplied by the gross internal floor area m2. Negative amounts are removed representing 
positive variances, representing the outcome of operating to the median value.  

Non-clinical service space above 35% (m2) – non-clinical space (m2) less 35% of the gross 
internal floor area (m2) 

Empty floor space above 2.5% (m2) – floor area empty (%) less 2.5% multiplied by the gross 
internal floor area (m2) 
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Energy variation to median (£) – difference between the actual energy cost/m2 per site and 
the median value multiplied by the gross internal floor area m2. Negative amounts are 
removed representing positive variances, representing the outcome of operating to the 
median value. 
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 Abstract  
Professionals in the Architecture, Engineering and Construction (AEC) start to recognise the 
importance of the synergy of Building Information Modelling (BIM) and green building to the 
construction industry. As the owner is demanding high energy efficient building with lower 
cost, faster delivery and improved export. Implementing BIM in green project delivery offers 
the project team opportunity to meet the owners’ expectations. The fact that the current 
state of green BIM practices is immature and unsystematic, results from the lack of 
integrated process in design and execution. The obstacles may include: difficulty in 
differentiating the roles and responsibilities of team members, determining appropriate BIM 
execution strategies and standardising information exchange (IE). BIM tool kit is one of the 
new methods in the BIM industry that defines the tasks, roles and deliverables needed for 
each stage in the project in a digital work plan. This research aims to address how to 
overcome problems in the EAM’s workflow by integrating the Environmental Assessment 
Method (EAM) requirements in the project stages using BIM tool kit for more efficient 
project handling and delivery. This will lead to a reduction in the cost and time spent caused 
by the variations and lack of coordination. Therefore, the selected methodology in this 
research is held to study the functionality of BIM toolkit to be used in projects targeting green 
certificates and the potential of developing a guidance on BIM implementation in Green 
building projects, and this is held through observations and reviews of experts in the 
industry. 

 

INTRODUCTION 
 

Buildings use significant amount of energy, overall they are responsible for 40-50 % of the global 
energy and CO2 emissions (Azhar et al., 2009). This is reflected significantly in the Architecture, 
Engineering and Construction (AEC) industry; due to the increased recognition of the benefits of 
sustainable building process amongst clients, which led to a higher demand in the use of 
Environmental Assessment Methodologies (EAMs) such as BREEAM, LEED, CASBEE and others 
(Hope and Alwan, 2012). On the other hand, the main stakeholders of the building process found 
that dealing with a building sustainably dimension in early stages became almost impossible 
because of: sophisticated designs, complex projects, and multi-player design process, especially 
using conventional methods such as CAD (Skaik and Ali, 2013). In addition, in recent years, the rise 
of BIM technologies has been promoted with high potential, as the optimum solution towards an 
integrated, more efficient project delivery (Azhar, 2011). So, it is observed that one of the factors 
that is a highly influencing driving force in the AEC industry, is the idea of delivering green certified 
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buildings using BIM emerging technologies and tools and utilising them for collaborative project 
delivery to improve efficiency, control time, reduce waste, and raise the quality of overall building 
performance. These benefits of the BIM collaborative process are working as influences in the 
evolution of the AEC sector. The aim of this paper is to address how to overcome problems in the 
EAM’s workflow by integrating the Environmental Assessment Method (EAM) requirements in the 
project stages using BIM tool kit for more efficient project handling and delivery.  
 

LITERATURE REVIEW 
 

This section will first overview the popular environmental assessment methods rating schemes in 
different countries, then it will be defining BIM process and digital plan of work developed by RIBA. 
Also, it will outline the problems reported in the EAM workflow and how they consequently effect 
the project handling. 

 
Environmental Assessment Methods 
 
Environmental Assessment Methods (EAM) are rating schemes that aim to reduce the energy 
consumption and improve environmental performance in buildings. Such systems can also 
minimise the effect of the building construction process and operation on the environment. These 
sustainable building developments are derived by different methodologies in ‘assessment method 
and criteria, default parameters, trade-offs allowed, performance scales, approved simulation 
tools, performance indicators and assessment results’ (Lee, 2012). However, in spite different 
methodologies they all have common characteristics as they all have categories that consider 
energy, material use and resources, site, water use and indoor environment quality and emissions 
(Biswas et al., 2008). The first EAM developed was BREEAM, it was launched in 1990 (Lee, 2012), 
from that date until now more schemes have developed. The more widely known schemes are: 
Leadership in Energy and Environmental Design (LEED), Green Star in Australia, Hong Kong Building 
Environmental Assessment Method (HK-BEAM), Comprehensive Assessment Scheme for Built 
Environment Efficiency (CASBEE) in Japan, Building Environmental Performance Assessment 
Criteria (BEPAC) in Canada (Lee, 2012), and Green building rating Code in UAE (Estidama).  

 
BIM and Digital Plan of work 
  
Building Information Modelling (BIM) is defined as a process that allows project stakeholders to 
generate and use data in the form of digital information through a building’s entire life, starting 
with the predesign stage, going though construction, procurement and operation and 
maintenance. It allows a collaborative process between project teams though sharing a digital 
representation of buildings as graphical models associated with documents and no graphical 
information in the common data environment, as shown in Fig.1. (PAS1192, 2013). A significant 
increase is observed on the number of studies made discussing the benefits of implementing BIM 
process in sustainable design projects aiming to promote collaboration (Wong and Fan, 2013). At 
the same time, it is clear that the specifications and definition of both data deliverables and data 
classification in the project lifecycle, are crucial for project team to have better control on the BIM 
process (Dearlove and Saleeb, 2016). The project lifecycle in level 2 BIM project is defined in 
PAS1192-2:2013, which represents collaborative work by identifying the information exchange 
through seven stages of project, as shown in Fig. 1. Accordingly, NBS (National Building 
Specification) launched a free cloud BIM toolkit in 2015, which applies the digital plan of work 
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defined in the RIBA plan of work 2013 (Sinlair, 2013). The NBS BIM tool kit aims to ensure that all 
participants are producing the right information at the assigned stage with the suitable level of 
detail needed (Hamil, 2015). The NBS toolkit functionalities, current uses and subscribers lead to 
advancements which indicates high potential as a tool to deliver digital plan of work (DpoW) 
assisted by technologies, such as Intelligent Decision making Support System frameworks (IDSS) 
and Artificial Intelligence (AI) (Dearlove, 2016). There are benefits found in the toolkit to fulfill the 
needs to deliver green certified building, however they could potentially be filled by identifying 
deliverables and responsibilities and reusing them in the BIM toolkit.   
 
Fig. 1 The information delivery cycle (PAS1192, 2013) 
 

 

Problems in EAM workflow   
 

There are problems reported by the EAM’s Energy assessors and Design teams from previous 
studies concerning synchronisation of suitable targets in the project process. (Alwan et al., 2015; 
Hope and Alwan, 2012). These problems are: 

1. Late appointment of the energy assessor. 
2. Difficulty finding specifications and data sheets at a suitable work stage to support decision 

making. 
3. Lack of the design team’s understanding of the assessment steps and requirements to 

achieve targeted rating. 
4. Divorce of the sustainability documentation from the project documentation within the BIM 

management process.  
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These problems consequently effect the project handling as they cause: 
 

1. Lots of variation between the design and construction stage to attain sustainability.  
2. The repeat of previously achieved work and redesign to reach sustainability targets. 
3. Waste of time and higher cost due to delays in assessment process.  

  
The above mentioned problems and consequences highlight the importance of the early 
integration of suitable targets and conclude that the key to increasing the effectiveness of the 
decision with less cost is to be considered from the early stages. The integration of timing has high 
potential to positively affect the efficiency of the process and cost, which highlights the 
importance of the early, fully integrated sustainable design. 
 

METHODOLOGY AND WORKFLOW 
 

This section will discuss the methodology and workflow to define a decision support framework 

for the project team. The key for effective project handling and delivery of sustainable buildings is 

making the right decisions at suitable stages, which must be defined in the supply chain within the 

BIM Execution Plan (BEP) and must be integrated with the Master Information Delivery Plan 

(MIDP) in the information management documents that are shown in Fig. 2. The reason behind 

selecting this methodology is that we need to determine specific tasks and roles needed for green 

building certification to be assigned to stakeholders to be able to plug it into the BIM tool kit, and 

benefit from the uses mentioned before.  Also, the decision support framework through 

integrated processes and the tools used must allow the project team to identify suitably detailed 

sustainable benchmarks, monitor and test the decisions throughout the process and finally, being 

able to easily exchange data for collaborative processes within the common data environment, 

and this can’t be achieved without determining who will be responsible for it.  

Fig. 2: Relationship between documents used for information management (PAS 1192-2,2013)  
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The steps below explain the research methodology to reach this decision framework:  

A. Mapping and analyzing gaps in current approach 

This will be achieved through observations, analysis of the current state and semi-structured 
interviews. Semi-structured interviews were held with four energy assessors and BIM experts in 
Northumbria University, to discuss the problems in the process to approaching Green building 
certification in projects reported before in previous studies and to ask for their opinion in the 
integration potential and challenges. The interview’s structure provides a basis for addressing 
the elements’ successful integration in terms of process, workflow, data and data exchange. The 
interview has shown to be the most suitable method, as it is found that there are not enough 
literature reviews reporting the updated current reasons for the gaps; by experts in the industry, 
and potential areas to improve. 
 

B. Breaking down credits (points) into manageable tasks and roles 

For applying this stage, BREEAM is chosen as one of the EAM and by focusing on the materials 
and energy categories, the credits for each category are broken down into manageable tasks, 
roles and deliverables. Those tasks are defined by studying what type of suitable design or 
analysis type is needed to be done for each credit and at which stage.  

 

C. Defining deliverables and responsibilities  

In this step, the following questions are answered: What data are needed for each credit (LOI, 

LOD), When and Who. In this stage the responsibility matrix data for the sustainable targeted 

points need to be defined with tasks, roles and deliverables (level of information LOI and level of 

detail LOD) for the credit to be plugged into the tool kit. This information can then be plugged in 

and used in the BIM tool kit, which is used as a management tool that monitors the supply chain 

within the common data environment for collaborative process.  

DATA ANALYSIS AND RESULTS 
 

This section will be discussing the integrated parts and gaps between the BREEAM stages and 
requirements and RIBA work stages in the digital plan of work applied in the NBS BIM tool kit. 
First, in the BREEAM, New construction manual the assessment stages are mapped with the RIBA 
work stages, as shown in Fig.3.  
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Fig. 3: BREEAM and RIBA work stages (BREEAM, New construction 2016) 

 
Interviews qualitative data analysis and key findings 

 
In summary, the interview’s structure was aiming to discuss four main points: problems in the 
process of the current approaches to achieve EAMs generally and BREAAM specifically, the effect 
of the energy assessor contribution stage, the benefits and challenges of the integration between 
digital plan of work and EAMs work process and finally, other factors affecting effectiveness for 
attaining sustainability in buildings. The key findings for the interviews are:  
 

1. The problems in process to approach EAMs are: difficulty in setting clear defined suitable 
targets which make it difficult to set responsibilities, dealing with sustainability assessment 
as stage at the end of the design not throughout the process.  

2. The contribution stage of the energy assessor must be determined by recognising the early 
contribution cost benefit analysis and the drawback of late appointment.  

3. The expected benefits for the proposed integration are: creating a shared platform with 
well-defined targets and responsibilities at early stages reduces the possibility of work 
repeat. The expected challenge is to have a standardised universal approach that is flexible 
with different project complexities and circumstances.   

4. Other factors may include: Not considering all aspects of sustainability of building 

throughout the whole life cycle, in addition to the client influence (commitment to 

sustainability cost, approaches, targets, assigning responsibilities). 
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Sustainable design related analysis types and stages  
 

A study was held by Salman Azhar (2011) defining the relationship between BIM based sustainable 
analysis and LEED credits in all categories. A similar approach is taken in this part to analyse the 
credits to BREEAM and their relation with different BIM based sustainable analysis types, carried 
out on the energy and materials categories, to show which type of analysis and documentation to 
each credit are needed at which stage, as illustrated in Table 1.  

 
Table 1: BREEAM energy and materials categories vs BIM based sustainable design  

 
 
 
 
 
 
 
 
 
 
 
 
 

Note: (PD) Pre-Design, (DE) Design 

This broad overview illustrated in the table, to identify what type of analysis needed for project 

team, was essential to be aware of and select suitable tools at the ultimate stage to achieve them. 

 
Breakdown of Evidential Requirements 
  
One credit which is Life Cycle Assessment (LCA) is used as an example. Illustrated in Table 2 is the 

information needed to be plugged into the tool kit to create a template implementing the 

integrated sustainable project delivery. After reviewing the BREEAM requirements (BREEAM- New 

construction, 2016) and related deliverables needed to attain this credit, a breakdown to tasks, 

deliverables and roles is identified as shown in Table 2. To be able to translate the above BIM- 

based analysis discussed in the previous section for each credit, it is important to breakdown the 

evidential requirement stated for them by defining: 

1. Stages where the information is plugged into the tool kit. 

2. Tasks needed to complete it and who will be responsible for it. 

3. Deliverables needed to be shown in the common data environment at this stage. 

4. Deliverable format (in BIM model, excel sheet, simulation result, etc.) 

5. Needed LOI and LOD of the deliverable. 
 

Integrating BIM tools with specifications  
 
To complete the framework, also the relation between, the project team need to be familiar with 
the relation between BIM models, the EAM and other BIM based tools such as the NBS create, 
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NBS BIM tool kit, energy simulation, LCA tools, etc. Also, the data exchange between them is very 
important to eliminate the data leakage and loss which will be discussed in future work to 
complete the decision making framework.  
 

Table 2: Breakdown of evidential requirements into tasks, roles and deliverables 

 

 

CONCLUSION 
 
As BIM applications are emerging, fast growing technologies, this research discussed the current 
areas of disconnection between sustainability targets and BIM processes and the potential in 
integration for efficient project handling. After studying the potential for the synergies of BIM and 
green building project delivery, execution and best practices of Green BIM implementation in 
industry, it is concluded that some of the problems of the EAM’s process and current approach 
can be overcome through integrating sustainability targets and responsibilities in the cloud (NBS 
BIM tool kit) digital plan of work. On the other hand, it is determined that there are other factors 
affecting the efficiency of delivery process for green certified sustainable building. Also, other than 
difficulties in standardising a universal approach for all projects, there are other limitations and 
barriers that affects the adoption of new approaches which are not yet discussed, such as: 
technological barriers, financial barriers, human aspects barriers and priorities to change the way 
they used to work. Finally, it has to be mentioned that the discussed outputs are initial results 
within an ongoing research work.  
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Abstract 

The increasing concerns over population growth, depletion of natural resources and global 

warming as well as catastrophic natural events is leading the international scientific 

community to envisage sustainability as a crucial goal. The built environment plays a key role 

on the triple bottom line of the sustainable development - Planet, People, Profit - because of 

several environmental, social and economic impacts produced by the construction sector. 

The acknowledged need to promote a sustainable building market is an international high-

priority issue as underlined by the 2030 Agenda for Sustainable Development. Indeed, one 

of its strategic objectives highlights to make cities and human settlement inclusive, safe, 

resilient and sustainable. In line with the 2020 Europe Strategy and the European 2050 

Roadmap, energy efficiency and CO2 savings towards a low-carbon economy are regarded as 

ambitious objectives to be achieved for both new and existing buildings. Thus energy retrofit 

becomes a fundamental and growing research area to be investigated. 

 

This study aims to investigate the opportunity to develop sustainable integrated renovations 

that can improve energy and structural performance and at the same time provide economic 

and social benefits. A brief overview on the main characteristics and criticalities of the EU 

existing residential building stock is introduced. The work emphasizes the possibility to use 

envelope retrofit practice based on prefabricated modules as a potential measure to 

optimize the energy performance and increase occupants’ comfort and economic property 

value. The benefits of the investigated solutions are evaluated according to a multi-

performance life-cycle oriented approach. Finally, a discussion on the possibility to apply the 

proposed methodology to residential high rise buildings in Leeds is exposed. 

 

INTRODUCTION 
 
Nowadays, the significant increase of urban areas has led the building and construction sector to 
explosively grow into one of the largest global industries with immense consequences for all three 
dimensions of Sustainable Development - Environment, Economy and Society. In line with the 
most accredited definition of sustainability, as firstly stated by the 1987 Brundtland report, it is 
essential to meet needs (Brundtland, 1987) of a world population, which has more than doubled 
since 1950. According to United Nations (2016), around 55% of the world’s seven billion 
inhabitants lived in cities and urban areas in 2016: a trend which is expected to increase to 66% 
by 2050, making the planet for two-third urban. A direct effect of this rapid urbanization process 
is the growing exposure to a higher risk of mortality and/or economic losses for an increasing 



494 
 

number of cities’ dwellers located in natural disasters vulnerable areas. Consequently, an urgent 
action to promote sustainable and smart cities is highly recommended at international level. The 
worldwide scientific community is seriously involved assuming drastic measures to mitigate and 
adapt against the effects of climate change and the degradation of natural defenses, as indicated 
by the first Intergovernmental Panel on Climate Change (IPCC) report (1990), the Kyoto Protocol 
(1997) and the Paris UN Climate Change Conference (COP21) (2015). This latter international plan 
has marked an historic turning point in global action on climate change, establishing for the first 
time a legally binding and climate agreement which sets the world on a zero carbon, resilient and 
fair future.  
 
At the European level, the construction sector is at the hearth of the 2020 Europe Strategy. 
Buildings are responsible for 40% of total EU energy consumption, 36% of GHG emissions and a 
third of the total European waste (EU, 2012). Moreover, the construction sector generates 10% of 
GPD on European economy and people spend 90% of their time inside buildings, so comfort, safety 
and healthy indoor environment have to be guaranteed. Thus, over the last two decades European 
Commission has been boosting the promotion of sustainable constructions, launching several 
initiatives and action plans as a first step towards the eco-efficiency objectives. In addition, the 
perspectives to a low carbon economy make this sector one of the most suitable for meeting the 
ambitious EU goals of reducing CO2 emissions by at least 80% and energy consumption by as much 
as 50% by 2050. In such a way, the energy requirements for achieving the so-called ‘20-20-20’ 
targets by 2020 are strengthened. These theoretical concepts have been implemented through 
policy mechanisms and codification, leading the EU legislative context to adopt regulatory 
instruments with specific binding characteristics, such as the 2010 recast of Energy Performance 
of Buildings Directive (EPBD) and the 2012 Energy Efficiency Directive (EED), the EU's main 
legislation covering the reduction of the energy consumption of buildings. The former addresses 
the operational energy use of buildings and its review particularly highlights the achievement of 
nearly Zero Energy Buildings (nZEBs) for all new and undergoing major renovation constructions 
by 2018 and 2020 for the public and private sector, respectively. The EED sets out energy savings 
requirements for EU countries' buildings which include the request to establish national plans for 
renovating overall building stock, since older and more obsolete buildings are associated to the 
largest energy saving potential (BPIE, 2011). The EU existing building stock, considering both the 
residential and the non-residential sector, accounts for 25 billion m2 of useful floor space in the 
EU27 (BPIE, 2011). The residential building stock is the biggest segment with a floor space of 75% 
of the total buildings and it is estimated that 64% of the residential building floor area is associated 
with single family houses (SFH) and 36% with apartment blocks. More than 40% of residential 
buildings have been constructed before the 1960s, followed by a large percentage built among 
1961-1990 when the housing stock almost doubled (BPIE, 2011). It is worth analysing some 
important factors in the refurbishment process. Renovation measures are certainly affected by 
location, in terms of energy demand, structural typology and scale. Indeed, economies of scale 
can come into play with large-scale renovation programs, enabling actions on streets and districts. 
Although big emphasis is posed at the European level on energy efficiency, focusing on the built 
environment, often buildings requiring energy retrofit also need structural improvements. Indeed, 
it is clear that these buildings have exhausted their design service life and the possibility of their 
further usage should be determined based on the result of a thorough structural assessment 
analysis (Marini et al., 2014). Thus, structural retrofit interventions should be absolutely taken into 
account together with energy retrofit. 
 

http://eur-lex.europa.eu/legal-content/EN/ALL/;ELX_SESSIONID=FZMjThLLzfxmmMCQGp2Y1s2d3TjwtD8QS3pqdkhXZbwqGwlgY9KN!2064651424?uri=CELEX:32010L0031
http://eur-lex.europa.eu/legal-content/EN/ALL/;ELX_SESSIONID=FZMjThLLzfxmmMCQGp2Y1s2d3TjwtD8QS3pqdkhXZbwqGwlgY9KN!2064651424?uri=CELEX:32010L0031
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1399375464230&uri=CELEX:32012L0027
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The present contribution aims to highlight the importance of considering an integrated multi-
performance based approach for building retrofit that accounts for all the aspects of the 
sustainable development. In the next sections, a discussion on possible energy retrofit approach 
is carried out. Emphasis is posed on the possibility to consider envelope retrofit practice as a mean 
to exploit the integration of energy efficiency with the improvement of environmental, social and 
economic issues. A brief overview on conventional and innovative energy retrofit measures is 
exposed, focusing on potential prefabricated systems solutions. Then a multi-performance life-
cycle oriented methodology for an integrated retrofit of existing buildings is presented. The 
potential application of this approach to residential high-rise buildings in Leeds (UK) is briefly 
presented. 

ENERGY RETROFIT APPROACH FOR EU EXISTING BUILDINGS 

The building sector is one of the key consumers of energy in Europe. Buildings demand energy 
during their whole life-cycle both directly (for construction, operation and eventually demolition) 
and indirectly (for possible mining, processing and production of construction materials) (Sartori 
and Hestnes, 2007). The utilisation phase of a building is the longest stage of its life-cycle, usually 
lasting many decades and accounting for the greatest part of building’s energy use which is 
demanded for living environment heating, heating of drinking water, lighting, ventilation cooling 
and air conditioning systems. Focusing on the residential sector, in 2009 EU households were 
responsible for 68% of the total final energy use in buildings. In particular, heating consumes the 
largest amount of energy in households, accounting for 65% in 2010 in EU-27, followed by water 
heating and appliances/lighting. In relation to space heating unit consumption per dwelling 
(Online: Entranze tool) (Fig.1 a), it is worth noting that in Southern countries, such as Portugal and 
Italy the energy use is relatively high despite heating needs are lower due to milder winters, which 
provide an indication of insufficient envelope thermal insulation in their building stocks. 
Moreover, a wide variation in energy and electricity consumption per dwelling (Online: Entranze 
tool) for different European countries in 2010 can be observed (Fig. 1b and 1c) with a higher 
consumption in Northern and Western Europe than in Southern and Eastern Europe, substantially. 
These geographical differences are important to keep in mind when designing measures to 
increase energy efficiency. 

   
(a) (b) (c) 

Figure 1. EU consumption of (a) space heating unit; (b) energy and (c) electricity - lighting, electric 
appliances (Data source: Entranze tool)  

The energy performance of households depends on various factors such as the performance of 
the installed heating system and building envelope, climatic conditions, behavioural 
characteristics and social circumstances. Energy renovation of the EU building stock turns out to 

> 15000

12000 to 15000

10000 to 12000

8000 to 10000

< 8000

kWh/dw

> 2

1.5 to 2

1.3 to 1.5

1 to 1.3

< 1

toe/dw kWh/dw

> 3000

2500 to 3000

2200 to 2500

1500 to 2200

< 1500



496 
 

be not only the key to reach the climate targets, but it can also be seen as a vehicle to improve 
economic and social conditions. Building energy retrofit measures can be categorized in four main 
groups on the basis of the element on which the improvement intervention is made: (1) building 
facade (i.e. walls and windows); (2) overall building envelope; (3) energy systems (i.e. HVAC, 
lighting etc.) and (4) installation of renewable technologies (BPIE, 2011). According to 2011 BPIE 
report, building renovation can be classified in four different types (Table 1), depending on the 
number of the adopted energy retrofit measures and on the consequent levels of associated 
energy saving.  

Renovation type 
Improvement 

measure 
Final energy saving 

(% reduction) 
Indicative saving 

( modelling ) 
Average total project 

cost (€/m2) 

Minor 
Single as new boiler 
plant or insulation 

0 - 30% 15% 60 

Moderate 3- 5 interventions 30 - 60% 45% 140 

Deep Holistic approach 60 - 90% 75% 330 

nearly Zero Energy 
Building (nZEB) 

All energy retrofit 
measures 

+ 90% 95% 580 

Table 1, Renovation type and economic investment estimates (Source: BPIE, 2011). 

Nevertheless, emphasizing exclusively the optimization of energy efficiency is ineffective. This 
approach does not meet overall sustainable requirements of the actual international and 
European strategies. The built environment is a key element in determining quality of life and 
contributes to cultural identity and heritage. Thus, according to McKinley (2012, p. 13), ‘a sector 
focused solely on financial and economic performance without capitalizing on value creation from 
social and environmental innovation, is a business dead-end’. In that line, the energy improvement 
based on an envelope retrofit approach becomes an interesting opportunity to improve the entire 
building fabric thanks to an integrated renovation, acting in a way that is not simpler and faster 
but smarter. It is acknowledged that interventions on mechanical and electrical systems maximize 
energy reduction for minimal investment. Nevertheless, an energy retrofit approach that focuses 
solely on equipment upgrades is ‘effective but limited in the overall energy savings it can generate’ 
(Griffin, 2016, p. 7). In historical buildings, services are upgraded on a cyclic basis, whereas 
alteration of the building fabric can be very restricted. Nevertheless, when such an intervention is 
possible, it can persist for an important portion of the life cycle of the building fabric. Therefore, 
in a logic of carbon reduction, any improvement of the thermal performance of the building 
envelope should be prioritized (Iuorio, Barbalace and Fernandez, 2016). The envelope is 
recognized as the most critical part in relation to energy efficient buildings, considering that it 
impacts 57% of the building thermal loads (EU, 2012). For this reason, energy efficient building 
should use envelopes that are durable, adaptable and cost-efficient. According to Kamel and 
Memari (2016), energy envelope retrofit approach could be simply categorized into conventional 
and deep energy retrofit using different measures in order to improve energy performance. Simple 
and fast methods are used in the former case, while a whole-building retrofit approach is 
considered for the latter one. An overview of the current conventional and innovative energy 
retrofit measures of the building envelope is therefore presented in the following paragraph. 

Conventional and innovative envelope retrofit measures 

The easiest measure to enhance the energy performance of buildings is to improve the thermal 
performance of the building envelope through the insulation of walls, floors and roofs and the 
replacement and tightening of windows and doors. With regard to external walls and roofs, two 
main ways of obtaining improved thermal insulation need to be considered: (1) Increasing the 
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thickness of the insulation, even if various disadvantages such as the cost of construction and the 
loss of space could occur and (2) Improving the thermal insulation properties by reducing the 
thermal conductivity of the insulation material. 
 
In the last years the development of new technologies for the energy performance improvement 
has been greatly investigated. In that line some outstanding techniques for the envelope retrofit 
aimed at reaching a high energy performance can be mentioned. Within the insulation solutions, 
some innovative materials have been developed such as the Vacuum Insulation Panels (VIPs): flat 
elements consisting of an open porous core material which has to withstand the external load 
caused by atmospheric pressure, as well as a sufficiently gas-tight envelope to maintain the 
required quality of the vacuum. VIPs, compared to conventional insulation materials of the same 
thickness, save about 26 kWh per m² component area and about 7.3 kWh per m² useful building 
floor area (EU - JRC, 2012). Other effective techniques regard roofs. In particular, a cool roof is a 
system able to reduce cooling demand and to reflect solar radiation, providing several benefits 
such as reduced air conditioning use, resulting in 10% - 30% energy savings; decreased roof 
maintenance due to its longer life and increased occupant comfort. A Green roof, instead, acts as 
an insulation layer and it can be categorized in extensive and intensive, having a thin layer of 
growing material and a greater soil depth, respectively. These systems reduce heating demand 
and provide benefits going beyond the thermal balance such as enabling biodiversity, reducing 
urban heat island effects and water run-off. An innovative system related to façade retrofit is the 
Active Solar Thermal Façade (ASTF) which functions as both a building envelope and a solar 
collector component and it can be used as part of walls, windows, balcony, sunshield and/or roof 
(Zhang et al., 2015). Another innovative energy retrofit solution is the Double-Skin Façade (DSF), 
based on the notion of exterior walls that respond dynamically to varying ambient conditions. In 
addition, they can incorporate a range of integrated sun-shading, natural ventilation, and thermal 
insulation devices or strategies. Further details could be found in (Musa and Alibaba, 2016).  

Prefabricated modular systems for envelope retrofit 

Building renovations with the integration of prefabricated façades and roof elements can provide 
an opportunity to improve the architecture and quality of the existing building envelope, while 
ensuring energy saving. In particular, prefabricated renovation modules demonstrate that 
industrialized prefabrication technologies are no longer only the domain of new buildings (IEA - 

ECBCS, 2011). They have a large potential for building renovation where they offer a better quality 
of workmanship and a faster construction process. The use of prefabricated modular systems 
present several sustainable advantages such as optimized constructions quality and flexible 
systems, cost efficiency due to prefabrication, a quick renewal process with minimized 
disturbances for the inhabitants, a dry construction process, an easy maintenance for planned 
and/or repair interventions and the potential reuse of elements at the end of the life-cycle. Several 
European renovation programs demonstrate that validated envelope prototypes could be the 
starting point for holistic retrofit strategies leading to urban renovation projects. Indeed, in order 
to categorize the interventions, it could be possible to classify the retrofit approaches on a three 
scale basis: 
 

1. At the scale of the element, when the retrofit invests only walls and/or floors and roofs (Fig.2); 
2. At the scale of building, when the whole building is retrofitted with new technical and 

architectural additions which can also inform a new internal space distribution (Fig.3); 
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3. At the scale of the neighborhood, when a system of buildings and eventually the common 
external areas are retrofitted following a common approach that will deliver not only energy 
improvements, but also an overall urban regeneration (Fig.4). 

 

 

Figure 2. Example of retrofit approach at the ‘element’ scale (Data source: EU - Cordis, 2012, pp.9-21) 

 

Figure 3. Example of retrofit approach at the ‘building’ scale (Data source: IEA - ECBCS, 2011, pp.49-56) 
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Figure 4. Example of retrofit approach at the ‘neighbourhood’ scale 

In summary, depending on the building location, the existing envelope systems and the climate 
zone, the envelope retrofit based on prefabricated modules might be focused on different 
components at different scale levels, becoming a potential measure to optimize the energy 
performance and increase occupants’ comfort and economic property value in the perspective of 
a sustainable integrated urban renovation. 

A SUSTAINABLE INTEGRATED RETROFIT (SIR) METHODOLOGY 

The Rio +20 Conference outcome - The future we want - recognized that cities can lead the way 
towards economically, socially and environmentally sustainable societies, but a holistic approach 
to urban planning and management is needed in order to improve living standards of urban and 
rural dwellers (UN, 2014). This argument perfectly fits in the renovation of the existing residential 
buildings which are integral part of the urban areas and represent the majority of EU building 
stock. Besides the acknowledged poor energy performance, the majority of existing properties 
show a lacking planned maintenance and an inadequate interaction with the urban and social 
context, as well as structural deficiencies (Marini et al., 2014). Best practice for existing buildings 
retrofit are needed. In order to fulfil the increasing EU request of energy improvements for the 
residential sector, an envelope retrofit based on prefabricated modules could be the most 
effective solution to ensure not only energy savings and CO2 emission reduction, but also to satisfy 
several Planet, People and Profit requirements. In addition, structural improvements need to be 
ensured as well, stimulating an integrated renovation. In order to properly address this issue a 
Sustainable Integrated Retrofit (SIR) methodology is needed, as discussed in the next paragraph. 

An integrated approach for sustainable retrofit: basic principles and main steps. 

In the last years particular attention of the civil engineering research has been devoted to the 
sustainable structural design of new buildings. Similar approach can be applied to sustainable 
retrofit interventions on existing buildings (Romano et al., 2015).  
 
In line with the traditional approach, structural design is mainly focused on the construction phase 
and the first use stage. According to Sarja (2003, p. 1002), ‘maintenance and repair are reactive’. 
Their need is not considered in the design stage, and during use they are mostly realized at a very 
advanced stage of deterioration, causing huge investments in repair measures, or even the need 
of demolition. In such a way burdens on the economy, the environment and the society are 
produced. In that line, design for the life-cycle becomes the possible answer to conceive 
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sustainable retrofit solutions for existing buildings. It means to make decisions related to 
structural, environmental and economic requirements in the design phase of a retrofit 
intervention that will affect the entire life-cycle, becoming a tool to ensure an adequate degree of 
reliability, reduce costs, increase occupants’ comfort and protect the Planet. On the basis of the 
main principles of the sustainable structural design, the sustainable retrofit is an integrated time-
dependant multi-performance based design and/or assessment methodology, which takes into 
account the performances of a building related to the environment, the economy and the society 
during the whole life-cycle, without neglecting the structural performance. This methodological 
design philosophy is aimed at maximizing mechanical, durability, economic, social and 
environmental performance of a structure during the whole life-cycle, reducing at the same time 
the negative impacts played on the three dimensions of sustainability (Landolfo, Cascini and 
Portioli, 2011).  
 
In line with the sustainable structural design approach (Landolfo, Cascini and Portioli, 2011; 
Romano et al., 2015), three key points characterize the Sustainable Integrated Retrofit (SIR) (Fig. 
5a):  

1. It is a multi-performance based design approach, focused on the extension of the number of 
requirements to be satisfied. New sustainable needs such as reduced environmental impacts, 
optimized life-cycle costs, optimized building management need to be considered together 
with traditional requirements of reliability, safety and serviceability. 

2. It is a life-cycle oriented methodology: the considered time unit goes beyond the ordinary 
design working life and it may include all the stages of the construction’s life according to the 
cradle-to-grave approach. 

3. It envisages the use of quantitative procedures for the design of retrofit interventions, based 
on performance levels in accordance with the assessment methodologies developed in the 
framework of international research and received by ISO standards. 

  
(a) (b) 

Figure 5. The Sustainable Integrated Retrofit (SIR) methodology: the approach (a) (Source: image 

adapted from Landolfo, Cascini and Portoli, 2011, p. 306) and the main steps (b) 

It is worth noting that the main goal of the examined integrated approach is based on two essential 
aspects (Fig. 5b). Firstly, the quantitative sustainable performances assessment in a holistic way 
during the entire life-cycle of a building is required. Secondly, a method to integrate all the 
obtained results to achieve a global parameter is needed.  In relation to the first step, the 
evaluation of the environmental performance is addressed by the Life Cycle Assessment (LCA) 
methodology in accordance with ISO 14040:2006 and ISO 14044:2006. The economic performance 
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is assessed thanks to the Life Cycle Costing (LCC) methodology in the respect of ISO 15686-5:2008. 
LCC is an effective method to estimate costs in monetary terms arising during the life-cycle of a 
construction. LCC extends the cost analysis over the whole life of a building, going beyond the 
traditional approach which estimates only the initial costs for construction: maintenance, 
inspection and repair costs, as well as dismantlement ones are evaluated, showing the real value 
of the investment. The social performance is the less analyzed. Nevertheless, important steps have 
been achieved thanks to the work of the Life Cycle Initiative, a joint organization UNEP/SETAC 
which defined guidelines for a Social - Life Cycle Assessment (S-LCA) methodology in 2009. 
Although a first generation of standards has been adopted thanks to both EN 15643-3:2012, 
focusing on the evaluation of social impacts of buildings at framework level and EN 16309:2014 
dealing with the social performance assessment of buildings at use stage, other steps in this 
direction are needed. Finally, according to Life Cycle Performance (LCP) assessment methodology 
in the respect of ISO 13823:2008, the structural performance could be assessed by a parameter 
measuring the reliability of a structure such as the failure probability in accordance with a specific 
limit state and/or a reliability indicator. Moreover, the verification of durability, considering 
service life scenario based on the prediction of the deterioration that will act on the structure 
leading to a decrease of performance can be assessed. According to a life cycle analysis, on the 
basis of ordinary maintenance operations and/or potential exceptional events during the use stage 
of the working life of the structure, it could be possible to define the period of time beyond that 
the structural performance are not ensured as required at the design stage. In relation to the 
second step, it is evident that the integration process could be complex because of the different 
performance measure units, therefore simplified methods need to be considered. These 
integrated methods are based on a multi-criteria decision making (MCDM) analysis. This 
technique consists of determining the optimal alternative among a set of solutions which are 
evaluated with respect to a set of criteria. In the context of sustainable assessment, the three 
dimensions of sustainability become the criteria. Then various sub-criteria can be defined for each 
criterion, expressing the objectives of the three dimensions. Once criteria and sub-criteria have 
been determined, it is possible to define the decision matrix, considering all the parameters 
involved in the decision process in a hierarchic scheme. The choice of a multi-criteria analysis in 
the integrated retrofit is a decisional task which may employ several methods. According to Ciutina 
et al. (2013, p. 111), ‘the indicator-oriented methods are deficient due to ignorance of non-
considered criteria’. For this reason, other methods, such as the multi-axial representation or the 
characterization factor could be preferable towards the choice of the best retrofit solution. 
 
An interesting approach to overcome the gap of the combination of different performances in a 
global result could be found in Romano, Negro and Taucer (2014). A Sustainable Structural Design 
(SSD) methodology is provided in order to include environmental aspects in structural design 
throughout the entire life-cycle of a structure, following three main steps: (1) Environmental 
performance assessment through the Life Cycle Assessment (LCA); (2) Structural performance 
assessment through the simplified Performance-Based Assessment (sPBA) and (3) Combination of 
environmental and structural results in economic terms. In such a way, all the requirements of a 
building are holistically balanced, obtaining a unique quantitative assessment parameter. On that 
basis this methodology could be suggested also for the design of retrofit interventions of existing 
buildings, even if it has been introduced as a methodology for the design of new structures. 
Nevertheless, social aspects are completely excluded but they could be easily introduced thanks 
to the evaluation of the societal costs associated with domestic space heating and hot water 
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energy efficiency. Further developments in this direction will be investigated in the future steps of 
research related to the Sustainable Integrated Retrofit methodology.  

A DISCUSSION ABOUT THE POTENTIAL APPLICATION OF THE ‘SIR’ METHODOLOGY 

TO HIGH RISE BUILDINGS IN UK 

In the UK, space heating consumes a large amount of energy. The 2013 UK Energy Statistics 
indicated that annually in domestic house sector 66% of toe was used for space heating and 17% 
for hot water production (DECC, 2014). Moreover, the heating cost accounts for around £33 billion 
each year. This large heating consumption level highlights the very poor energy performance of 
UK buildings, so energy retrofit is a high-priority issue for UK existing residential building stock. A 
significant portion of those properties is composed of high-rise buildings, based on industrialised 
systems such as the Large Panel System (LPS) constructions which were extensively built from the 
mid1950 to 1970. Currently, these buildings are affected not only by poor energy performance, 
but they can also present structural deficiencies, considering that their design service life is 
exhausted in several cases.  
 
Focusing on high-rise buildings in Leeds, the Leeds City Council (LCC) is strictly involved in 
retrofitting residential tower blocks with an over 10 years’ investment from 2016, in order to 
achieve the ambitious objectives of reducing both carbon emissions as part of the citywide target 
of 40% between 2005 and 2020 and tenants’ energy bills by 10%. LCC owns 116 apartment blocks 
which were widely built in ’60s and the largest percentage of them are 10 to 12 storey high (Figure 
6a and b). The majority of these constructions are reinforced concrete frames; however, some of 
them are constructed with a large concrete panel system (i.e. Reema, Cook, Myton and Shepard 
blocks). Some buildings have been improved through an extensive cavity wall insulation or an 
insulated cladding system. All these differences result in a wide variation of walls U-values which 
range from 0.34 to 1.56W/m2K. Finally, much of the heating infrastructure is outdated and in need 
of replacement (ARUP, 2016). 

  
Figure 6. Share of Leeds tower blocks in terms of year of construction (a) and number of storeys (b) 

(Data source: ARUP, 2016) 

On that basis, an energy retrofit is highly required. The LCC has defined five recommended 
interventions in this direction with a scale of priority, ranging from 1 (high priority) to 4: a) 
community heating system (priority: 1); b) new hot water cylinder (priority: 1); c) new electric 
heater and controls (priority: 2); d) cladding - external wall insulation (priority: 2/3); increased roof 
insulation (priority: 4). This scenario results in a cost effective invest-to-save strategy, providing a 
balance between carbon saving and reduced energy bill. In such a way, energy efficiency is surely 
obtained, but the requalification is approached by a solving episodic problem exhibited by the 
building. Indeed, focusing exclusively on a single problem makes retrofit intervention limited to 
solving only part of the criticalities, without considering the complexity and the interrelation of all 
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the deficiencies of the building system. Any retrofit solution which is conceived having in mind 
only one aspect, is bound to failure in a long term perspective. An integrated renovation based on 
the envelope retrofit could instead have the potential to improve the energy performance, 
ensuring at the same time several benefits related to the three dimension of sustainability. In that 
line, the Sustainable Integrated Retrofit (SIR) methodology could be applied in order to design and 
assess the best integrated retrofit solution.  

 
Energy retrofit of Leeds tower blocks should be considered as a driver of renovation at urban scale. 
Indeed, these tower blocks are often located in areas where there is no interaction between the 
built environment and the urban context. In addition, they exhibit a high state of deterioration, so 
interventions both on the fabric and on structure allow buildings to obtain architectural quality 
and structural safety, ensuring added property value and a global urban regeneration which means 
more liveability for the tenants and/or owners. In such a way, several environmental, economic 
and social benefits could be achieved: energy efficiency, as well as a reduction of CO2 emissions; 
optimization of costs; health and well-being of the inhabitants. In addition, retrofit for the life cycle 
becomes a way to assess future impacts of the renovated building already at the retrofit design 
phase, making decisions that will affect the next stages of building life-cycle and it also becomes a 
tool to protect environment, control costs, and ensuring human wellbeing. All that considered the 
SIR methodology perfectly suits the challenge of renovation, becoming a potential urban strategy 
which regards the implementation of energy retrofit in a holistic process for Leeds tower blocks 
upgrading. 

CONCLUSION 

 
A high quality of life, the reduction and recycling of waste, a more efficient use of water and energy 
and the management of the pressure exerted by demographic growth and urbanization are the 
major goals for a sustainable urban vision. In the light of the current state-of-art related to EU CO2 
emissions reduction and energy saving, energy retrofit of residential building stock turns out to be 
a potential solution in order to reach these objectives. Nevertheless, many other requirements 
related to environment, economy, society as well as structural engineering should be considered 
for existing buildings, so an integrated renovation is needed. 
 
In that line, an energy retrofit approach focused on the building envelope by using prefabricated 
modular systems results a conceivable solution to enlarge retrofit measures to the whole building. 
A potential sustainable integrated retrofit methodology is recommended and briefly introduced, 
exhibiting several advantages if applied to a real case study which refers to residential towers 
blocks in Leeds. In such a way, the challenge of energy improvement for those specific high-rise 
residential buildings offers the opportunity to reach a renovation at urban scale. 
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Abstract 

Adopting a fabric first approach and installing thermal insulation in existing buildings is one of the 
most effective methods of improving energy efficiency. The use of internal wall insulation (IWI) 
has been shown to offer an effective thermal solution, especially where other methods of 
insulation are unsuitable. However, fitting internal wall insulation is not without risk as 
discontinuities (gaps) are often found in the insulation layer for a variety of reasons. This can lead 
to increased flow of heat from the interior to the exterior causing reduced local surface 
temperatures, which can lead to condensation or mould growth. 

Currently there is little or no consistency in the terminology used to discuss such discontinuities in 
IWI and as such categorising specific types of discontinuities and their relative magnitude and rate 
of recurrence in practice is difficult. This paper seeks to address the lack of consistency by 
proposing a taxonomy that practitioners and researchers can use when describing discontinuities 
in IWI. 

This paper brings together the findings from building performance research, part of which involved 
field studies   forensically observing IWI installations.   Alongside the site visits, a literature review 
of IWI research was undertaken to identify the types of discontinuities observed and the 
terminology used to describe the occurrence and characteristics.  From this a taxonomy has been 
developed to standardise and characterise discontinuities. It is hoped this will improve the 
understanding of and appreciation for the importance and scale of discontinuities in the industry, 
in so doing setting out a route for reducing their occurrence.  It is also proposed that this taxonomy 
could be adapted for use in discussion of other insulation types. 

 

1. INTRODUCTION 

 
As a result of anthropogenic CO2 emissions and climate change, reducing of CO2 production across 
the world is a widely embraced goal of governments (IPCC, 2014), the UK, for example, has a target 
of reducing CO2 emissions to 80% of 1990 CO2 emissions by 2050. With around 30% of the UK’s 
CO2 emissions being attributed to housing energy use (Select Committee on Environmental Audit, 
2005) energy efficiency improvements in UK housing stock represent a significant opportunity for 
carbon reduction. 

The thermal upgrade of existing dwellings can significantly reduce heat lost through building fabric 
and thus reduce space heating energy demand. A large number of dwellings have walls that can 
be considered hard to treat: These are walls that are unsuitable for blown cavity wall insulation 
such as solid masonry walls or cavity walls that cannot be filled due to a narrow or obstructed 
cavity. There are an estimated 6.5 million solid walled dwellings in England alone, making up 31% 
of English housing stock, and accounting for 72% of hard to treat dwellings in England (BRE, 2008). 
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One solution to thermally upgrade the building fabric of these dwellings is the installation of 
internal wall insulation (IWI), which consists of a layer of insulation material fixed to the internal 
faces of the dwellings external walls. Weeks et al. (2013) calculate a typically applied IWI retrofit 
can significantly improve a solid brick wall with a U-value of 1.985 W/m2·K to a U-value of 0.261 
W/m2·K after retrofit. 

Although the benefits of thermal upgrades are strongly advocated, IWI is not without its potential 
drawbacks. Achieving full coverage of the IWI layer is often challenging as all obstacles fitted to 
the wall surfaces need to be removed, relocated or refitted once the insulation is in place. Such 
obstacles include radiators, kitchen and bathroom fittings, electrical fittings, cabinets etcetera 
(Weeks et al. 2013). There are also risks of moisture build up within the structure of solid walls 
since the addition of insulation material on the internal face of external walls changes their 
hygrothermal behaviour. When internal insulation is fitted the heat flow into the wall is reduced, 
thus the potential heat flow from internal heat sources to contribute to drying of the wall structure 
is reduced, potentially leading to the formation of condensation within the wall structure (Kolaitis 
et al. 2013; Kloseiko et al. 2015; Madoras et al. 2012).  Thermal bridging of internal insulation can 
be a significant problem too, Marincioni et al. (2015) describe how without careful consideration 
of thermal bridging at junctions, when installing IWI, the overall thermal bridging of the external 
walls is likely to increase.  

It may be more difficult to maintain continuity of the thermal insulation layer using IWI compared 
to external wall insulation (EWI) or cavity wall insulation.  EWI may more readily cover the exposed 
surface, wrapping around the building with less obstruction.  Internal wall surfaces are inherently 
obstructed with internal walls and floors, boxing in of services, radiators, electrical sockets, fitted 
cupboards and other existing barriers inside the dwelling which prevent full insulation continuity. 
IWI may therefore be more vulnerable to discontinuities in the insulation layer, thus increasing 
the number of potential problems this causes. Discontinuities in IWI can be described as 
constructional thermal bridges, brought about due to constructional detailing (Janssens et al. 
2007). 

Hens (1998) carried out laboratory tests within an environmental chamber, on a mocked up 
masonry T-junction with insulation only fitted to the "external" wall section, finding cold surface 
temperatures at the "partition" section, posing a condensation risk. Work by Little and Arregi, 
(2011) also identified discontinuities of IWI to be subject to thermal bridging and at risk of 
condensation formation, particularly wall junctions, where IWI is installed asymmetrically on one 
side. The side of the party wall without IWI experiences lower surface temperatures and a greater 
risk of condensation formation. 

The form of discontinuities investigated varies across the published literature, due the range of 
junctions and construction details around which discontinuities of IWI can occur. The language 
used to refer to discontinuities also differs across publications. This paper aims to develop a logical 
taxonomy of discontinuities in IWI that can be used to clarify their discussion and assist future 
research and installation practice.  

2. METHOD 

 
A review of historical research reports for previous site visits to homes with IWI was undertaken. 
The initial review commenced with a report produced by the Leeds Sustainability Institute Gorse 
et al (2017), where primary data and information was also available. Characteristics of 
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discontinuities, around the location, cause, type and potential scale of impact, were recorded.  
Following this, a literature review was undertaken using the following key words/ phrases in 
academic journal article search engines: “internal insulation” “solid wall” “insulation” “solid wall 
insulation” “retrofit” “thermal bridge”  

Papers were included or excluded from the review according to the following rules; relevance to 
the subject of discontinuities of IWI, sufficient description to identify the characteristics of IWI 
discontinuity.  

Of the papers discovered during literature search, the number for review was narrowed down to 
nine in total. These were papers found to be relevant to the subject of discontinuities of IWI and 
that described discontinuities in sufficient detail to be identified and categorised.  

Of the dwellings investigated by Gorse et al (unpublished manuscript) 19 underwent retrofit with 
IWI. Primary data available included survey observations, plan drawings, photographs and infrared 
thermography, though not all of these were produced for each dwelling. Sufficient survey 
observations and visual data to positively identify discontinuities of IWI were present for 5 
dwellings. Of the 6 dwellings identified, 4 were found to feature discontinuities of IWI. 

3. RESULTS 
Three significant mechanisms of heat loss at discontinuities of IWI have been identified through 
review of literature and field work. Obstructive, Solid; Where the internal insulation layer is 
obstructed by a solid building element of low thermal resistance which bridges the insulation layer. 
Obstructive, Void; where the insulation layer is obstructed by a building element containing an air 
void, allowing air movement within the air void which bypasses the insulation layer. Exposed 
Sections of external wall that are not fitted with insulation, leaving an area exposed to the internal 
environment. Information on the geometry as a secondary identifier has also been provided since 
this was observed to influences the impact of the discontinuity and may therefore be a useful in 
their characterisation. 

3.1. Obstructive, Solid 
Hens (1998) investigated the hygrothermal behaviour of solid masonry walls fitted with IWI, using 
calculation based modelling and laboratory tests in an environmental chamber. Hens investigates 
a T-junction between a masonry envelope and an inside partition wall with insulation fixed only to 
the external envelope section. The low thermal resistance of the internal partition wall allows heat 
to be conducted past the insulation layer, forming a thermal bridge. 

Weeks et al (2013) modelled IWI discontinuities that could be found in a typical solid walled 
building retrofitted with IWI using thermal simulation software to calculate thermal bridging and 
surface temperatures at junctions. Whereas Hens (1998) investigated an internal partition wall to 
external wall junction; with IWI fitted symmetrically on either side of the partition wall, Weeks et 
al (2013) model a party wall to external wall junction, where IWI is fitted asymmetrically to only 
one side of the party wall.  Thus we have the same heat loss mechanism acting but two different 
outcomes owing to differing geometry of the structure at the junctions. In the asymmetrical case, 
thermal bridging increases and surface temperature decreases on the side without IWI, as can be 
seen in Figure 1.  Thus, a taxonomy needs to consider the primary (heat loss mechanism) and 
secondary (geometry) nature of the discontinuity. Geometry is considered in Section 3.4.  

Little and Arregi (2011) also find reduced surface temperatures in a similar situation to this where 
there is the introduction of an insulation return along the party wall. They see heat flow into the 
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wall from the insulated side reduces even further, whilst beneficial on the insulated side there is 
greater thermal bridging and reduction in surface temperature on the uninsulated side.  Whilst 
having a greater impact this still shares the characteristics of “obstructive, solid linear- 
asymmetrical” discontinuity. 

Obstructive, Solid discontinuities of IWI were observed in each of the four dwellings investigated 
by Gorse et al (2017) that were found to contain discontinuities of IWI. In each of these dwellings 
Obstructive, Solid discontinuities were found at internal wall junctions, consisting of a mix of 
symmetrical junctions without insulation returns and asymmetrical junctions with returns fitted 
only on one side. Two dwellings were observed to have no returns fitted at party wall junctions, 
whilst a discontinuity in this location is unavoidable in a retrofit of a single terraced unit, a return 
would mitigate thermal bridging on the side undergoing retrofit. In one dwelling Obstructive, Solid 
discontinuities were observed at junctions between uninsulated party walls and an insulated roof 
structure. 

Cuce and Cuce (2016) measured thermal bridging through a solid masonry partition wall joined to 
an external masonry cavity wall filled with insulation, an additional 20mm of aerogel insulation 
was fitted to the external wall on one side of the partition and measurements taken on the 
insulated side of the wall. Thermal bridging through the partition wall was found to increase 
significantly after IWI was fitted and although the insulation solution differs, this again represents 
an “obstructive, solid linear- asymmetrical” discontinuity 

3.2. Obstructive, Void: 

Obstructive, void discontinuities occur at breaks in the IWI layer due to an obstructive building 

element that encloses an air void. Air movement within the void allows the IWI layer to be 

bypassed via convection or advection i.e. air movement into and out of the void is able to take 

place. Air is able to permeate into and out of the air void, through the often unfinished internal 

face of the external wall and gaps in wall or floor finishes. Obstructive, void discontinuities share 

some similarity to exposed discontinuities, as they both involve a section of the face of an external 

wall that is not covered by insulation, and both can occur simultaneously though their underlying 

Figure 1: Heat flow diagrams illustrating a “conductive” discontinuity, in an external wall 

to brick internal partition wall, in plan view. Left : symmetrical application of IWI. 

“Obstructive solid linear-Symmetrical” Right : asymmetrical application of IWI. 

“Obstructive, solid Linear-Asymmetrical” 
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causes and heat loss mechanism differs and as such the potential the impact and remedying 

solutions are also different, obstructive, void discontinuities requiring mainly proper sealing and 

air tightness strategies.  

Obstructive, Void discontinuities were present in three of the four dwellings identified, occurring 

at intermediate floor to external wall junctions in three dwellings and at stud partition walls in two 

dwellings.  Thermography undertaken during depressurisation indicated that air infiltration was 

occurring at the obstructive, void discontinuities. In one case an attempt to eliminate the 

discontinuity at the intermediate floor junction was made, filling the gap in the insulation layer 

with insulation board offcuts. This appears to have been ineffective at preventing air infiltration. 

Harrestrup and Svendsen (2016) investigated uninsulated floor voids in a building fitted with IWI 

and found that the cold temperatures at the uninsulated inner face of the solid external wall and 

boxed in 200mm gaps in IWI above and below the floor void were at risk of condensation. They 

state that a correctly fitted vapour barrier is required to prevent exposure to warm and humid 

internal air, though they also point out it is difficult to achieve a perfect installation, due to the 

difficulty of installing an air barrier in an existing dwelling. Weeks et al. (2013) look at an 

uninsulated intermediate floor void in a dwelling fitted with IWI, simulating the heat flow through 

the junction, find that with symmetrical insulation coverage on either side of the void there is no 

risk of condensation in occupied spaces, though the temperature of the interior face of the 

external wall is found to be around 8-10 °C. Weeks et al also model an intermediate floor void with 

asymmetrically applied IWI (insulation above floor void with none below) in this case wall surface 

temperatures are higher, reducing condensation risk within the floor void but lower surface 

temperatures on the uninsulated side pose a condensation risk within the living space. 

The quality of construction and state of the existing fabric can affect the heat loss through 
discontinuities with air voids. External air can penetrate through the solid masonry walls, through 
cracks, damaged pointing and air gaps within the wall itself. Gaps around timber joists where they 

Figure 2: Obstructive, void discontinuity, a stud partition wall to external wall junction. 

Left :  thermogram of an obstructive, void discount, under depressurisation. Right :  Heat 

flow diagram of an obstructive void discontinuity in plan view. “Obstructive, void Linear-

Symmetrical” 
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penetrate the external wall can be a significant source of air leakage. Air exchange between void 
spaces and the internal environment can also lead to further heat loss, potentially posing a 
condensation risk as warm, moist air enters the void and reaches the cold face of the external wall 
(Harrestrup and Svendsen, 2016). Making partition walls and intermediate floors air tight as part 
of a retrofit can be difficult and prohibitively expensive (Banfill et al, 2012). 
 
3.3 Exposed: 
An exposed discontinuity occurs where there is a part of the internal face of the external walls of 
a dwelling that is exposed to the internal environmental conditions, due to a gap in the coverage 
of the IWI layer. Marincioni et al. (2016) investigates what impact thermal bridging at 
discontinuities in IWI at the window and door opening reveals has on the overall heat loss 
coefficient of typical mid and end terraced solid walled dwellings. They model the heads, jambs 

and sills of openings in the external walls, with and without insulation applied to the reveals. 
Uninsulated reveals are shown to account for a large proportion of the heat lost through all 
junctions, 40-52% in walls with varying thicknesses of IWI, falling to 19-34% with a 20mm thickness 
of insulation at the reveals. Weeks et al (2013) also investigate opening reveals, modelling heads, 
jambs and sills with 100mm of IWI and uninsulated reveals, and the same junctions with 20 mm 
of insulation. Their results show a reduction in thermal bridging at the junctions of 75 to 82% when 
insulation is applied to reveals, application of insulation at the reveals also reduces the risk of 
condensation formation where the window frame joins the solid wall, as the cold surface 
temperatures caused by thermal bridging are mitigated by the reveal insulation.  This means 
exposed discontinuity can occur on any insulated wall within a single dwelling where there is a 
break for whatever reason in the insulation layer. Gorse et al (2017) observed exposed 
discontinuities in a number of dwellings, including window and door openings with lintels, jambs 
and sills that were left uninsulated. Areas of external wall without insualtion applied were also 

Figure 3: Heat flow diagrams illustrating an “exposed” discontinuity at a window jamb, 

in plan view. Left : IWI fitted to internal face of wall, no insulation to the reveal “exposed 

opening”. Right : Insulation fitted to jamb reveal. No discontinuity 
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observed behind bathroom and kitchen fittings, in these cases IWI was fitted around the existing 
features, rathern than remove and reinstall them after insulation work was completed. 

Odgaard et al (2015) investigates a more unusual scenario, modelling a segment of wall in a typical 
Danish solid walled dwelling. The wall varies in thickness due to structural “brick columns” that 
are also part of the external envelope. Simulations are carried out with IWI placed between the 
brick columns; leaving the columns exposed and with IWI fully covering the wall, including the 
brick columns. Odgaard found heat flow through the modelled wall was reduced by 19-26% when 
full IWI coverage was applied, depending on the thickness of insulation used in the model. 
Harrestrup and Svendsen (2016) investigate the risks of moisture and mould on structural timber 
members embedded within solid walls with IWI, in particular exploring the effect of leaving 
200mm of wall exposed without insulation above and below an uninsulated floor void. Whilst this 
approach leads to warmer temperatures in the walls around timber members and reduces the 
moisture risk to the timbers, the surface temperature at the 200mm of exposed wall poses a risk 
of condensation formation. This discontinuity could be categorised as “Exposed linear-
asymmetrical” 

3.4 Geometry  

Geometry is an important factor in the characterisation of a discontinuity of the internal insulation 
layer in a building. The geometry of a discontinuity can play a part in the magnitude of heat loss 
and moisture risks that occurs at a discontinuity. Geometry of discontinuity can be grouped into 
three archetypes: Linear; point/ Area; and Opening. 

Linear describes a discontinuity that occurs in a straight line, often along the length of a junction 
between two planar elements of the building fabric, for example a junction between the external 
wall and a partition wall or an external wall and a floor. Insulation application at linear 
discontinuities can also be categorised as Symmetrical or Asymmetrical, in symmetrical cases 
insulation is applied identically on either side of the linear discontinuity, whereas in an 
asymmetrical case the application of insulation differs on either side or is simply not applied on 
one side. The effect of asymmetrical insulation along a linear discontinuity were investigated by 
Weeks et al. (2013), Little and Arregi (2011) and Cuce and Cuce (2016) 

Point/ Area discontinuities, as the name suggests, occur over an area or point of the building fabric. 
The discontinuity may be because of an obstruction or feature preventing full insulation coverage 
of the external wall, such as architectural features that create an uneven surface making the 
application of insulation difficult, such as the walls investigated by Odgaard et al. (2015). An area 
discontinuity may intersect a linear junction or abutting feature, but the condition of the wall is 
better defined as an area discontinuity. The abutting feature renders the wall less treatable with 
insulation but does not describe its final condition, which is a large area of uninsulated surface.  

Opening discontinuities are those that occur around openings on the external walls of a buildings, 
this includes sills, heads and jambs. Opening discontinuities are similar in nature to linear 
discontinuities, as they occur over the length of a linear junction, however the heat loss path is 
shorter than a discontinuity through the full thickness of a wall (Sierra et al. 2015) as the heat only 
needs to bypass the window or door frame placed in the opening of the wall. 

 

3.5 Taxonomy 

The taxonomy of discontinuities of internal wall insulation presented here consists of two 
elements. First the heat loss mechanism, second the geometry of the discontinuity that defines it.  
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The table below explains this in detail.  It is proposed that this structure and can be used by any 
researcher or practitioner to characterise and explain any IWI discontinuity they observe. 

Mechanism 

Obstructive, solid A solid interruption of the IWI layer with a thermal resistance lower 
than that of the IWI, extending away from the external wall beyond 
the IWI layer such as a solid masonry partition wall or a solid floor. 

Obstructive, void An interruption of the IWI layer that encloses an air void, through 
which air can move, bypassing the IWI layer. Examples include a 
stud partition wall or a timber intermediate floor. 

Exposed An area of external wall without, or with much reduced thickness 
of IWI applied, that is exposed to internal conditions Examples 
include window reveals without insulation and gaps left to avoid 
interfering with services. 

Geometry 

Linear The discontinuity occurs in a straight line or over the length of a 
single junction such as the junction between a partition wall and an 
external wall. 

Symmetrical/ Asymmetrical Sub classification of linear, insulation is placed symmetrically on 
both sides of a discontinuity or placed asymmetrically with 
insulation on one side only. 

Point/ area The discontinuity occurs at an isolated location and does not run 
along a junction in the building fabric. May be located at an 
isolated obstruction or penetration through building fabric. 

Opening The discontinuity occurs around an opening in the external walls of 
the building. Window/door jambs, lintels and sills 

 

 

4. DISCUSSION  
The taxonomy that has been developed in this paper is intended to be flexible in its application, 
capable of being used to characterise discontinuities of IWI independent of the specific material 
properties of the building fabric and the exact construction methods employed. It is anticipated 
that using this taxonomy will simplify the comparison and discussion of discontinuities of IWI 
installations, where the nature of discontinuities present is similar but the building fabric or 
construction methods may be dissimilar. 

Despite the intention to make the taxonomy simple to use and categorise discontinuities, there 
will be some scenarios where a discontinuity does not neatly fall into one category. In these cases, 
the nature of the discontinuity should be considered and the most appropriate category chosen. 
For example, insulation may not have been placed behind a bath that has been boxed in but not 
sealed. in this example there is a section of uninsulated external wall that is within an air space 
enclosed by the boxing in of the bath. Whilst the described discontinuity could arguably be 
categorised as obstructive, void area, exposed area would be a more suitable categorisation, as 
bypass takes place within a large space that will behave more like an open room, as the air space 
is large and unsealed. The area geometry is used as although the discontinuity is located next to a 
linear junction, it is not part of the makeup of the junction. 

The intended users for the taxonomy developed in this paper are primarily researchers in the field 
of building performance, it is also intended for use by practitioners in the fields of surveying, 

Table 1: Taxonomy for the categorisation of discontinuities of internal wall insulation 



514 
 

design and construction. The terminology used is intended to be simple and informative, it is 
expected that becoming familiar with the taxonomy will help practitioners to identify and 
categorise discontinuities and thus be able to take remedial actions to reduce their impacts, 
leading to higher quality IWI installations.  

Although the vocabulary used in the taxonomy developed in this paper is intended to be simple, 
it may still prove confusing to an individual that is not familiar with its use. The issue of 
commensurability of the taxonomy developed in this paper arises. Kuhn (1969) postulates where 
scientific theories do not share a common vocabulary they cannot be compatible with one and 
other and are incommensurable. From a more practical perspective the commensurability of the 
vocabulary of the taxonomy in this paper and that used to discuss discontinuities in other 
published works can be considered. Most literature simply refers to the discontinuities in question 
as junctions and provide descriptions of the makeup and nature of thermal bridging that may take 
place. The taxonomy in this paper is made up of terms that represent concepts that will be familiar 
to a practitioner in the field of construction and retrofitting of dwellings. 

5. CONCLUSION 
This paper has reviewed the literature available on discontinuities in IWI to define their 
characteristics based on their underlying causes and their impact.  A Taxonomy is proposed to 
categorise in a shortened and simplified way the character of the discontinuity according first to 
three distinct forms of discontinuity and second to four particular geometrical situations. This 
organisational structure embedded in the definitions provides universal shorthand that conveys 
the nature and form of a discontinuity, quickly and simply. This not only relieves some of the 
reliance on describing the constructional makeup of a discontinuity, which can be time-consuming, 
but also assists in identifying the potential impact on the building that may be expected. This 
taxonomy is particularly useful as each category is derived from a particular cause and has a likely 
impact and, therefore, a distinct solution to remedying each discontinuity may be quickly 
diagnosed.  
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ABSTRACT 

Carbon emission has established itself as a major issue, which requires a coordinated response. 
Buildings account for a high proportion of carbon emissions. These emissions can be traced back 
to heating, cooling, and lighting systems, although emissions from embodied materials are also 
significant. This problem has prompted the development of new strategies to reduce the amount 
of carbon dissipated by buildings. Hence the need for this study in South Africa to check what has 
been done in this regards. The study followed a case study research strategy and mixed method 
data collection techniques. This paper outlines strategies utilized in South Africa regarding the 
adoption of education, training on living sustainably, regenerative drives, geothermal ground 
loops, Intelligent Building Management System, purchasing carbon credits and offsetting through 
the kariba red project and power-generating gym equipment.  

INTRODUCTION 

The built environment makes a significant contribution to environmental degradation. For 
example, the construction of buildings, operations and deconstruction impacts use. Approximate 
estimations show that the built environment consumes 15% of the world’s fresh water resources; 
40% of the world's energy; and produce 23-40% of the world's greenhouse gas emissions (GHG) 
(Department of Environmental Affairs and Tourism South Africa, 2009). Based on the reported 
impact, the Intergovernmental Panel on Climate Change (IPCC) and McKinsey have identified the 
construction industry as the sector with the greatest potential for carbon reduction, particularly 
because reductions that result from improved building performance yields substantial economic 
benefits (IPCC, 2007; McKinsey, 2007). The World Business Council for Sustainable Development 
also concluded that the energy use of buildings worldwide could be reduced by 60 percent by 2050 
using innovative technologies (WBCSD, 2009).  

However, despite the obvious need and opportunities to reduce energy consumption in buildings, 
the potential remains largely untapped. This can be attributable to an interdisciplinary process 
where several factors need to be involved (Godwin, 2011: 14). These factors altogether influence 
the type and extent of energy reduction project, making each low carbon project a unique and 
complex optimization effort. However, this particular paper constitutes an outline of the strategies 
utilized in reducing carbon emissions in South Africa.  

LITERATURE REVIEW 

CO2 is produced as a result of human activities, but primarily, it is produced whenever fossil fuels 
are burnt to provide energy (Reay, 2011). The amount of CO2 in the Earth’s atmosphere has risen 
by over 30% since the industrial revolution (Reay, 2011) and is a key contributor to global warming. 
It is reported that the estimated range of global average warming by the end of this century will 
be between 1.1 and 6.4 degree centigrade, relative to 1980-1999 temperatures (UK Climate 
Impact Projection, 2013). Stern (2007) added that the current level of CO2 gases in the atmosphere 
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is equivalent to around 430 parts per million (ppm) of CO2, compared with 280ppm before the 
industrial revolution. These concentrations have already caused the world to warm by more than 
half a degree Celsius and will lead to at least a further half degree warming over the next few 
decades because of the inertia in the climate system. In South Africa, operation of the building 
sector accounts for 23% of GHG emissions, while emissions from the manufacture of the major 
materials for the building sector amounts to around 18mtCO2 per year, or around 4% of total CO2 
emissions (Construction Industry Development Board (CIDB), 2009). 

In line with the above argument, the construction of buildings and their operation contribute to a 
significant proportion of total energy end-use worldwide (Asadi, Silva, Anthunes and Dias, 2012; 
United States Department of Energy, 2010). In the building sector, most energy is consumed by 
existing buildings while the replacement rate of existing buildings by the new-build is only around 
1.0-3.0% per annum (Barlow and Fiala,2007; Robert, 2008). Therefore, rapid enhancement of 
energy efficiency in existing buildings is essential for a timely reduction in global energy use and 
promotion of environmental sustainability. 

In the last decade, many governments and international organizations have put in significant effort 
towards energy efficiency improvement in existing buildings. The federal government of the 
United States of America (USA), for example, has provided significant financial assistance to 
support clean energy in existing buildings (United States Department of Energy, 2012). In Australia, 
the Commercial Building Disclosure (CBD) programme, which came into effect on the 1st 
November 2010, requires the owners of Australia's large commercial office buildings to provide 
energy efficiency information to potential buyers or lessees (Department of Climate Change and 
Energy Efficiency, Australian Government, 2012). In their 2009-2010 state budgets, the 
Queensland government invested $8.0 million to progressively retrofit existing government 
buildings to increase their energy efficiency (Queensland Government, 2012). In 2010, the United 
Kingdom (UK) government made a significant commitment to upgrade the energy efficiency of 7.0 
million British homes by 2020 aiming at reducing carbon emissions by 29% (Department of Energy 
and Climate Change, 2012). The International Energy Agency (IEA) has launched a set of Annex 
projects to promote energy efficiency of existing buildings. These efforts provided policy guidance, 
financial assistance and technical support for the implementation of energy efficiency measures 
in existing buildings. 

At the same time, a significant amount of research has been carried out to develop and investigate 
different energy efficiency opportunities to improve energy performance of existing buildings 
(Chidiac, Catonia, and Morofsky, 2011; Xing, Hewkit and Griffiths, 2011). The studies are geared 
towards curbing the effect of climate change. Climate change is a global problem exacerbated by 
human activity. Buildings, as the modern locus of much human activity, are the source of almost 
half of CO2 emissions (Chidiac et al, 2011). To prevent the worst effects of CO2 emission and 
minimise other negative environmental impacts, it is important to address the environmental 
impacts of buildings. In fact, energy efficient construction and operation of buildings offers one of 
the single most significant opportunities to reduce man’s impact on the environment.  

Methodology  

There is various conflicting nomenclature within research methodology literature for describing 
its components.  This has resulted from the use of different terminologies by different scholars to 
describe the same component, this make it imperative for authors to elucidate the particular 
nomenclature being applied in their studies and maintain consistencies. For instance, whereas 
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Saunders et al. (2012) classifies deduction, induction and abduction as research approaches, 
Blaikie (2010) lists them as research strategies. To maintain clarity and consistency in the study, 
this research relies solely on the terminology utilized by Saunders et al. (2012). The study adopted 
a descriptive case study research strategy. The buildings that were studied were based on the 
Green Building Council South Africa (GBCSA) rating and low carbon output of the building. They 
buildings are GBCSA “6” star rated. The GBCSA uses the Green Star South Africa rating system, 
based on the Australian system and customised it for the South African context to provide an 
objective measurement for green buildings in South Africa and to recognise and reward 
environmental leadership in the building industry (GBCSA, 2013). Green Star SA tools are 
developed using a consensus-based model that has weighted credits for example: 4-star Green 
Star SA certified rating weighted score: 45-59 recognises: Best practice; 5-star Green Star SA 
certified Rating weighted score: 60-74 recognises South African Excellence; 6 Star Green Star Sa 
certified Rating weighted score: 75-100 recognises: world leadership.  

FINDINGS 

This section describes some of the techniques used in achieving a low carbon building in South 
Africa. The commonest strategy implemented for a low carbon building is obtaining renewable, or 
carbon free energy for the building. Renewable energy relates to naturally available sources that 
are constantly being replenished and are capable of being harnessed for human benefit (Brophy, 
2009; Hyde et al, 2012). The buildings that are been examined are identified on a case by case 
basis. 

Case.1 

The office building contains performance glass on all North, East and West facades together with 
balconies and overhangs for circulation and reducing heat loading. A 120kW Solar PV system to 
reduce the building electrical load and consumption has been installed and is integrated with the 
larger 1.2mW system at the grid. The building has 3.6m high floor to ceilings spaces, which offer 
clear vision, good illumination to infiltrate the space and adequate space for the internal 
circulation of optimal building orientation. The intense modelling and efficiencies were 
undertaken to meet the lofty energy consumption goal-not to exceed 115kWh/m 2/annum. The 
roof is almost entirely covered with solar photovoltaic panels to supply almost 20% of the 
building’s energy needs. The parking area features a concentrated photovoltaic panel (CPV) which 
tracks the sun, and supplies power to the electric vehicle (EV) charging station. Water efficiency 
measures are expected to consume 30% less water and include rainwater harvesting system, 
water-wise indigenous plants and efficient irrigation systems. The facilities management (FM) 
teams were involved from the start, and are trained as accredited professionals to operate the 
building. Low carbon building features include: Energy-the building is operating 53% more 
efficiently than the market average; Water-the building is operating 58% more efficiently than the 
market average; First renewable energy project to feed back into the grid 1.2 Megawatt 
photovoltaic solar plant; On-site waste sorting and recycling; Sustainable procurement and green 
cleaning procedures; Green leases with 74% of tenants (per GLA) with cost and benefit sharing 
mechanism; Tenant workshops to raise sustainability awareness; and Live on-screen energy usage 
reports for tenant awareness. 
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Case.2 
 
This office building is the first building to achieve a 6 Star-Green Star SA office v1-As built rating. 
Demonstrating “world leadership.” The building is a relatively small office building, it was a 
speculative office development and it is fully tenanted a year after completion. The passive design 
features orientation, and shading have resulted in a good energy efficient building; efficient 
systems and renewable energy make the building even better. Low carbon building features 
include: Fifty-three square metres of photovoltaic (PV) panels that were installed on the roof, 
designed to meet 15% of the building’s peak demand at its highest production. The system has no 
battery to store energy and works by first drawing energy from the panels before using the mains 
power connection to meet demand; Rainwater is captured from the roof, collected, filtered and 
treated to potable water standards and pumped into storage tanks on the roof (9m³/ 9kL in total). 
Harvested rainwater is used for all applications in the building, including toilets, shower and taps. 
Municipal supply water is only used when the rainwater has been depleted. Hot water, generated 
through a solar panel system, is continuously circulated to provide hot water relatively fast when 
opening the tap; lowest carbon buildings have energy and water meters installed to monitor usage 
and indicate problems or leaks. This building has gone one step further by developing a simple 
way to connect users to their energy and water use so they have a means to control usage. Tenants 
could even compete and set targets, as well as use the data for reporting purposes. The building 
automates the billing of each tenant, so that tenants pay for what they use; every member of the 
professional project team wrote and passed the examination by the GCBSA and is now certified as 
Green Star SA Accredited professionals. Team members can now be the principal participant in 
the design team in future projects, assisting the other project teams to integrate Green Star aims 
and processes. 
 
Case.3 
 
This office complex achieved a 6 star – green star SA interiors v1 as built rating, demonstrating 
“World Leadership. An occupancy users guide and comprehensive transport plan has been 
developed for the office interior fit out to enlighten staff with regards to transport facilities, 
incentives and local amenities available in the area, as well as how to use building services to the 
optimum potential. A green lease has been implemented for the office to monitor and report on 
energy usage, water consumption and waste generated by staff and visitors. The results are 
continuously displayed in the foyer there by making building users aware of their environmental 
footprint. The office complex made an effort to reduce their waste generation by developing and 
implementing an operational waste management plan and providing separation bins, food waste 
recycling, worm farm and recycling waste storage areas within the tenancy. Enhanced ASHRAE 
commissioning process was implemented for the fit out as a prerequisite for the LEED commercial 
interiors v3 Rating achieved. Radiant cooling was implemented for efficient space cooling as well 
as renewable energy to offset the peak demand. Low carbon building features include: provision 
of tuning and enhanced commissioning for all services and installations to ensure optimal 
operation; an ergonomic assessment by a registered ergonomist has been carried out on the office 
furniture (new or reused) and workstations; water and energy sub-meters provide live-metering 
results displayed in the foyer; hot-water heating is provided by means of heat pump; general 
luminance requirements have been met and lighting sufficient for tasks undertaken in all areas 
has been provided; appliances are energy star® rated; all printers and photocopiers are certified 
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as having low emissions; use of low volatile organic compounds paint, adhesives, sealants and 
carpets, reducing air pollutant levels; use of reused and locally sourced materials and furniture. 
 
Case.4 

The building is the centre of tower and telecom experimentation, developing technologies that 
are appropriate for environments that are poorly served by conventional infrastructure. The 
building is a reflection of the activities that will take place in an innovation centre and embrace 
passive design, renewable energy, water sustainability and locally appropriate materials and 
technology. The building is designed to serve as a “concept building”, exploring the feasibility of 
the various design initiatives employed in building and assessing their applicability for future 
developments. Low carbon building features include: all energy provided by photovoltaic panels; 
thermal comfort levels are achieved through a combination of thermally activated slab, radiant 
space panels for cooling as well as rapid response heating, as well as displacement ventilation; 
thermal comfort levels are achieved through a combination of thermally activated slab, radiant 
space panels for cooling as well as rapid response heating, as well as displacement ventilation; 
excess power fed back into private grid which is used as back up for non-daylight hours; dual flush 
concealed cisterns are specified for the public toilets as well as the paraplegic toilet, electronic 
sensor taps are specified for all the wash hand basins and all taps are specified to have aerator. 

 
Case.5 

The building, which includes a roof garden, sits on a tight 248 square metre corner site in the 
Johannesburg central business district (CBD). It stands as a physical representation of the 
organisation’s values and attitude to environmental responsibility and conservation of natural 
resources. The building is an office refurbishment with 1 basement level and 4 office levels 
orientated to the East and South, and are predominantly overshadowed by larger high rise 
residential units in the immediate vicinity. The historical facade was retained, stripped of plaster, 
and exposed to contrast the old structure (floors 0 & 1) with the new 2nd & 3rd floor. Low carbon 
building features include: on-site treatment of black water for reuse within the building to flush 
toilets, as well as landscape irrigation; water efficiency is achieved through low flow sanitary ware 
as well as a drip irrigation system that reduces water consumption by more than 90%; low volatile 
organic compounds use durinals; thus negating the two largest water demands; located within the 
heart of the cbd, building occupants have excellent proximity to local amenities as well as world 
class public transport systems; no onsite parking has been provided, and building occupants are 
encouraged to use the public mass transport infrastructure and/or cycle to work. Secure bicycle 
storage and showers are provided on site to encourage alternative forms of transport to work; the 
location within the CBD promotes the reuse of structures and reduces the need for urban sprawl. 
Although ecological improvement within the built up environment was hard to achieve, a roof top 
garden and entertainment area provides a welcome relief for building occupants; Sustainable 
material selection was carefully considered together with reuse of materials from the 
deconstruction phase of the project. 

Case.6 

The building is a four-star hotel. It is unique in that it offers sustainability, luxury and convenience 
in an integrative manner. Home to 145 rooms and 7 conference venues, the hotel attempts to 
uphold the status of being Africa’s greenest hotel by keeping sustainability as its heartbeat. 
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Therefore, the hotel was not only designed from below the ground up to be as ecological as 
possible, but the hotel also drives this concept through daily operational practices and decisions 
including that of waste management, the procurement chain and staff training. All 
accommodation and conferencing at the hotel is 100% carbon neutral. Low carbon building 
features include: vertical axis wind turbines; PV panels on north facing roof and façade; energy 
generating gym equipment; elevators with regenerative braking; intelligent building management 
system; energy efficient HVAC system using geothermal ground loops coupled with heat pumps 
for central heating/cooling and domestic hot water; energy and/or water efficient equipment – 
energy star certified; water metering to enable monitoring and leak detection; motion/occupancy 
controlled lighting; water metering to enable monitoring and leak detection; motion/occupancy 
controlled lighting; holding an earth hour dinner every Wednesday evening where all non-
essential lights are switched off in the restaurant and lounge areas for awareness; main power 
isolation switch to each bedroom, office and meeting room; demand controlled ventilation to 
bedrooms; grey water recycling plant; rainwater and subsoil drainage water harvesting; small 
urban farming setup/aquaponics; recycling and Bokashi composting area 

Case.7 

The building is a government office block with basement and on-grade parking and flat concrete 
roof. The building fabric is comprised of structural concrete framework and exposed off-shutter 
concrete as well as various cladding materials and incorporating high performance glazing and 
insulation as designed. Special building features include security requirements applicable to 
national government facilities including entrance requirements and bullet proof glazing. Low 
carbon building features include: the sustainability features of the building services include a solar 
PV generation plant on the roof of the building, a full function biometric security system and full 
energy monitoring and control through a central BMS system; the HVAC system is comprised of a 
two stage evaporative cooling plant serving each block of the building with special areas 
supplemented with traditional refrigerant based ac systems. Domestic hot water is provided 
through a solar thermal system. Additional features include high efficiency lighting and control, 
night flush ventilation, dedicated weather station, rain and grey water harvesting, performance 
glazing, and façade shading and insulation; internal areas are characterised by lowVOC finishes 
and off-shutter concrete with durability as a key focus point. 

DISCUSSION 

South Africa is a major contributor of CO2 emissions through its dependence of fossil fuels, 
primarily coal and as such, the need to reduce emissions cannot be over emphasised (Academy of 
Science of South Africa, 2011). In the context of the study, it is established that only 16 buildings 
have obtained the “6” star rating by the GBCSA at the time this study was reported. That is to say, 
a lot needs to be done in that regards. 

Low carbon building can have a significant impact on resource consumption and on combating 
global warming. These buildings not only aim to minimise negative environmental impacts, but 
also aim to support social and economic change in health, education and employment. However, 
in South Africa low carbon building is relatively new concerning implementation, although 
awareness has dramatically increased in the last decade due to electricity shortages; water 
shortages; rising global awareness of climate change effects; and demands from international 
organisations operating in South Africa (CIDB, 2009). 
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The descriptive cases highlighted in this paper suggest that there are innovative strategies adopted 
in South Africa. Such strategies are not limited to regenerative lift drives, geothermal ground 
loops, and power generating gym equipment, and holding an earth hour dinner where all non-
essential lights are switched off for awareness though there is still room for improvement. 

CONCLUSION 

Existing Buildings has been acclaimed as the major contributor of CO2 emission and have 
significant opportunity for cost-effective carbon reductions in the world. Concerted effort in 
transforming the built environment for a low-carbon future by innovating strategies will engender 
low carbon building culture. Simply reducing negative impacts by a certain percentage is not going 
to solve the world's environmental problems, though it can help if it becomes standard practice. 
Innovations achieved through low carbon building strategies should be shared among 
stakeholders in the built environment. Increased positive information sharing will go a long way in 
engendering the reduction of CO2 emission in existing buildings. 

RECOMMENDATION 

Future research and policy should be aimed at the bigger question of how buildings can provide a 
positive environmental contribution. This includes moving towards true sustainability by utilising 
holistic measures that place buildings in a social context. In addition, numerous areas for 
improvement remain. An emphasis on conceptual design, life-cycle thinking, and innovative 
research partnerships will be necessary to advance the field of carbon emission reduction. 
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Abstract 

The function of all infrastructure in organised societies, especially civil infrastructure, is to provide 
for personal security, establish a basis for public health and institutionalise a quality of life equal 
to the expectations of those it serves. SSS.infra is a research project to develop a quantitative 
approach to sustainability, endorsing a numerical evaluation of the performance achieved by a 
system to promote a holistic and design oriented technical approach. It is an evolution, not 
revolution of the three pillars of sustainability using cross-cutting technical performance criteria 
(41 Performance Criteria under 15 Credits across the 3 Parameters of the three “S’s” SSS.Infra 
(Safe Performance, Suitable Integration and Source Control (responsible use of resources)). The 
Paper presents the system and how sustainability goals are reached through the design stages. 
One of the most important findings of SSS.infra is the analytical approach implemented with the 
purpose of providing a reliable and objective evaluation of infrastructure performance. Overtaking 
subjectivity, in other words, has been fixed as one of the mandatory requirements to consider for 
the development of the guideline. Secondly, that adoption of widely used industry design stages 
is a requirement to consider in order to make clear roles and responsibilities. For instance, the 
RIBA Plan of Work 2013 has been selected for a first attempt, considering Concept Design, 
Developed Design and Technical Design stages. The third key finding is that by using cross-cutting 
technical performance criteria, a rich network of connections become established between 
different credits, which has the result of promoting advantages for more integrated design 
implementation. Thanks to this structure, contributions coming from different technical 
specialties are more effectively coordinated to improve the final quality of the project. 

Introduction 

The function of all infrastructure in organised societies, especially civil infrastructure, is to provide 
for personal security, establish a basis for public health and institutionalise a quality of life equal 
to the expectations of those it serves. SSS.infra is a research project conceived to develop a 
quantitative approach to assess sustainability, endorsing a numerical evaluation of the achieved 
performance and promoting a design-oriented technical approach. This paper presents the review 
of a number of existing assessment protocols and provides a summary of SSS.infra main features. 

The Need for an Integrated Design Process for Infrastructure: the construction industry in general 
and infrastructure projects in particular have a significant environmental impact. The United 
Nations (UN) Millennium Ecosystem Assessment acknowledged that over the past 40 years the 
current rate of natural resources consumption does not support renewal to meet the needs of 
future generations. Therefore, a need exists to objectively evaluate and measure a projects 
performance, overtaking the existing more widely implemented more subjective assessment 
methodologies. 
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Vertical Projects: across the building industry, sustainability rating systems have mostly been 
developed and implemented over the last decade to reduce the environmental impact of vertical 
projects (mainly buildings). Many reliable tools are currently available on the market such as Itaca, 
BREEAM and LEED. LEED is probably the most widely implemented rating system all over the world 
and can be seen as a good example for sustainability implementation in the building industry. 

Horizontal Projects: during the same period, civil infrastructure projects have not received the 
same attention with respect to sustainability. Only in recent years, have several entities started to 
develop specific rating systems considering the fact that infrastructure is large in scope and 
typically long in duration. Although difficult, it is in infrastructure that significant positive change 
can be made). 

Analysis of Existing Sustainability Tools 

This section of the paper presents a description of the most prominent rating systems that are 
currently available on the market:  

Envision: developed by the Zofnass Program for Sustainable Infrastructure based at Harvard 
University Graduate School of Design (Harvard GSD) and the Institute for Sustainable 
Infrastructure (ISI), is used to rate infrastructure works associated with water storage and 
treatment, energy generation, landscape, transportation and information systems. Under Envision 
there are 60 credits distributed under five categories: Quality of Life, Leadership, Resource 
Allocation, Natural World and Climate and Risk. Envision is a two-stage assessment tool: Stage 1 
is a Self-Assessment Checklist and Stage 2 entails Third Party Verification and Public Recognition. 

BREEAM for Infrastructure: BREEAM for Infrastructure (New Construction) is a new certification 
protocol (still in pilot version) developed in accordance with the most reliable international 
standards. The range of assets that are compatible with the rating system are quite wide, including 
aviation, energy, data and communications, marine and coastal, transports and water. BREEAM 
for Infrastructure has been based on 12 sections, subdivided in 43 assessment issues with defined 
level of performance (Integrated Design, Stakeholders, Land Use and Ecology, Resilience, Local 
Wellbeing, Transport, Landscape and Heritage, Pollution, Carbon and Energy, Materials, Waste, 
Water), plus an additional sections called “Innovation”. The expected environmental performance 
of the system should be assessed by trained and licensed professionals. 

GreenLITES: developed by the New York State Department of Transportation, GreenLITES assesses 
project performance including five point categories: Sustainable Sites, Water Quality, Material and 
Resources, Energy and Atmosphere, and Innovation. A total of 175 credits exist across these five 
categories. The system offers transparency in the NYSDOT’s operation to state government and 
other stakeholders, and provides the following award levels: GreenLITES Certified, GreenLITES 
Silver, GreenLITES Gold and GreenLITES Evergreen awards. 

Invest: Invest (Infrastructure Voluntary Evaluation Sustainability Tool) was developed by the 
Federal Highway Administration (FHWA) and launched in 2012. It was designed to be user friendly 
and uses a free, web-based interface. It is broken down according to the following project phases: 
systems planning, project development, and operations and maintenance. The structure of the 
protocol has been built on the basis of the following three headings: project delivery and system 
planning and processes (17 criteria), project development (20 or 29 criteria depending on whether 
basic or extended scorecard is used), and operations and maintenance (14 criteria). The project is 
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awarded a Bronze, Silver, Gold and Platinum based on the overall score. Due to the lack of a third 
party evaluator, this award serves as unofficial recognition by the FHWA. 

Greenroads: this sustainability rating system was developed by CH2M Hill and the University of 
Washington in 2009 and is based on required and voluntary criteria. It was conceived on the basis 
of the following structure: Environment and Water (8 criteria), Access and Equity (9 criteria), 
Construction Activities (8 criteria), Materials and Resources (6 criteria), Pavement Technologies (6 
criteria) and Custom Credits (2 criteria). Each credit is weighed by Greenroads on a scale of 1-5 
depending on its potential to influence the sustainability of projects. Four awards levels exist for 
the Greenroads system: Bronze (32-42 voluntary credit points), Silver (43-53 voluntary credit 
points), Gold (54-63 voluntary credit points) and Evergreen (64 upwards voluntary credit points). 

LEED: although developed for buildings rather than linear infrastructure, LEED is included in the 
review because of its widespread implementation. Developed by the non-profit U.S. Green 
Building Council (USGBC), it includes a set of rating systems for the design, construction, operation, 
and maintenance of green buildings, homes, and neighbourhoods that aims to help building 
owners and operators be environmentally responsible and use resources efficiently. Under LEED 
v.4, there are 100 possible base points distributed across six credit categories: Sustainable Sites, 
Water Efficiency, Energy and Atmosphere, Materials and Resources, Indoor Environmental 
Quality, Innovation in Design. Up to 10 additional points may be earned: four additional points 
may be received for Regional Priority Credits, and six additional points for Innovation in Design. 

Conclusions Following Comparison of Existing Tools 

The following table summarises the main merits and main limitations of each tool reviewed as 
part of the research. Observations were made with specific consideration for infrastructure. 

Table 1, Summary of main merits and main limits of existing systems 

 Main Merits Main Limits 

Envision Potential applicability to all types of civil 

infrastructure, holistic approach, life-cycle 

approach, guidance on how to advance to 

a higher achievement level. 

Evaluation criteria have been developed 

on the basis of a general approach (mainly 

suitable for general planning). 

BREEAM for Infrastructure 

(New Construction) 

Developed “in the field“ through extensive 

testing on real cases. It is suitable for a 

wide range of different types of 

infrastructure and largely informed by 

experiences of BREEAM for buildings and 

CEEQual. 

It is not applicable for all project types and 

not for reconstruction or rehabilitation of 

existing infrastructure. 

BE2ST-In-Highways  Effective not only for design but also for 

planning, cost estimation via a rigorous Life 

Cycle approach, strong committment with 

recycled materials reuse. 

Focused on highway projects only, rating 

based on materials and material-related 

aspects only. 

GreenLITES Conceived to cover design and planning, 

focused on multimodal transportation. 

It is mainly focused on transportation 

projects only and it has been developed 

making reference to NYSDoT’s 

requirements only (not a general tool). 
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Invest Free web based interface, developed to 

manage planning + project developement + 

operation & maintenance, flexible 

definition of scorecard. 

It is focused on highway projects only, 

conceived mainly to follow local 

requirements of FHWA. 

Greenroads Holistic approach which takes into 

consideration new construction, 

reconstruction and rehabilitation, 

quantitative approach. 

It is mainly focused on highway projects 

only, the structure of the protocol is quite 

complicated. 

LEED Rigorous approach based on numerical 

evaluation of building performance 

considering a set of meaningful 

sustainability parameters. 

Explicit requirements in terms of 

homogeneous performance and no 

connection with design phases. 

 

Main Outcomes of the Review: the review of the leading tools currently available on the open 
market was particularly useful to give a clear understanding of the cultural environment that leads 
to SSS.infra being conceived. Many similarities exist between these tools, showing that a common 
agreement on the challenges to be faced has been established. The final outcome is that all these 
protocols are characterised by a certain level of subjectivity, which can become a limiting factor 
for future investments in sustainable infrastructure. 

That’s why SSS.infra research project tried to move a step forward, defining a Guideline which: 

 Avoids any duplication of contents by taking advantage of tools that are already available on 
the market (developing a replica is only a waste of time); 

 Provides a rigorous quantitative approach, endorsing a numerical evaluation of the 
performance achieved by the system; 

 Is part of a holistic ‘sustainability framework’ where different tools are effectively integrated 
to cover all project components and design phases; and 

 Is “design oriented“ and focused on a technical approach. 

Synthetic Description of SSS.infra Research Project 

Good Integration with Existing Tools: SSS.infra 
Guideline has been developed keeping in mind the 
existing network of certification protocols and the 
widespread need to associate sustainability tasks 
with industry-standard design stages. The objective 
was to create a fully integrated tool rather than an 
independent new protocol, and thereby reduce the 
extreme fragmentation that characterises the 
existing technical literature. The schematic provided 
in the right side of the page shows how SSS.infra has 
been integrated with Envision and LEED, according 
to RIBA Plan of Work 2013 design stages (in any 
case, SSS.infra has been conceived to provide 
sufficient flexibility to support many different 
references). Envision was selected as the best tool 
for the general planning of a new infrastructure, 
providing specific guidance for the strategic 
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allocation of resources. Conversely, SSS.infra was chosen for the practical design of all the 
meaningful infrastructural components, including roads, bridges, tunnels, retaining walls, culvert 
etc. LEED was selected for the assessment of the support buildings required for the infrastructure. 

Rigorous Quantitative Approach: SSS.infra can be seen as an evolution, not a revolution, of the 
three traditional pillars of sustainability (economic, environmental and social) being conceived not 
only to be an effective assessment tool in the design process, but also to represent a rational 
guideline aimed at consolidating best engineering practices in everyday project development. It 
has been developed with reference to three sustainability parameters, the three “S”, which stand 
for: Safe performance, Suitable integration and Source control: 

SFT - Safe Performance: a modern infrastructure should be able to generate a safe environment 
for users, workers and local residents, during normal operation and in any extreme scenario. Both 
natural and anthropic hazards have been considered in SSS.infra, assuming that improved 
knowledge of boundary conditions always represents an advantage for the final performance of 
the system. 

SBT - Suitable Integration: a responsible infrastructure design should carefully consider the 
relationship with the surrounding environment, including landscape, anthropic components, flora, 
fauna and local communities. Furthermore, it should promote advantages of effective integration 
of technical specialities involved, by fostering a holistic and innovative approach. 

SCC - Source Control: sustainable management is an essential requirement when the 
environmental resource base needs to be sustained and expanded. For this reason, SSS.infra 
focuses on the responsible use of priceless natural resources, promoting potable water 
conservation, low energy consumption, waste reduction and intelligent selection of materials. 

Starting from this backbone of a structure, a rigorous framework of credits has been defined on 
the basis of a quantitative and design-oriented set of performance indicators. In more detail, the 
first proposal developed in the research project considers 3 prerequisites and 15 credits, 
generating more than 40 performance indicators. 
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Considering previous design experiences, this structure has been conceived and organised to 
provide: 

 A rigorous scientific tool for a reliable estimation of infrastructure performance (supporting 
moving from a qualitative to a quantitative approach through three design work stages); 

 A rational guideline promoting the implementation of ‘best-in-class’ technical solutions during 
everyday design practice (providing criteria, suggestions, meaningful examples); and 

 A powerful assessment tool that the client can use, not only to guide his choices through 
different design scenarios, but also to define a minimum performance for his future strategic 
infrastructural projects. 

Taking advantage of Digital Project Technologies: effective integration with state-of-art digital 
tools has been considered as one of the key targets for SSS.infra. BIM models, GIS software and 
flexible DATA BASE technologies have been studied and customised to provide an efficient 
management of the massive data volume that is typically required to optimise complex 
infrastructural projects. 

Conclusions 

The research shows that there have been 
several attempts at replicating the successful 
buildings focussed certification systems in 
the world of infrastructure. However, the 
existing attempts at evolving these methods 
have not delivered an industry standard, 
even if important progress has been achieved 
in specific sectors (such as roads) and in some 
geographic areas of the world (principally the 
USA). Studying these experiences is helping 
shape the future agenda for improving the 
sustainability of the design of infrastructure. 
The research, furthermore, has 
demonstrated that there is a gap in 
knowledge between the preliminary and 
construction stages of a project for a holistic 
and integrated design system. In this 
scenario, SSS.infra represents a tool that 
guides the project team through the main 
design work stages for all types of 
infrastructure in any geographic location. The main advantages of having such a guideline being:  

Analytical Performance: one of the most important characteristics of SSS.infra is its analytical 
approach for reliable and objective evaluation of infrastructure performance. Overcoming 
subjectivity, in fact, was one of the mandatory requirements in development of the research 
project.  

FLOWCHART: rigorous and reliable mathematical  

structure at the basis of SSS.infra evaluation process 
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Association with Design Stages: clear and effective association with widely used Design Stages 
was important in order to define roles and responsibilities.  The RIBA Plan of Work 2013 has been 
selected considering: Concept Design Stage, Developed Design Stage and Technical Design Stage.  

Promotion of Integrated Design: the rich network of connections established between different 
credits has the specific purpose of promoting advantages of integrated design implementation.  
Thanks to this structure, contributions from different technical specialties can be coordinated to 
improve the final quality of the project. 

Finally, according to a recent pilot project designed for the Tehran-Shomal Freeway Company in 
Iran, it is reasonable to affirm that the accurate implementation of SSS.infra can guarantee an 
appreciable improvement in the final performance of the system, considering all the main subjects 
that are usually involved in the design process: Stakeholders, Designers, Owners and Public 
Municipality.  
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Abstract 
 
This paper is part of a D.Eng. research into DEC and Advisory Report (AR) compliance of UK 
Government buildings. Summary statistics are produced on the lodgement, energy efficient 
ratings, and energy saving priority recommendations of the UK Central Government cohort of 
buildings for 2008 to 2017. This is the first independent synthesis of these data of its kind, which 
provides evidence on the success of DECs in raising awareness of the energy efficiency of UK 
Central Government buildings. 
 
Guidance was adopted and adapted by this paper for its quantitative analysis methodology and 
methods protocol, which was non-experimental. Its literature review and analysis of UK Central 
Government DECs and ARs from the Non-Domestic Energy Performance Certificate (NDEPC) 
Register have so far made some significant findings. The headline findings include that: no UK 
Central Government buildings achieved a DEC ‘A’ rating; only around 6% have a ‘B’ rating; 14% are 
‘C’ rated; 23% are ‘D’ rated; 23% are ‘E’ rated; 11% are ‘F’ rated; and 24% are ‘G’ rated. This is 
significant, as it underlines difficulties that may be faced should minimum energy performance 
standards be introduced at a future date. Other headline findings are that only around 42% of 104 
UK Central Government buildings will likely meet a 2018 target for DECs to have all buildings 
scoring ‘A’ to ‘D’ ratings. Significantly, this research found that non-compliance with DEC 
requirements was endemic, with 80% of DECs and ARs not being lodged for UK Central 
Government buildings. The implication is that the DEC and AR are not well enforced energy 
efficiency tools. 
 
This research also found 36 AR recommendations it determined to be priorities because of their 
frequency of occurrence, and potential for improvements of UK Central Government buildings 
with DEC ‘G’ ratings. However, they rarely followed the ‘Fabric First’ principle because only three 
(around 8%) of them addressed building fabric issues. It is not known why this is the case or if AR 
recommendations are influential in energy management circles across the UK Central Government 
estate. 
 
Future work will include creation of a qualitative analysis methodology and methods protocol to 
investigate why there is low compliance and lodgement of DECs and ARs by focusing on: the 
underlying reasons why buildings received particularly low ratings; and understanding the 
appropriateness and uptake of AR recommendations. 
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INTRODUCTION 
 
The Problem Statement 
 
The European Union Energy Performance of Buildings Directive (EU EPBD) was implemented by 
Energy Performance of Buildings (Certificates and Inspections) (England and Wales) Regulations 
2007. The Principle Underlying the EPBD is to make a public authority building’s energy efficiency 
transparent by providing a DEC showing its energy efficiency rating, and providing AR 
recommendations showing energy saving measures. However, findings from this paper’s literature 
search and review show that in practice: non-compliance with the DEC scheme exists; non-
lodgement of DECs exists; DECs with less energy efficient ratings exist despite AR energy saving 
recommendations; stakeholders have raised concerns about Department for Communities and 
Local Government (DCLG) consultation proposals on how to streamline and improve DECs; and 
knowledge about ARs appears to be low. 
 
The Aim 
 
This paper’s aim is to investigate DEC and AR issues of non-compliance, non-lodgement, and poor-
ratings in the UK Central Government cohort of buildings for 2008 to 2017. 
 
The Objective 
 
This paper’s objective is to determine how widespread the issues of DEC and AR non-compliance, 
non-lodgement, and poor-ratings are for UK Central Government buildings. 
 
The Methodology and Methods  
 
A Protocol for its Literature Review and Quantitative Analysis Methodology and Methods was 
developed and used by this paper to fulfil its aim and objective. 
 
 

LITERATURE REVIEW 
 
Energy Performance of UK Buildings  
 
It is commonly understood that emissions from buildings represent a large proportion of the total 
UK greenhouse gas emissions, around 34% in 2014, according to a recent Climate Change 
Committee report (2015). The Department for Communities and Local Government (DCLG) (2014) 
states that the way we light, heat and use UK buildings is responsible for about 40% of the UK’s 
energy consumption. However, modifications in building performance and the way we use 
buildings will have a significant effect in reducing total energy consumption (Department for 
Communities and Local Government, 2014). 
 
Energy use in buildings is of substantial importance, so much so that in 2010, the UK Central 
Government invested £8 million into a programme by the Technology Strategy Board (now 
Innovate UK) to look into this issue (Zero Carbon Hub, 2014). Prior to this, there have been studies 
about UK building performance since the early 1990s. These studies have been concerned with 
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building performance evaluation (BPE), which is a method that can be used to address energy use 
to improve building performance (BSRIA, 2011). The National Energy Foundation (2017) suggests 
BPE can be used to measure and monitor building performance, but that buildings often do not 
perform as expected, which results in the ‘performance gap’. A number of the UK BPE studies since 
the early 1990s are illustrated in the timeline below. 
 
1995 - 2002: 23 Post Occupancy Review of Building Engineering (PROBE) case studies were carried 
out to help show Post Occupancy Evaluation as a proven tool (CIBSE, 2017).  
 
2007: The CarbonBuzz RIBA CIBSE Platform portfolios have been tracking energy consumption in 
many sectors (RIBA, 2008; and UrbanBuzz and Aedas Architects, 2008). 
 
2010: The £8 million Building Performance Evaluation Programme of Innovate UK (formerly 
Technology Strategy Board), which comprised 101 projects and provided insights into the 
performance gap and innovative approaches to building design (Tse and Colmer, 2014). 
 
2011: The Department of Energy and Climate Change (DECC) Low Carbon Buildings Programme, 
and the Carbon Trust refurbishment work, provided insights into closing the gap, based on real 
data from 28 case studies in many sectors (The Carbon Trust, 2011). 
 
2012: Later post occupancy case studies that were published in a CIBSE Journal Special, which 
showed lessons in performance related to Post Occupancy Evaluations (Cervi, 2012). 
 
2012: The study that compared EPC, DEC and dynamic thermal simulation results for UK’s Birmingham 
Airport, identified a significant difference between EPC and DEC results, which were attributable to: 
low electricity benchmark used in the DEC calculation methodology; colder weather for the DEC 
monitoring period; EPC underestimates of operational energy; and non-inclusion of simple estimates 
of plug-load consumption in the EPC report (Parker et al., 2012). 
    
2012 - 2013: The EPSRC sponsored project, entitled “Energy Use in the UK Building Stock: New 
Empirically Based Models”, involved construction of the Carbon Reduction in Buildings (CaRB2) 
model in order to show the feasibility of creating bottom-up national non-domestic building stock 
models based on geometry, age, activity and energy data (UCL, 2017). 
 
2013: The Department of Energy and Climate Change (DECC) non-domestic building energy use 
project phase 1 was initiated in order to: update the UK non-domestic building sector evidence base; 
and provide the UK Government with reliable data about energy use and abatement opportunities 
in the sector (DECC, 2013). 
 
2013: The Zero Carbon Hub project on closing the gap between design and as-built performance 
involved 160 experts, and identified three cross-cutting themes as primary contributors to the 
problem. These themes were: a lack of understanding, knowledge and skills; an unclear allocation 
of responsibility; and an inadequate communication of information (Zero Carbon Hub, 2014). 
 
2014: The Building Research Establishment’s (BRE’s) new digital community platform, known as 
BRE Buzz, which enables users to share knowledge and ideas that are expected to help deliver 
better projects in the built environment (BRE Group, 2014).   
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2015: Leeds Sustainability Institute’s Building Performance Evaluation (BPE) projects and expertise 
that emphasise a holistic view of BPE, but also adopt a ‘Fabric First’ approach to energy use 
(Johnston, 2015).   
 
2015: The report by the BRE Trust and Energy Services and Technology Association (ESTA), which 
suggested: UK Government’s Green Deal Assessment tool (GD-SBEM) can be used to reconcile 
differences between EPC theoretical energy use data and DEC actual energy use data. By inputting 
both data, GD-SBEM can help building operators better understand energy use potential 
improvements, costs and payback periods of investment (Lewry, 2015).  
 
2016: The study that focussed on fabric, systems, and occupancy satisfaction of 50 Innovate UK 
non-domestic buildings. This showed: problems in integrating new technologies; positive 
airtightness results; link between ratings and energy use; exemplary building identification; focus 
on system challenges; unnecessarily complicated controls; problems with building management 
systems; and unlocking better buildings (Palmer, Terry and Armitage, 2016).  
 
2016: The study that suggested the need for a better understanding of building energy use and 
how energy efficient operation is achieved because exact building energy use can vary widely in 
relation to use, energy efficiency, and occupant behaviour (Gorse et al., 2016). 
 
Beyond individual case studies and research projects using BPE, there are also a substantial 
number of building performance certification schemes used in the UK and around the world 
(Saniuk, 2011 and Osaji et al. 2013). These are listed in Table 1. 
 
 
Lessons from across the World: Environmental Assessment Rating and Certification 
 
As seen in Table 1, this research has identified 49 building performance certification schemes that 
are used in the UK and around the world in at least 37 countries. 
 
These certification schemes focus on the design and construction of buildings. Conversely, this 
research, however, is concerned with the in-use energy consumption of buildings.  
 
The UK Government has introduced various policies with a view to reducing the energy 
consumption in buildings of all kinds including, most recently, Energy Company Obligation (ECO): 
Help to Heat (BEIS, 2016).  
 
However, in an attempt to track energy consumption, specifically in publically visited buildings, 
DECs were introduced by the UK Government in response to the European Union (EU) Energy 
Performance of Buildings Directive (EPBD), which was transposed into regulations in 2007 (DCLG, 
2014).  
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Table 1: Building Environmental Assessment Rating and Certification Methods across the World 

Number of Countries Building Environmental Assessment Rating & Certification Methods Data Source & Reliability 

1 Australia National Australian Built Environment Rating System; Green Star GBCA (2011); & NABERS (2010) 

2 Brazil AQUA; LEED (Leadership in Energy & Environmental Design) Gomes et al. (2008) 

3 Bangladesh LEED  USGBC (2017) 

4 Canada BREEAM; Green Globes System; LEED   CaGBC (2011); Dixon et al. (2007); 
Green Globes (2011); & USGBC (2017) 

5 China GBAS (Green Building Assessment System); LEED Borong et al. (2007); & USGBC (2017) 

6 Colombia LEED USGBC (2017)  

7 Costa Rica LEED USGBC (2017)  

8 Czech 
Republic 

SBToolCZ (Czech Sustainable Building Tool) Hajek & Tywoniak (2008) 

9 Dominican 
Republic 

LEED  USGBC (2017)  

10 Finland PromisE DESA (2010) 

11 France HQE (High Quality Environmental Standard) Association HQE (2011) 

12 Germany DGNB (Deutsche Gesellschaft für Nachhaltiges Bauen); CEPHEUS 
(Cost Efficient Passive Houses as EUropean Standards)  

GeSBC (2012); & Passive House 
Institute (2011) 

13 Greece LEED  USGBC (2017)  

14 Hong Kong HK BEAM (Building Environmental Assessment Method) BEAM Society (2011) 

15 India GRIHA (Green Rating for Integrated Habitat Assessment); IGBC 
Green SEZ Rating System; LEED-INDIA for New Construction 

IGBC (2008); GRIHA (2017); USGBC 
(2017)  

16 Indonesia Greenship Existing Building; Greenship New Building GBC Indonesia (2010) 

17 Italy LEED Italy; Protocollo Itaca GBC Italy (2011); ITACA (2011) 

18 Japan Comprehensive Assessment System for Built Environment Efficiency JSBC (2006) 

19 Jordan EDAMA (an Arabic word meaning ‘sustainability’) EDAMA (2009) 

20 Korea GBCS (Green Building Certificate System) KGBC (2000) 

21 Malaysia GBI (Green Building Index) GBI (2011) 

22 Mexico LEED Mexico Bondareva (2005); & USGBC (2017)  

23 Netherlands BREEAM-NL DGBC (2011) 

24 New Zealand Green Star NZ; Homestar NZGBC (2008) 

25 Pakistan LEED  USGBC (2017)  

26 Peru LEED USGBC (2017)  

27 Philippines BERDE (Building for Ecologically Responsive Design Excellence)  PHILGBC (2010); & WGBC (2011) 

28 Portugal LiderA - Sustainable Assessment System LiderA (2012) 

29 Singapore BCA (Building & Construction Authority) Green Mark Scheme Building & Construction Authority (2011) 

30 South Africa Green Star SA Rating Tools, for example, Green Star SA – Office v1 GBCSA (2012) 

31 Spain LEED; VERDE Certificate GBCe (2012a); GBCe (2012b); Hui 
(2010); & USGBC (2017)  

32 Switzerland DGNB; MINERGIE; LEED  GeSBC (2012); MINERGIE (2012); & 
USGBC (2017)    

33 Taiwan EEWH (Ecology, Energy Saving, Waste Reduction & Health); Green 
Building Label 

Madew (2011); Southern Taiwan 
Science Park Administration (2012) 

34 Trinidad & 
Tobago 

LEED  USGBC (2017)     

35 UAE Estidama Pearl Rating System (PRS) v. 1.0; & Estidama PRS v. 2.0  Abu Dhabi UPC (2010) 

36 UK BREEAM (Building Research Establishment Environmental 
Assessment Method); SBEM; Code for Sustainable Homes  

BRE Ltd (2017); Madew (2011); & 
Roderick et al. (2009) 

37 US LEED (Leadership in Energy & Environmental Design); Living 
Building Challenge; Green Globes; International Green 
Construction Code (IGCC); ENERGY STAR 

Madew (2011); Roderick et al. 
(2009); US EPA & US DOE (2017); & 
USGBC (2017) 

> 38 78 countries  BREEAM BRE Ltd (2017) 

 
 
Lessons from across the EU: Energy Performance Certificates (EPCs)  
 
When considering certification of building energy consumption in-use, the DEC is often 
overshadowed by its sister scheme; the Energy Performance Certificate (EPC). Arcipowska et al. 
(2014) suggests that EPCs are an important instrument for the enhancement of the energy 
performance of buildings, and an essential part of the EPBD. However, the proper implementation 
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of the EPBD requirements is essential if the anticipated benefits of the EPC scheme is to be 
achieved (Arcipowska et al., 2014). Therefore, Arcipowska et al. (2014) evaluated the 
implementation status of the EPBD requirements in 28 EU Member States and Norway with a 
focus on the quality, availability, and usability of EPC data, and examples of good practices. 
Arcipowska et al. (2014) then provided the following policy recommendations based on its 
evaluation: 
 

 There is a need to consistently improve EPC scheme enforcement in Member States and 
strengthen compliance monitoring at both Member State and European levels.  

 There is a need to strengthen the EPC role in the context of national legislation, especially 
for renovation policies and programmes.  

 There is a need to introduce the following further quality assurance measures, especially 
during the early stages of the certification process: 

o The requirements for qualified and/or accredited experts should be strengthened 
and harmonised across Member States. 

o The certifier needs to be physically present onsite. 
o Digital tools for quality checks of the EPC data should be used such as plausibility 

check in the calculation software and/or the EPC registers. 
o There is a need for further enforcement and harmonisation of EPC quality checks 

across Member States. 

 There is a need for guidance in development of centralised EPC registries to support the 
independent control system, and map and monitor the national building stock.  

 There is a need to promote the effective use of the EPC data. 

 There is a need for independent evaluation of the effectiveness of the EPC scheme. 
 
Arcipowska et al. (2014) made the following observations about the availability and usability of 
EPC data from an example of EPC databases in the Case Study of the UK: 
    

 A “regional” approach to the EPC registry is used, which includes one EPC registry for 
England and Wales, one for Northern Ireland, and one for Scotland. 

 The EPC register for England and Wales is operated by Landmark Information Group on 
behalf of the Secretary of State for DCLG, but it receives no government funding. 

 Landmark Information Group charges lodgement fees in order to recover costs in 
establishing, operating and maintaining the registers.    

 England and Wales has two sub-registers, that is, a domestic register in operation since 
May 2007, and a non-domestic register in operation since December 2008. 

 EPCs can be retrieved by report reference number or address and postcode details. 

 Retrieval of EPCs is free of charge and it permits online search of certificates and the 
comparisons of the energy performance of buildings. 

 Bulk registered data can also be provided to authorised recipients courtesy of the amended 
Energy Performance of Buildings (England and Wales) Regulations 2012. 

 As of May 2014, the registers for England and Wales held the data of more than 12 million 
domestic and non-domestic EPCs, which makes them the largest in Europe. 

 
However, what is the nature of the energy performance of buildings in England and Wales as it 
relates to the EU EPBD and its certificates? 
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Energy Performance of Buildings in England and Wales: The EU EPBD and Certificates 
 
DCLG (2014) has responsibilities for development of town and country planning policy and rules 
that affect the environment. These include the EU Energy Performance of Buildings Directive 
(EPBD) that was implemented by Energy Performance of Buildings (Certificates and Inspections) 
(England and Wales) Regulations 2007 (DCLG, 2014). The certificates include EPCs and DECs, but 
EPCs differ from DECs in that they use energy models to predict future energy consumption. DECs, 
on the other hand, are only concerned with real performance, and their inputs are actual historical 
energy use data. DECs are only issued for non-domestic buildings that are greater than 250m2 in 
total useful floor area, occupied by public authorities, provide public services, and are frequently 
visited by the public (DCLG, 2016).   
 
DECs were introduced by the UK Government, in response to the EU EPBD, with legislation 
requiring DECs: to be displayed prominently by public authority buildings; and accompanied by 
ARs that provide recommendations on potential energy saving measures (DCLG, 2016).  
 
However, concerns over non-compliance were raised by Bruhns et al. (2011) because of the 
number of DECs that were absent from the database, which implied a non-compliance of at least 
20%. Hong and Steadman (2013) also raised concerns over the patchy compliance with the DEC 
scheme because over half of eligible buildings have not had certificates during the life of the 
scheme. Unsurprisingly, Bruhns et al. (2011) emphasised that there is a need to find ways to 
improve compliance with the DEC scheme in England and Wales. 
 
 
EPCs, DECs and ARs in England and Wales 
 
A DCLG (2016) report on Energy Performance of Buildings Certificates in England and Wales for 
Quarter 1 (Q1) 2008 to Q2 2016 shows that: 
   

 Of 15,478,698 EPCs lodged during Q1 2008 to Q1 2016, domestic properties accounted for 
96% of EPCs lodged while non-domestic buildings accounted for 4%. 

 A total of 9,366 DECs were lodged on the Non-Domestic Register during Q1 2016. 

 Based on their fuel costs for Q1 2008 to Q1 2016, 9% of all domestic properties were 
awarded energy efficiency ratings of A (the highest) or B while 66% were awarded ratings of 
C or D, and 25% were awarded ratings of E, F or G (the lowest). 

 Based on their CO2 emissions for Q1 2008 to Q1 2016, 10% of all domestic properties were 
awarded Environmental Impact Ratings of A or B while 54% were awarded ratings of C or 
D, and 36% were awarded ratings of E, F or G. 

 During Q1 2008 to Q1 2016, 9% of all non-domestic properties were awarded Energy 
Performance Asset Ratings of A+, A, or B while 57% were awarded ratings of C or D. The 
remaining 34% were awarded Ratings of E, F or G. 

 Of the total number of DECs lodged during Q1 2016, 8% were awarded Energy Performance 
Operational Ratings of A+, A, or B while 59% were awarded ratings of C or D, and 33% were 
awarded ratings of E, F or G. 
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 During Q1 2015 to Q1 2016, 9% of DECs lodged on the Non-Domestic Register were 
awarded Energy Performance Operational Ratings of A+, A, or B while 59% were awarded 
ratings of C or D, and 32% were awarded ratings of E, F or G. 

 
 
DCLG Consultation on the DEC Current Regime and Responses to the Consultation 
 
Since DECs have apparently not achieved their full potential impact, the DCLG (2015) undertook a 
consultation in early 2015, entitled “Display Energy Certificates: current regime and how it could 
be streamlined and improved”, which had the following parts: 
 

 Part 1 considered ways to improve enforcement requirements for issuance and display of 
energy certificates in public buildings, and compliance, including ensuring England and 
Wales are complying with Article 27 of the EPBD. 

 Part 2 considered the extent current requirements could be modified to reduce the burden 
of compliance with the issue and display of energy certificates in public buildings, while 
providing an effective public sector energy efficiency encouragement tool. 

 The call for evidence invited anyone to provide information on public buildings, and the 
costs associated with obtaining and maintaining appropriate energy certificates. 

  
Several stakeholders have raised concerns in response to the consultation’s proposals. Elmhurst 
Energy Systems Limited (2015) is concerned that the consultation proposes the abolition of DECs. 
This will result in a failure to meet clauses 23 and 24 of the EPBD requirements, which relate to 
public authorities leading by example. Elmhurst Energy Systems Limited (2015) is also concerned 
that proposals in the consultation will make matters worse, if implemented. 
 
The Chartered Institute of Building Services Engineers (CIBSE) is concerned the proposals in the 
consultation would not represent an improvement, but it has expressed a willingness to assist the 
UK Central Government in improving the DEC regime over several years (CIBSE, 2015). CIBSE 
(2015) believes there is no significant rationale for DCLG to diminish or abolish a DEC scheme that 
UK Central Government was originally planning to expand as a key component of recent energy 
efficiency policy. CIBSE (2015) also believes DECs have positively affected energy performance 
despite being seriously neglected in terms of their enforcement and ongoing development and 
support. 
 
The Royal Institute of British Architects (RIBA) are concerned that the proposals contained within 
the consultation do not represent progress, and will have significant negative long-term 
implications for public sector finances, while achieving relatively little short term cost savings 
(RIBA, 2015a and 2015b).  
 
The RIBA (2015a and 2015b) believe the current DEC regime should be retained, but suggest the 
best way to overcome the barrier to enforcement of the Energy Performance of Building 
Regulations is to improve evidence about the benefits of DECs and their return on investment 
periods. 
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PROTOCOL FOR QUANTITATIVE ANALYSIS METHODOLOGY AND METHODS  
 
This paper is part of a D.Eng. research into the efficacy of DECs and their accompanying ARs. It 
presents the results of its investigations into the current data set in order to understand the energy 
performance and potential for improvements of UK Central Government buildings. Specifically, 
this paper addresses the following research questions about the characteristics of DECs and ARs: 
 

 What is the UK Central Government’s compliance with the DEC scheme? 

 What is the UK Central Government’s building stock energy efficiency? 

 What are the UK Central Government’s priority AR recommendations on potential energy 
saving measures for its ‘less energy efficient’ public authority buildings? 

  
As described in Arcipowska et al. (2014), the availability and usability of EPC data from EPC 
databases in England and Wales involves: 
    

 A “regional” approach whereby England and Wales have one EPC registry that is operated 
by Landmark Information Group on behalf of Secretary of State for DCLG. 

 Two sub-registers, but the non-domestic register is the one relevant to this paper. 

 Retrieval of DECs and ARs by reference number or address or postcode details. 

 Retrieval of DECs and ARs for comparisons of energy performance of buildings. 

 Availability of bulk registered data provision to authorised recipients. 

 Availability of over 12 million domestic and non-domestic data held on the EPC registry, 
but the non-domestic DEC and AR data are the ones relevant to this paper. 

 
In Fylan (2017), Glew (2017) and UCEM (2017), guidance is provided on: Data from People, 
including an overview of research design, statistics, and the SPSS statistical software package; 
Research Methods; and Effective Research Project Management. This paper has adopted this 
guidance and adapted them as a protocol for its quantitative analysis methodological approach 
and methods of data collection and analysis. It is non-experimental and is described below:  
 
Prepare searches of DECs and ARs in England and Wales: 

 Summarise main content such as priority technical information and recommendations 

 Incorporate key aspects into a critical review and update of a conceptual framework 
 
For this paper, address questions about the characteristics of DECs and ARs for 2008 to 2017: 

 Is the investigation related to the subject area’s current issues, problems or practices? 

 What is the level of lodgement of DECs and ARs for UK Central Government? 

 What is UK Central Government’s likely level of compliance with the DEC scheme? 

 What is UK Central Government’s level of more energy efficient DEC ratings? 

 What is UK Central Government’s level of less energy efficient DEC ratings? 

 What are UK Central Government’s priority AR recommendations on potential energy saving 
measures for its public authority buildings with less energy efficient ratings? 
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Access information sources for DEC and AR data search and retrieval:   

 Access EPC databases for England and Wales such as: Landmark Information Group’s NDEPC 
Register to access non-bulk data; and DCLG’s OpenDataCommunities platform to access bulk 
data. 

 Derive address and postcode details for 510 UK Central Government public authority 
buildings of: the Prime Minister’s Office; 25 Ministerial Departments; 21 Non-Ministerial 
Departments; 378 Agencies and Other Public Bodies; 75 High Profile Groups; and 10 Public 
Corporations. 

 Use the derived address and postcode details to retrieve and catalogue DECs from the 
NDEPC Register for 104 UK Central Government public authority buildings of: the Prime 
Minister’s Office (PMO); 17 Ministerial Departments (MD); 15 Non-Ministerial Departments 
(NMD); 62 Agencies and Other Public Bodies (AOPB); 7 High Profile Groups (HPG); and 2 
Public Corporations (PC). 

 
Conduct empirical research by using primary and secondary sources of data:  

 Conduct empirical research by using primary sources such as historical documents and actual 
energy use data that have not been interpreted by intermediaries. 

 Use primary sources for empirical research to derive, analyse, and generate data. 

 Conduct empirical research using secondary sources such as DECs and ARs that contain the 
energy assessment and energy saving recommendations of intermediaries. 

 Conduct empirical research by using secondary sources for a critical analysis of the way the 
secondary data have been derived, analysed, and used to generate findings. 

 
Conduct quantitative data analysis: 

 Use content analysis to study DECs and retrieve energy performance operational ratings and 
meaningful information of 104 UK Central Government public authority buildings. 

 Use statistical analysis and SPSS statistical software package to determine and compare 
frequency distributions of DEC energy performance operational ratings and meaningful 
information for 104 UK Central Government public authority buildings.  

 
 

RESULTS AND DISCUSSION 
 
DEC and AR Summary Statistics for 510 UK Central Government Buildings 
 
There were found to be 510 UK Central Government public authority buildings that may be 
expected to have DECs and ARs, yet only 104 could be retrieved via the open access portal. This 
implies that 80% of the data originally intended to be collected was unavailable, as shown in Table 
2. This is a significant discovery, although it is in line with previous findings from the literature such 
as in Bruhns et al. (2011) and Hong and Steadman (2013). It is not known if this was a data 
management issue associated with the data set or if building owners had not undertaken the DEC 
process.  
 
However, the implication is that DECs appear not to be a well enforced, meaningful or a valued 
energy efficiency tool. Therefore, this phenomenon requires further investigation to understand 
why this may be the case. 
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Table 2: DEC Summary Statistics for 510 UK Central Government Buildings 

DEC Ratings A B C D E F G N/A 

No. of Buildings 0 6 14 24 24 11 25 406 

 
 
Table 2 also illustrates the summary statistics obtained from the 104 UK Central Government 
buildings with DEC ratings. As can be seen from Table 2, there is a spread of performance, though it 
is notable that no ‘A’ rating and very few ‘B’ ratings were achieved. A clustering around the lower 
middle ‘D’ and ‘E’ ratings and lowest ‘G’ rating performance is also apparent, with these three grades 
making up around three quarters of all of the certificates available. 
  
In the UK Central Government’s commitment to improve its estate’s performance, its Government 
Property Unit was tasked with setting out three priority strategies for the Government estate, that 
is, Rationalisation, Modernisation, and Growth (Government Property Unit, 2013). Strategic 
objective 2 involves modernisation, which includes improving sustainability through a target for 
DECs to have all buildings scoring ‘A’ to ‘D’ ratings by 2018 (Government Property Unit, 2013). 
However, based on this paper’s findings so far, it is apparent that only 44 (around 42%) of the 104 
UK Central Government buildings with available data will likely meet this target for DECs. 
Unfortunately, 60 (around 58%) of the 104 UK Central Government buildings with available data 
will likely not meet this target. 
 
Table 3 and Figure 2 show how these DEC scores are allocated across the UK Central Government 
building estate according to building function or type. As can be seen, there appears to be no clear 
correlation between government organisation type and performance. In addition, there was only one 
DEC rating awarded to the Prime Minister’s Office (PMO), which was a D, and two DEC ratings (E and 
F) were awarded to Public Corporation (PC) buildings. 
 
 

 
 

Figure 2: DEC Scores Allocation Percentage per UK Central Government Building Type 
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 Table 3: DEC Scores Allocation Percentage per UK Central Government Building Type 

UK Central Government  
Public Authority Building Types  

No. of the 
Building Types  

DEC scores allocation percentage per  
UK Central Government Building Type 

A B C D E F G 

Agencies & Other Public Bodies (AOPB) 62 0% 8% ≈ 15% ≈ 24% ≈ 19% ≈ 11% ≈ 23% 

High Profile Groups (HPG)  7 0% 0% ≈ 29% ≈ 14% ≈ 14%  0% ≈ 43% 

Ministerial Departments (MD)  17 0% 0% ≈ 12% ≈ 24%  47% ≈ 6% ≈ 12% 

Non-Ministerial Departments (NMD)  15 0% ≈ 7% ≈ 7%  20% ≈ 13% ≈ 13%  40% 

Prime Minister’s Office (PMO)  1 0% 0% 0% 100% 0% 0% 0% 

Public Corporations (PC)  2 0% 0% 0% 0% 50% 50%  0% 

  
Table 3’s DEC scores allocation percentage per UK Central Government building type shows: 

 Agencies and Other Public Bodies (AOPB) had more D ratings than any other ratings 

 High Profile Groups (HPG) had more G ratings than any other ratings 

 Ministerial Departments (MD) had more E ratings than any other ratings 

 Non-Ministerial Departments (NMD) had more G ratings than any other ratings 

 The Prime Minister’s Office (PMO) had a D rating and no other ratings 

 Public Corporations (PC) had more E and F ratings than any other ratings     
 
The results in Table 3 imply that: 

 Agencies and Other Public Bodies (AOPB) are mostly, but not exclusively, D rated 

 High Profile Groups (HPG) are mostly, but not exclusively, G rated 

 Ministerial Departments (MD) are mostly, but not exclusively, E rated  

 Non-Ministerial Departments (NMD) are mostly, but not exclusively, G rated  

 The Prime Minister’s Office (PMO) is mostly, and exclusively, D rated  

 Public Corporations (PC) are mostly, but not exclusively, E and F rated          
 
The quantitative nature of the data set as a whole implies a benefit in the ability to compartmentalise 
variables, but a risk in the inability to control all variables such as DEC ratings. Since this paper’s 
protocol for its quantitative analysis methodology and methods is non-experimental, it implies data 
was collected without interventions and with less control, but is representative of characteristics of 
UK Central Government DECs and ARs for 2008 to 2017. Although it is possible that a similar 
distribution of DEC A to G ratings could occur regardless of variation in building characteristics, 
however, Figure 3 and Table 4 imply this is not the case. 
 

 
Figure 3: DEC Ratings Allocation Percentage for 104 UK Central Government Buildings 
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Table 4: DEC Metadata for UK Central Government Buildings 

No. of 
DEC 

A to G 
Ratings 

Most Frequent  
UK Central 

Government  
Building Type  

Most  
Frequent Main  

Heating Fuel 

Most Frequent  
Building Environment 

Most  
Frequent Total  

Useful Floor Area 

Most  
Frequent DEC 
Assessment 

Software 

A = 0 N/A N/A N/A N/A N/A  

B = 6 AOPB = 83% Biomass = 33% 
Natural Gas = 33% 

Heating & Natural 
Ventilation = 67% 

≥ 1,150m2 = 100% DCLG, ORCalc, 
v3.6.2 = 67%  

C = 14 AOPB = 64% Natural Gas = 71% Air Conditioning = 43% ≥ 979 m2 = 100%  DCLG, ORCalc, 
v3.6.2 = 57% 

D = 24 AOPB = 63% Natural Gas = 58% Air Conditioning = 33% ≥ 894 m2 = 100% DCLG, ORCalc, 
v3.6.2 = 67%  

E = 24 AOPB = 50% Natural Gas = 79% Air Conditioning = 50% ≥ 675 m2 = 100%  DCLG, ORCalc, 
v3.6.2 = 58% 

F = 11 AOPB = 64% Natural Gas = 82% Air Conditioning = 45% ≥ 1,475m2 = 100%  DCLG, ORCalc, 
v3.6.2 = 73% 

G = 25 AOPB = 56% Natural Gas = 68% Air Conditioning = 64% ≥ 666.5m2 = 100%  DCLG, ORCalc, 
v3.6.2 = 76% 

 
Table 4 identifies common features of the buildings in the groups receiving different DEC ratings 
to investigate if there is sufficient data captured on DEC certificates to find explanatory trends in 
performance. Overall, it shows that most buildings were heated via gas and have air conditioning, 
and that this had no major impact on which rating they were awarded. However, it also provides 
some evidence to suggest that those better performing buildings are likely to have biomass, rather 
than gas heating, and are also likely to have natural ventilation in place rather than air 
conditioning.  
 
While this paper has not collected data to suggest DECs have not encouraged buildings to improve, 
the data provided an insight into the ARs that were produced relating to the Government estate. 
These are presented in Table 5, which illustrates 36 priority AR recommendations on potential 
energy saving measures that were suggested for UK Central Government buildings with ‘G’ ratings.  
 
 

Table 5: Priority AR Recommendations for UK Central Government Buildings with G Ratings 

No. AR Recommendations w/ Potential Medium & High Impacts for Energy Performance Improvements Frequency % 

1 Expert assessment of AC systems in accordance w/ CIBSE TM 44 10 9.90 

2 Specific measures to reduce hot water wastage 10 9.90  

3 Automated controls & monitoring systems to electrical equipment 9 8.91 

4 Energy management techniques introduction 9 8.91  

5 Expert review of lighting strategies for upgrades & implementation plan 9 8.91  

6 Expert review of HWS systems provisions for upgrades 8 7.92 

7 Building mounted photovoltaic electricity generating panels 7 6.93  

8 Building mounted solar water heating 7 6.93  

9 Expert review of overall ventilation strategy for upgrades & alternatives 7 6.93  

10 Power save settings & power down management on PCs & equipment  7 6.93  

11 Reflective coating to windows &/or shading devices to reduce solar gain  7 6.93  

12 Sub metering in accordance w/ CIBSE TM39 to areas of higher energy use (e.g. server rooms) to calculate 
a more accurate operational rating  

7 6.93  

13 Variable speed drives (VSD) for fans, pumps & compressors 7 6.93  

14 Expert tests & adjustments of boiler plant for operating efficiency  6 5.94  
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15 Regular inspections of the building fabric to check on insulation  6 5.94  

16 Resetting of humidity control system to more efficient parameters  6 5.94  

17 Building user engagement to economise equipment energy use  5  4.95  

18 Expert review of AC strategy to propose upgrades & alternatives  5 4.95  

19 Expert review of lift & escalator provisions for upgrades  5 4.95  

20 Variable speed fans & volume control devices to ventilation system 5 4.95  

21 Energy efficient equipment procurement regime  4 3.96 

22 Expert engagement to propose & set up ventilation maintenance regime  4 3.96  

23 Expert review of HVAC settings for upgrades to suit occupancy patterns  4 3.96 

24 Minimisation of simultaneous operation of heating & cooling systems   4 3.96 

25 Programme of fitting energy meters to lifts & escalators  4 3.96  

26 Programme of planned lighting systems maintenance  4 3.96  

27 Review of AC energy performance report to implement recommendations  4 3.96  

28 24 hour / 7 day time controls fitted onto electric HWS cylinders 3 2.97 

29 Building mounted wind turbine(s) 3 2.97 

30 Expert engagement to propose & set up an AC maintenance regime  3 2.97 

31 Expert review of building fabric to propose improvements 3 2.97 

32 Expert review of overall heating strategy for upgrades & alternatives 3 2.97 

33 Heat recovery to catering refrigeration condensers 3 2.97 

34 Improvement of building fabric airtightness 3 2.97  

35 Regular checks of HVAC time & temperature settings 3 2.97  

36 Upgrade of major time controls to include optimum start/stop  3 2.97  

 
As can be seen from the AR recommendations in Table 5, perhaps surprisingly, they do not 
prioritise fabric improvements to the buildings. Insulating buildings, often referred to as the ‘Fabric 
First’ approach, is endorsed by experts, for instance, as seen in the Building Research 
Establishment (BRE) guide by Stenlund (2016). However, fabric insulation is not mentioned in any 
of the top 10 priority AR recommendations shown, and is mentioned only thrice in the entire list. 
This suggests either a misalignment of AR recommendations with best practice principles for 
energy retrofits, or that there may be planning, listed building consent, or cost issues that exist. 
This means that fabric improvements are not being recommended for these buildings. This is a 
significant issue for improving the performance of the UK Central Government building stock, and 
it will be the focus of future investigations, including into similar issues that might exist in the Local 
Government building stock in England and Wales. 
 
Interestingly, there appears to be a substantial diversity in the type of AR recommendations being 
provided. This may mean either there are no easy wins that can be applied to improve the energy 
efficiency of the UK Central Government building stock, or such buildings require relatively 
bespoke investments. Having said this, several clusters or themes do seem to appear among the 
AR recommendations. For example, there appears to be a focus specifically on: expert assessment 
of Air Conditioning (AC) systems in accordance with CIBSE TM 44 (10 recommendations); reduction 
of hot water use (10 recommendations); electrical equipment automated controls and monitoring 
systems (9 recommendations); introduction of energy management techniques (9 
recommendations); and expert review of strategies and implementation plans for lighting 
upgrades (9 recommendations). There were also several mentions of, for instance, installation of 
renewables and more energy efficient equipment, although these were less frequent. 
 
Further investigations into the efficacy of DECs may therefore focus on several areas such as: 
identifying changes in DECs over the time period 2008 to 2017; identifying if any trends in DEC 
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ratings are related to other meta data such as age, specific function, location of building and 
others; appropriateness of the AR recommendations for the building stock typology; and finally, 
following up on the actions of energy managers in the buildings in order to investigate if the AR 
recommendations were useful and successfully implemented. 
 
 
Comparison of the UK Central Government DEC Ratings to the DEC 2018 Target 
 
As seen earlier in Table 2’s illustration of DEC summary statistics for 510 UK Central Government 
buildings, there is a spread of performance. For instance, the buildings achieved no ‘A’ rating and 
very few ‘B’ ratings, but had many ‘less energy efficient’ ‘D’, ‘E’, and ‘G’ ratings that make up 
around three quarters of all of their DECs available. 
  
The UK Central Government is committed to improving the performance of its estate, and that is 
why the Government Property Unit was tasked with setting out three priority strategies for the 
estate, that is, Rationalisation, Modernisation, and Growth (Government Property Unit, 2013). 
Strategic objective 2 involves modernisation, which includes improving sustainability through a 
target for DECs to have all buildings scoring ‘A’ to ‘D’ ratings by 2018 (Government Property Unit, 
2013).  
 
However, based on the findings from the DEC summary statistics for 510 UK Central Government 
buildings, it is apparent that only 44 (around 42%) of 104 UK Central Government buildings with 
available data will likely meet this target for DECs. Unfortunately, 60 (around 58%) of the 104 UK 
Central Government buildings with available data will likely not meet this target. 
 
 
Overview of Opportunities Discovered So Far for Further Investigation   
 
Although this paper developed a suitable protocol for its quantitative analysis methodological 
approach and methods for data collection and analysis, it is however, dependent on the availability 
of data. Unfortunately, only DECs and ARs for 104 (out of 510) UK Central Government buildings 
could be retrieved and catalogued. This implies 80% of data originally intended to be collected was 
unavailable, and only 20% of data was available. Therefore, this presents an opportunity to further 
investigate this problem, particularly the potential low compliance and lodgement of DECs and 
ARs across Local Governments in England and Wales.  
 
This research found 36 AR recommendations it determined to be priorities because of their 
frequency of occurrence and potential for improvements of UK Central Government buildings with 
DEC ‘G’ ratings. Unfortunately, these priority AR recommendations rarely followed the ‘Fabric 
First’ principle because only three (around 8%) addressed building fabric issues. It is not known 
why this is the case. However, this presents an opportunity to further investigate this issue, 
particularly the potential low adoption of the ‘Fabric First’ principle by AR recommendations 
across Local Governments in England and Wales. 
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CONCLUSION 
 
This paper is part of a D.Eng. research into DEC and AR compliance of UK Government buildings. 
Summary statistics have been produced on the lodgement, energy efficient ratings, and energy saving 
priority recommendations of UK Central Government cohort of buildings for 2008 to 2017. This is the 
first independent synthesis of such data, and it sheds light on the success of DECs and ARs in raising 
awareness of the energy efficiency of UK Central Government buildings. 
 
Guidance was adopted and adapted by this paper for its quantitative analysis methodology and 
methods protocol, which was non-experimental. Its literature review and analysis of UK Central 
Government DECs and ARs made some significant findings. For instance, the headline findings are 
that: no UK Central Government buildings achieved a DEC ‘A’ rating; only around 6% have a ‘B’ rating; 
14% are ‘C’ rated; 23% are ‘D’ rated; 23% are ‘E’ rated; 11% are ‘F’ rated; and 24% are ‘G’ rated. This 
is significant, as it underlines difficulties that may be faced later on should minimum energy 
performance standards be introduced at a future date. Other headline findings are that only around 
42% of 104 UK Central Government buildings will likely meet a 2018 target for DECs to have all 
buildings scoring ‘A’ to ‘D’ ratings. Significantly, this research found that non-compliance with DEC 
requirements was endemic, with 80% of DECs and ARs not being lodged for UK Central Government 
buildings. The implication is that the DEC and AR are not well enforced energy efficiency tools, but 
they should be. 
 
This paper also found 36 AR recommendations it determined to be priorities because of their 
frequency of occurrence, and their potential for improvements of UK Central Government buildings 
with DEC ‘G’ ratings. However, these 36 priority AR recommendations rarely followed the ‘Fabric First’ 
principle because only three (around 8%) of them addressed building fabric issues. It is not known 
why this is the case or if AR recommendations are influential in energy management circles across 
the UK Central Government estate. 
 
Future work will include the creation of a qualitative analysis methodology and methods protocol in 
order to investigate why there is low compliance and lodgement of DECs and ARs by focusing on: 
the underlying reasons why Government buildings in England and Wales received particularly low 
energy efficient ratings; and understanding the appropriateness and uptake of AR 
recommendations. 
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ABSTRACT 

Construction projects are subject to scrutiny in terms of sustainability performance, for 
example, on environmental issues and social matters. However, the reasons which 
underpin why one project outperforms another do not seem to be well-articulated in 
literature – possibly because projects are deemed to be unique and hence incomparable. 
For instance, decisions which lead to better or worse sustainability performance are 
arguably determined by the individual values of actors, as played out in a project context. 
If values are a predictor of attitudes and behaviours of individuals, then it is feasible that 
they also guide behaviour at the organisational (and project) level. Drawing on values 
theory, a preliminary framework has been developed to capture and assess individuals’ 
personal values, within a project (organisational) context, to understand the likely 
implications on sustainability performance. The framework, developed from a literature 
review, aims to create a means by which it is possible to predict the sustainability 
performance of a project, and improve this through approaches that are more empathetic 
to individuals’ values (for example, by configuring and managing teams differently). By so 
doing, this may help project teams to achieve higher standards of environmental and social 
performance in practice. 

INTRODUCTION 

Construction projects are widely associated with complexities and challenges, with complicated 
processes and dynamic organisational structures (Aloini et al., 2012). Sustainability related 
challenges, particularly around social and environmental issues have attracted increasing levels of 
attention and scrutiny (Brooks and Rich, 2016), making the topic of strategic importance for the 
construction industry. Research has addressed sustainability-related concerns from different 
perspectives, but of particular interest is the sustainability performance of large infrastructure 
projects, due to the potential scale of their social and environmental impact. 

Existing research has made strong connections between sustainability and values, arguing that the 
notion of sustainability resembles a set of values (Ratner, 2004). As such, enacting sustainability is 
arguably influenced by the individual values of actors working within projects and organisations. 
However, there is a lack of research from the construction industry perspective. That said, Zhang 
et al. (2008) made a compelling case for the role of collective organisational values in construction 
consultancies, yet this research trajectory remains under-explored across other types of 
organisations, including large construction projects. There is also a gap in knowledge about the 
underpinning human and organisational values present within delivery teams of major project 
coalitions. Furthermore, the reasons that influence project performance around sustainability in 
construction projects have not been identified. Therefore, as part of an ongoing research 



555 
 

programme to address these gaps, this paper presents a framework that aims to help predict 
sustainability performance, in the context of construction projects in the UK. The findings reported 
here will be followed by two phases of primary data collection from a case study project in the 
infrastructure sector. 

METHODOLOGY 

This study is based on secondary data and deployed a systematic literature review methodology 
for the selection, extraction, analysis and synthesis of data (Tranfield et al., 2003). The main aim is 
to develop a preliminary framework that captures and assesses individuals’ personal values, within 
project and organisational contexts, to understand the likely implications on sustainability 
performance. The review used a systematic search for articles related to values theory and their 
application in project and organisational contexts. This included a particular focus on the 
relationship between personal values and organisational values and their likely impact on various 
organisational phenomena that are likely to impact sustainability performance (e.g. organisational 
commitment). As search strings, combinations of different terms were used to search databases, 
such as Google Scholar, Scopus, etc. This included ‘personal (or individual / human) values + 
organisational values’, and ‘values theory’. Searches were repeated with the intersection of 
different terms such as ‘sustainability’, ‘Schwartz’, ‘values alignment’, ‘pro-environmental 
behavior’ and ‘construction’. As the topic of values and its relationship with sustainability in 
construction project environments is still an emerging field of study, this study considered articles 
published in peer-reviewed journals, irrespective of their impact factor. As part of the review, 
books and conference proceedings were also considered important in developing an in-depth 
understanding. Construction Management & Economics and the Journal of Business Ethics were 
among the most useful journals. In addition, given the underpinning nature of values, a number 
of psychology journals were highly-relevant.  

INHERENT FEATURES OF CONSTRUCTION PROJECTS 

Construction projects are one-off, complex and dynamic endeavours (Mills, 2001). Low 
productivity, high fragmentation, conflicts, cost and time overruns characterise the construction 
industry (Aloini et al., 2012), and the temporary and short-term nature of projects is considered 
an intrinsic feature (Green et al., 2004). In large infrastructure projects (such as roads and rails), 
multiple organisations form a multidisciplinary organization for a limited time to execute unique 
and bespoke projects (Pathirage et al., 2007). The diverse interests of stakeholders, and the 
dynamic organisational structures associated with such projects generate greater levels of risks 
and uncertainties, which are likely to hinder project performance. Fellows and Liu (2012) suggest 
that such issues are ‘magnified on engineering construction projects due to their size, complexity, 
financing, duration and execution by many organizations, often from several diverse countries’ (p. 
653). Much of these complexities are formidable, due to complicated processes and the 
environments in which projects are executed. The increasing magnitude and frequency of the 
problems encountered in construction projects, particularly around sustainability, has prompted 
criticism and scrutiny in recent years (Brooks and Rich, 2016). Due to their significant 
environmental, economic and social impact, sustainability performance is regarded as a most 
pressing concern. Despite the inherent challenges, there are increasing expectations to deliver yet 
more complex projects in line with various policies and regulations, hence the industry needs 
systematic and consistent approaches to address any underlying factors that might hinder project 
performance. Understanding the nature of construction projects constitutes an important step 
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towards and, in an attempt to address sustainability-related concerns, this paper provides a fresh 
perspective in exploring the underpinning factors that are likely to influence the sustainability 
performance of construction projects, through the lens of values theory.  

OPERATIONALISING SUSTAINABILITY 

Assessing and measuring sustainability performance around environmental issues and social 
matters has received increasing levels of attention in recent years, where various environmental 
assessment tools have been deployed to quantify sustainability through criteria scoring (Ding, 
2008; Cole and Valdebenito, 2013). The most recognised environmental assessment tools in use 
worldwide are BREEAM (UK), CASBEE (Japan), LEED (USA), and Green Star (Australia) (see Ding 
2008 for an overview). BREEAM and LEED are however considered to be ‘two of the most mature 
and widely internationally recognized systems’ (Cole and Valdebenito, 2013: p. 665). Whilst such 
tools are increasingly used in the construction industry to raise the sustainability standards of 
buildings (Cole, 2005), there remains a notable gap in knowledge around the underpinning reasons 
that explain why different construction projects outperform others. This illustrates that there may 
be more to operationalising sustainability than just using assessment tools, regardless of their 
comprehensiveness and objectivity.   

The term ‘sustainable development’ originated from the report of the World Commission on 
Environment and Development (WCED) – ‘our common future’ in 1987. The report defined 
sustainable development as ‘development that meets the needs of the present without 
compromising the ability of future generations to meet their own needs’ (WCED, 1987: p. 41), 
however, operationalising this is a challenge. Ratner (2004) outlined three distinct approaches 
which are: technical consensus (development of tools and techniques that integrate social, 
environmental and economic factors); ethical consensus (development of a single framework of 
action – ‘a unifying ethic that serves as a guide for navigating through social conflict’) (p. 60); and 
dialogue of values. Holdgate (1996: p. 138) argued that ‘sustainability is not a technical problem 
to be solved, but a vision of the future focusing our attention on a set of values, and moral and 
ethical principles to guide our actions.’  Therefore, understanding sustainability as a dialogue of 
values (where technical and ethical consensus are needed, but deemed inadequate for reaching 
unified decisions) places an emphasis on stakeholders, their dynamic processes of communication, 
and the governance that structures those processes (Ratner, 2004).  This illustrates the role of 
values and their relationship with sustainability, yet there is a lack of research on the role of 
individuals as change agents for sustainability (Visser and Crane, 2010). This may explain why some 
projects perform better than others, particularly when there is consensus that sustainability (as a 
concept) is underpinned and driven by values (e.g. Florea et al., 2012; Ratner, 2004).  

THE NATURE OF HUMAN VALUES  

Values are commonly viewed as deeply held views that act as guiding principles for individuals and 
organisations. They are believed to underpin culture, decision-making and behaviour, and a 
driving force in inspiring, driving and sustaining organisational change. The increased interest in 
the nature of human values has resulted in numerous conceptualizations of values (Maio et al., 
2006; Rohan, 2000), and as a result, ‘values’ is a contested concept. However, a central theme 
expresses personal values as relatively stable standards in one's life, which influence and underpin 
the formation of behaviour (Fritzsche and Oz, 2007; Rokeach, 1973; Zhang et al., 2008), by: 
‘providing criteria for decision-making’ (Liedtka, 1989: p. 806). Moreover, values form an essential 
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basis for human perceptions and reactions (Rohan, 2000; Van Quaquebeke et al., 2014). 
Therefore, in essence, values are a tool to facilitate the understanding of human behaviour and 
underlying motivation. While they are inherent only to individuals, they are also shared socially. 
Values can therefore be defined as: ‘conceptions of the desirable that guide the way social actors 
select actions, evaluate people and events, and explain their actions and evaluations’ (Schwartz, 
1999: p. 24). 

Values – theoretical perspective 

Values research has predominantly taken a descriptive approach to understand the level of 

importance different people associate with values. This has been limited to ranking or grouping of 

values with less focus on the inherent structure of value systems which explore the relationship 

between values (Van Quaquebeke, et al., 2014). There have been some notable attempts to 

address this, such as Quinn’s (1988) ‘competing values framework’. Contemporary organisational 

research has however relied on Schwartz’s (1992) value theory, articulated in a two-dimensional 

circular structure to portray the total pattern of relations of conflicts and congruity among ten 

types of values, which are represented by 56 value items (see Figure 1).  

 

Figure 1: Theoretical model of values (adapted from Sortheix and Schwartz, 2017) 

Schwartz (1992) theorised that basic values are organised into a coherent system that underlines 
and can help explain individual decision making, attitudes, and behaviour. He outlined ten broad 
value types in accordance to the motivational goal they each express, which can trigger different 
attitudes and subsequently behaviours. Schwartz (1992) maintained that values express one or 
more of the three universal requirements of human existence: individuals’ needs as biological 
organisms; the necessity of coordinated social interaction; and groups’ welfare and survival needs. 
Bourne and Jenkins (2013) argued that differences in the relative importance placed on these 
universal requirements indicate that they hold potential for conflict within and between 
individuals and groups, as values are essentially based upon potentially conflicting human 
requirements, which are capable of change. In other words, some values may be very important 
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to an individual, but less so to another, hence values can provide important insights on individuals’ 
likely attitudes and behaviours in relation to various personal and organisational aspects. 

Schwartz (1992) argued his key contribution was that: ‘the instrument developed to measure all 
the value types can be used to test hypotheses that relate value priorities to their antecedents 
and consequences’. Furthermore, ‘the theory of value structures can stimulate the generation of 
hypotheses about how the whole integrated system of value priorities relates to background, 
attitude, and behaviour variables’ (p. 60). Underpinned by his theory, Schwartz’s (1992) Values 
Survey (SVS) is a comprehensive instrument to capture and assess individual’s values. It is widely 
acknowledged as a robust instrument to measure the relative importance people associate with a 
set of universal values in different contexts. For example, after some amendments, Mills et al. 
(2009) demonstrated its applicability in the construction industry. 

So, on the basis of the above, and in the context of a particular project, sustainability performance 
is arguably determined by the ‘individual values’ of stakeholders (Brooks and Rich, 2016). If such 
values are indeed a determinant and predictor of attitudes and behaviours (Fritzsche and Oz, 
2007; Schwartz, 1992) (because they serve as relatively stable standards in ones’ life) (Rokeach, 
1973), then it is possible that they also guide behaviour at the organizational and project level 
(Edwards and Cable, 2009). Hence, the ability to capture and assess individuals’ values working on 
a shared endeavour could provide valuable insights. Furthermore, this would arguably provide the 
means to predict the likely behaviours or tendencies of individuals or groups of individuals towards 
different situations. For instance, if caring for the environment was not an important consideration 
for an individual, they would not show much consideration for sustainability, because they may 
not endorse nor subscribe to the values associated with sustainable development.  

Such assessments and observations can be made possible through the use of the SVS instrument. 
Indeed, empirical studies deploying SVS have confirmed that environmentally-friendly behaviours 
(or sustainability in a broader sense) is related to certain values (Karp, 1996; Schultz and Zelezny, 
1999; Thøgersen and Ölander, 2002). Self-Transcendence values, particularly Universalism is 
strongly associated with sustainability, whilst Self-Enhancement is negatively associated with 
sustainability. In other words, the more important values classified near the Self-Transcendence 
segment of the value structure are, and (to a lower extent) the less important values classified 
near the Self-Enhancement segment are, the higher propensity to collective (environment-
friendly) action (Karp, 1996; Thøgersen and Ölander, 2002). Such observations are likely to 
highlight why different individuals or teams behave in the way they do and help understand how 
this is likely to influence future behaviours and actions, which may in turn influence the 
sustainability performance of projects. 

WHAT ARE ORGANISATIONAL VALUES? 

Organisational values have been identified as the most important feature of an organization 
(Rokeach, 1979). They are ‘the beliefs and attitudes that permeate the entire group, defining what 
is considered of benefit to all’ (Williams, 2002: p. 220). However, organisations alone do not 
possess values. It is the collective personal values of the employees within organisations that 
underpin the formation of organisational values (Meglino and Ravlin, 1998). Organisational values 
are the collective beliefs that give organisations their identity, help differentiate organisations and 
describe what an organisation stands for and takes pride in (Meglino and Ravlin, 1998; Rokeach, 
1979). Furthermore, they have been found to provide a bonding mechanism between 
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organisational members, creating environments that facilitate work toward common goals, by 
fostering and encouraging coordinated actions and behaviors (Williams, 2002).  Therefore, ‘values 
have a long reach and a wide span of influence on critical processes and characteristics in 
organizations’ (Bourne and Jenkins, 2013: p. 496). 

There is therefore a clear distinction between personal values and organizational values, however 
they are evidently interlinked, or as Rokeach (1979: p. 50) puts it, ‘institutional and individual 
values are really the opposite side of the same coin’.  In simple terms, employees’ attitudes and 
behaviours are driven and guided by their values, which inform decisions and actions in relation 
to all personal and organisational aspects. Organisational values on the other hand provide 
standards on how organisational members should behave (Edwards and Cable, 2009). This does 
not negate the importance of situational factors that may influence organisational activity, such 
as regulatory standards, policies, institutional norms or stakeholder pressures (Marcus et 
al.,2015), which are particularly relevant in the construction industry due to its intrinsic features, 
as discussed earlier. 

Nevertheless, extensive organisational research highlights the importance of integrating the 
values of employees into the organisational practices. Schneider (1987) emphasised 
understanding organisations as people, but in many cases, employees’ personal values appear to 
play a minimal role in the overall organisational values. In some organisations, values are mainly 
generated by managers with little or no emphasis on the collective values of the employees (Zhang 
et al., 2008). Williams (2002) and Garriga and Melé (2004) call for values-based management, 
where the ‘organisational values should reflect the collective values of the staff’ (Zhang et al., 
2008: p. 1009), and are not limited to those of top management (Mills et al., 2009). 

Schneider (1987: p. 438) asserted that ‘it is the people behaving in them that make organisations 
what they are’. An organisation’s values must therefore be rooted in its employees. Argandoña 
(2003: p. 19) defined an organisation as ‘a group of people whose actions are coordinated in order 
to achieve certain results in which they all have an interest, although not necessarily for the same 
reason’. So, as values are a key contributor to actions and behaviours, it reinforces the argument 
that misalignment of values is likely to have detrimental impact on organisations and their 
members (Zhang et al., 2008; Mills et al., 2009). Successful and sustained performance is primarily 
due to the shared values of their employees (Zhang et al., 2008; Florea et al., 2012), hence the 
alignment of values can help attract and retain employees (Schneider, 1987), and drive their 
preference for and commitment to their organization (Sen and Bhattacharya, 2001).  

A contemporary example of a values-based phenomena is ‘sustainable development’ (Garriga and 
Melé, 2004), which in construction projects, for example, is highly influenced by the various 
stakeholders involved in the execution processes. Therefore, alignment of values could assist 
project delivery teams in overcoming various challenges and achieving desirable outcomes. 
Research in this area is lacking though, so further work is needed to articulate and verify how this 
might be manifested in practice. This is highly relevant in the construction and built environment 
sector because tools like BREEAM, LEED and Green Star are being used increasingly to assess 
project sustainability performance, and again the role of values and behaviour in this field is poorly 
understood.  
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SUSTAINABILITY PERFORMANCE FRAMEWORK 

Given the lack of research in this area from a construction project perspective, there is an 
opportunity to develop a novel approach which draws on existing theories and empirical studies 
of how values, at personal and organisational levels, are likely to influence sustainability project 
performance. This section presents the initial conceptualization of a values-informed sustainability 
performance framework. The framework draws on Schwartz’s (1992) values theory, and the 
subsequent work of Mills et al. (2009) in the context of construction to provide a fresh perspective 
that may help project delivery teams to predict sustainability performance of projects on the basis 
of their organisational and personal values. Four specific assertions are made here, which together 
will be developed further via empirical research. 

Organisational values  

Construction projects are widely acknowledged as temporary and multi-organisational 
endeavours delivering unique and complex projects. Given their coalition nature, such projects 
involve a diverse range of individuals embedded in and hence influence all of their processes and 
operations. As established earlier, individuals’ actions (such as decision-making) are a 
manifestation of the values they uphold, and as such the role of individual actors (Visser and Crane, 
2010) within construction projects is critical. This was found to be the case with operationalising 
sustainability. Hence, the first assertion of this framework is to understand the project (or 
organisation) as its people (Schneider, 1987). Understanding employees helps understand the 
ambitions they hold for the organisation as a living system because values define who and what 
each person has to offer as a human being to the overall organisation (Williams, 2002).  

Indeed, understanding the values of all the individuals within the project (or organisation) 
constitutes the first, and arguably most important assertion of this framework, for a number of 
reasons. This essentially provides the means to understand a project as a single unit and determine 
whether the perceived values of the overall project, i.e. the espoused values, sanctioned by top 
management, (Bourne and Jenkins, 2013) are indeed representative of the collective values. This 
can assist management in better understanding their organisation on the basis of its members and 
determine or shape its values accordingly (Zhang et al., 2008). Importantly, it is argued that this 
may assist in designing teams that are compatible from a values perspective to address certain 
organisational needs that require certain types of values, which in this context is sustainability. 
Such observations are made by measuring and identifying the values priorities and the degree of 
values alignment within the organisation. 

Individual values 

As established earlier, individuals constitute a critical element of an organisation. Individuals are 
guided by their values, which influence and guide their motivations, attitudes and behaviours 
towards various organisational aspects (Schwartz, 1992). Sustainability is regarded as a values-
laden notion, and as such, sustainability performance is highly influenced by and is sensitive to the 
values of individual actors within organisations or projects (Florea et al., 2012).  

This idea underpins the second assertion within the framework. A structured and systematic 
approach to understanding the values of individuals within a project can provide valuable insights 
on their attitudes and behavioural propensities (Mills et al., 2009). Personal values, as a unit of 
analysis, provide two important observations that can be directly related to sustainability 
performance, as outlined below. Such observations can act as a determinant factor of an 
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individual’s likely compatibility within an organisation or team. The process of capturing and 
analysing values, both collectively (understanding the organisation or groups) and individually (to 
understand individuals) can be achieved using an instrument based on Schwartz’s theory of human 
values (1992), as discussed above. 

Values alignment 

The third assertion for the framework is that values alignment is important in three distinct ways. 
At organisational levels, 1) it demonstrates the degree of values alignment and disparity within 
the organisation (construction project, based on collective values that are perceived to be of 
similar importance), and 2) highlights the extent of alignment and disparity between the 
organisation’s collective values and the espoused (written statements, etc.) values. Finally, at 
individual level, 3) the framework demonstrates the level of congruity individuals exhibit in 
relation to the collective organisational values.  The first two points provide the means for an 
organisation to understand its values, and most importantly, to develop selection criteria for 
designing teams or organisations.  

On the basis of existing empirical studies, this framework is based on the hypothesis that a higher 
degree of alignment could result in better performing projects, whilst misalignment would 
necessarily result in negative consequence on project performance. Mills et al., (2009) argued that 
lack of alignment between organisational and individual values may result in perceptions of 
‘empty’, ‘lofty’ and ‘hollow’ organisational commitments, and therefore lead to harmful 
consequences. 

Values priorities 

Thøgersen and Ölander (2002, p. 613) contend that: ‘values priorities are generally assumed to be 
some of the most stable phenomena in a person’s mental set-up’, hence they can serve as a key 
predictor and determinant of attitudes and behaviours, at personal and organisational levels 
(Schwartz, 1992; Rokeach, 1973). On the basis of these arguments, using the values instrument, 
individual actors’ values can be profiled against Schwartz’s two-dimensional values structure to 
identify their most and least important values. This will give an indication of their likely attitude 
and behaviour towards various issues, such as sustainability – thus forming our fourth assertion. 

Based on previous research, Self-Transcendence values have been strongly associated with pro-
environmental behaviour (or sustainability in a broader sense), whilst Self-Enhancement values 
were found to oppose sustainability related attitudes and behaviours (Thøgersen and Ölander, 
2002; Stern et al., 1999; Nordlund and Garvill, 2002). For example, Nordlund and Garvill (2002, p. 
752) found individuals prioritising Self-Transcendent values ‘were more aware of the threats to 
the environment and perceived a stronger moral obligation to act to protect the environment than 
individuals who gave priority to Self-Enhancement values’. Such studies have mostly stopped short 
of exploring the relationship of Openness to Change and Conservation with sustainability 
(Thøgersen and Ölander, 2002). However, Karp (1996) found that values related to Self-
Transcendence and Openness to Change are strong predictors of pro-environmental behaviour, 
whilst those related to Self-Enhancement and Conservation are strong negative predictors of pro-
environmental behaviour. Karp’s (1996) findings are of interest, as values associated with 
Openness to Change may be relevant to the nature of the construction industry. Particularly as 
Schwartz (2012, p. 15) suggested that Self-Direction values ‘foster creativity, motivate innovation, 
and promote coping with challenges’. Therefore, individuals’ broad prioritization of Openness to 
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Change values, or Self-Direction in particular could arguably help overcome some of the inherent 
challenges of construction projects. 

Drawing on other potentially relevant empirical studies, it has been reported that Schwartz’s 
values theory can help determine and predict individuals’ level of organisational commitment. For 
example, Abbott et al., (2005) reported that values associated with Benevolence, Universalism and 
Self-Direction were related to affective and normative organisational commitment. Cohen’s 
(2010) findings on the other hand suggested that values representing Self-Transcendence and 
Conservation are positively related to organisational and occupational commitment. Such 
observations are potentially valuable as the functional role of values is evident in organisational 
processes and outcomes, such as organisational commitment, job satisfaction and work 
performance (Cohen, 2010). Hence these key observations are adopted in predicting the 
sustainability performance of projects. However, given the context in which the above empirical 
studies were carried out, and the lack of research on the relationship between Openness to 
Change and sustainability, for the purpose of this framework, therefore, it is argued that a range 
of values (and value categories) may actually be relevant to sustainability performance in the 
context of a construction project. For example, Self-Direction may be associated with innovation, 
which is an essential value for enacting sustainability, whilst tradition values oppose sustainability 
initiatives. The findings of this study constitute an essential part of an ongoing research 
programme, by setting out the parameters to explore the likely impact of values on sustainability 
performance within projects (and organisations). The findings will be explored and verified 
through two primary data collection phases, which will entail capturing the personal values of over 
150 individuals in the project team of a major rail infrastructure project in the UK, followed by 
semi-structured interviews of selected individuals. 

CONCLUDING REMARKS 

Sustainability, an area of major concern for the construction industry, is widely regarded as a 
values-laden notion, and as such is sensitive to the influence of human values. Individual actors, 
often from a diverse range of backgrounds and organisations, constitute the ‘organisation’ of a 
construction project, influencing all organisational processes through their actions and behaviours 
on day to day basis. Given that values underpin the formation of attitudes and behaviour; 
individuals were found to be a critical factor in operationalising sustainability. As such a framework 
was presented in outline, which is based fundamentally on a novel conceptualisation of individuals 
and their values within an organisation or project. 

With the aid of a robust instrument (the SVS), the framework will be used to explore the suggestion 
that sustainability performance can be predicted using two key indicators, which are values 
alignment and values priorities. Organisational values and their alignment with personal values is 
strongly associated with project success in the literature. As a measure, values alignment provides 
important insights on the likely compatibility of individuals within organisations (or teams etc.). 
Values priorities on the other hand demonstrate individuals’ likely behaviour propensities, based 
on the values they consider most important to them. Self-Transcendence values were found to 
encourage organisational commitment and sustainability, whilst Self-Enhancement values 
opposed sustainability. Furthermore, Openness to Change values were also found to potentially 
relate to sustainability, however, empirical studies have in general stopped short of exploring this 
domain, which warrants further investigation. Subsequent research will test the merit of this 
nascent framework in the context of a major infrastructure development project in the UK. 
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Abstract  

This paper reports on a value management study workshop that was conducted to examine a long 
standing challenge to performance improvement in a chemical manufacturer in the U.K.  Even 
taking into account Hofstader's law, and Gray and Flvybjerg's warnings about benefit 
exaggeration, the solution arrived at, offered notable gains in: energy savings; health and safety 
enhancements; operational speed (in a performance bottleneck process) and most significantly in 
the potential for future increased sales to a market that has a demand gap.  
 
While reports on the potential for 'value management workshops' are not new, the testing of what 
might be significant factors that influence those successes is largely theoretical and would 
arguably benefit from the examination of the theory in practice.  
 
The inferences possible from this field work suggest that some component factors in the 
preparation of the workshop need particular attention. These factors include: Wide stakeholder 
engagement; careful prepositioning and preparation of team members that includes a focus on 
the benefit-value concept that includes sustainable thinking; a whole portfolio perspective; and 
independent workshop facilitation.  The outcome of this study supports the theoretical promise 
of value management studies.  
 
Projects that seek to improve sustainable outcomes in society and business, as well as in greener 
technology application, appear to raise the level of challenge for:  the development of better 
project choices; for the management of projects in general; and for projects specifically aimed at 
sustainability improvements in particular.  The paper recommends the habitual use of approaches 
and the mindset purported by 'value management' in the development of projects. 
  

Key words: Value Management; Facilitation; Team working. 

 

Introduction 

The APM Value Management Special Interest Group’s (VM SiG) (2017) briefing notes on Value 

Management (VM) workshops suggest that the reason for their success is that they provide a 

process by which typical decision making errors can be avoided and where the power of team 

working can be carefully exploited.  It does this primarily through a facilitated problem solving 

process that encourages the ‘suspension of judgement’ and the generation of non-typical ‘lateral 

thinking’ options.  Its success, (VM SiG 2017) they suggest; can be attributed to avoiding the 

difficulty of avoiding such logical errors in the organisational setting.   
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Levitin (2015); Kahneman (2011); Sutherland (2007) and DeBono (1971) all showed how logical 

decision making and creativity is compromised in organisations where groups of people hold 

specialist roles. 

 

The success of VM as a process to enhance project development and decision making to do this is 

reported in the literature.  (APM 2017; Dallas 2006; Guba and Lincoln 2005; Kelly, Newton, Male, 

Graham 2004; Hamilton 2002; Green 1997).   

 

This case study research sought to illustrate the VM workshop potential and arrive at insights that 

might support new hypotheses for future testing. 

 

Researching aspects of VM as an approach to developing better projects presents some challenges 

for researchers.  Green and Liu (2006) show that VM can be understood as a ‘social construct’ and 

consequently defies process definition.  Ellis et al (2004) agree with this and acknowledge in their 

examination of its use on construction sector by cost consultants, that there is much 

‘improvisation’ at the local level, identifying this as a corruption of other intentions of VM and it 

leading to a limiting of its application in some instances.  Ellis et al (2004) identify the importance 

of considering a wider whole project perspective and show how VM has allowed for narrow cost 

cutting interpretations, something they are critical of.  It demonstrates the breadth of 

interpretation of VM.   

Connaughton and Green (1996) describe an integrated definition for Value Management, Value 

Engineering and Value Analysis.  In summary: Value management is perceived as the (often early 

stage, pre-commitment) intervention that is generally a workshop of selected experts that has the 

team considering and re-considering the problem the proposed project is tasked with addressing.  

It achieves this by examining alternative options and working step by step to building a consensus 

on functional (or benefit based) requirements.  The workshop in VM described by Connaughton 

and Green (1996) incorporates Miles’ (1972) defined ‘job plan’ which describes the problem 

solving method that sets the overview agenda for many VM workshops.  Value Engineering is the 

sub VM process that considers required functionality once the project solution has been chosen 

and Value Analysis (VA) is the incorporation of the wider system value and looks at how the project 

asset will impact on operational value creation. (Connaughton and Green 1996). VA might be seen 

to be an early interpretation of sustainable considerations.  Value Management for Connaughton 

and Green (1997) has been interpreted also as the encompassing term that includes both VE and 

VA.  Ellis at al (2004) point out that much of the work on VM confines itself to describing process 

models for use in practice.  (As is the case in the work of Abidin and Pasquire (2006) and of 

Abourizk et al (2009)). But in practice the application was varied and ‘improvised’ to suit local 

contexts.  This is important in any examination of VM because the idea of the VM ‘job plan’ or the 

workshop undertaken seems unlikely to be consistent.  Moreover, this inconsistency may be a 

feature of the flexibility of the approach.    
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The case study VM workshop, that comprises the focus for this study, followed the ‘job plan’ model 

and included a VM ‘facilitator’ that was external to the company.  The APM (2017) and IVM (2017) 

as well as Kelly, Newton, Male, Graham (2004); and Hamilton (2002), all believed that the use of a 

‘facilitator’ was important to maintaining objective decision making in the VM workshop.  It can 

be inferred from Levitin (2015); Kahneman (2011); and Sutherland’s (k2007) work that the 

facilitation of objective decision making is a supportive component of any group decision making 

process. DeBono (1971) similarly saw that greater creativity, in the option generation required in 

in a VM workshop, might coming from a facilitative attention to the group process. 

Methodology 

This research is centred on one value management workshop.  A single case study offers little 

credibility from a scientific process point of view because it is compromised by its individual 

context which includes many potential extraneous variables that cannot necessarily be transferred 

to other situations or to settings where the variables might be different. (Symon and Cassell 1998) 

However Yin (2009) suggests that case study research offers other advantages.  One of which is 

the potential to offer insights, that can lead to the generation of hypotheses, which can then be 

tested subsequently.  The Association for Project Management’s Value Management Special 

Interest Group and the Institute of Value Management (IVM) both suggest that the experience of 

a VM workshop is a powerful demonstrator of the worth of these exercises, reporting on the 

remarkable success of the innovative outcomes some VM workshops have reportedly led to.  This 

research serves to report on one of those positive outcomes, and thereby illustrate the potential 

for other projects. 

 

The VM workshop was carried out over the course of a working day.  Some considerable 

preparation was undertaken.  Team members where prepositioned over a period of time and 

some staff were party to some PM educational seminars which put an emphasis on value creation 

as being the central challenge to projects.  The VM workshop focusing on a specific project was a 

natural follow on from the seminars and the project chosen was a key problem from the company.   

 

Findings 

 

The solving of the case study project problem represented a high, if not highest, priority for the 

organisation.  

 

It involved a simple but dominating first stage process which fed two production lines that further 

converted the raw material. 

The first stage process at the plant was problematic from a number of reasons, these were: 

 

1. It was an aging process. It was difficult to keep the area it was in clean, working conditions 

were dirty, and although not hazardous, not to the high standard expected in the rest of 
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the plant.  It meant work had to be undertaken to clean the area frequently.  It also meant 

new customers could not be shown that part of the works. 

2. The cleaning represented an ongoing maintenance commitment. 

3. The first stage process dominated the footprint of the plant and represented four fifths of 

the plant’s total area. 

4. The first stage process consumed a large proportion of the energy used on site. 

5. The process represented a bottleneck in production.  Although not considered a particular 

problem at the time, the workshop revealed it to be an opportunity to increase production. 

 

The organisation had an exemplar (ISO 55000) programme view of the list of potential 

maintenance projects and these were prioritised.  The workshop was focused on one of the 

outstanding project proposals on the programme that had remained there for a number of the 

years, but had not yet been addressed.  This was because any solution proposed either was very 

expensive in terms of capital investment cost, or that the solutions identified did not offer a 3-year 

payback period.  The requirement for a 3 year return period for capital investment had been set 

by the board. 

 

The VM workshop had to consider this limitation.   

 

Membership to the VM workshop included representation from across the organisation.  It 

included: Maintenance; Engineering; Production; Health and Safety; Research and Development; 

Marketing and Sales.  Although familiar with one another, the separated department staff did not 

routinely work together on such problems, but considered them separately when they did, if at 

all.  Roles in the organisation were specialised along Fordist lines.  

   

The workshop took a typical VM format: An information phase; a risk identification phase; a 

solution options generation phase and finally an evaluation and selection phase.    

 

The information phase involved a detailed presentation from the Maintenance and Engineering 

managers.  This set out the problem as they saw it and equipped the workshop members with an 

immediate and detailed understanding of the current process. 

 

The facilitator then led the group in a risk identification phase and to do this they formed small 

groups initially then compared and discussed the various lists of risks in the whole workshop 

setting to arrive at a prioritised list of risks.   

 

Once a loose consensus on risks had been established the facilitator asked the workshop 

participants to suggest ‘option candidates’ that lacked any concern for technical feasibility.   Again 

a small group approach then an all together review was undertaken. Here the facilitator sought to 

create more ideas generation by first pressing the groups for a minimum number of ideas, then 



570 
 

“just another list of ten”.  Then used a further lateral thinking technique called ‘word association’ 

to get the participants to list only solutions associated with ‘fish’.  

  

This generated a significant number of ideas, and permitted the group to discuss their developing 

consensus about what the solution characteristics should be.  Chief among these was the 

realisation (from some of the ideas suggested) that the current heating process could be avoided 

altogether.  Additional information from bench tests in alternative methods was produced and 

discussed with the whole group.  It seemed the case that the earlier exercises had improved 

peoples’ availability to more radical alternatives. 

 

An agreement to develop further a prototype to test the idea that was thought most promising.   

 

The facilitator sought then to quantify the benefits.  And to ensure no new risks would be 

introduced by the proposed new method, and that the speeding up of the method did not create 

upstream bottlenecks in subsequent processes.  As well as achieving a solution to the anticipated 

risks, the new proposed process would readily increase throughout by 50% or more.  Marketing 

were able to confirm that if this production increase was available then they would be able to sell 

it, increasing turnover by 50%.  This represented c£20 million in increased turnover per annum 

and at +20% profit margins.  This significant gain is a conservative estimate and covers the three 

year payback requirement within one year.   

 

The workshop facilitator then focused on developing an outline phased development (to protect 

the solution through prototyping) and identifying potential risks arising from a new way of doing 

things and from the need to develop a new process in parallel with the existing.   

 

Discussion 

Splitting the large workshop into smaller groups helps generate more items.  Individuals will create 

longer lists (Gorse and Sanderson) when they are not hampered by the ‘social conformity’ 

(Sutherland 2007) that larger groups can be subject to.  This two tiered approach ensured all 

workshop members are going to contribute to the development of the risk perception.  The follow 

on discussion is informed by these lists, so individuals get time to think before the discussion starts.  

Risks were presented in a ‘cause and effect’ format, which is suggested by the APM’s 

‘Management of Risk’ course to create greater clarity in risk description. 

 

This combined approach to defining the risks changed the perception of the risk for workshop 

participants, because they now had a holistic organisational view, rather than a compartmental 

perspective on the issues their specialism faced. 

 

Asking the participants to come up with ‘solution candidates’ is a deliberate phrasing.  The idea of 

a ‘solution candidate’ allows the group to talk about that idea without seeing it as an immediate 
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threat by those that see problems with it.  Were people do see risk in an idea that risk in 

exaggerated in their mind (Gigerenzer 2002) and typically will move quickly to squash it before it 

can be discussed and explored further.   By using the word ‘candidate’ the risk that this is the main 

option is reduced and just one of a potentially limitless number.  Also in this phrase any attempts 

to stop ideas, however unpopular, can be refereed by the facilitator.   Here the role of the 

facilitator is highlighted.  He or she will stop behaviours that curtail the discussion, most 

importantly when that discussion is apparently moving down a path that appears risky or not 

technically feasible to others.  The objective is to create greater creativity and those ideas may 

start nonsensical but lead others to more practical but new ways of thinking. (DeBono 1971).  By 

pressing the workshop participants for lists of ideas after the teams seemed to have exhausted 

their ideas and  then pressing this further and making the task even more difficult by adding the 

constraint of the ideas needing to be associated with ‘fish’ (in this case, a word which had no 

connection to the task at hand) participants have to be creative, and crucially for technical experts, 

they have to think ‘outside of their preceding patterns’ (DeBono 1971) or ‘out of the box’ as it is 

expressed colloquially.  These creative tasks appear more like parlour games, and to get a group 

of professionals to do this requires some skill on the part of the facilitator.  He or she must then 

hold sufficient credibility with the group to get them to overcome any embarrassment and to 

prevent them dismissing the whole workshop as ridiculous.  Here that is was achieved by using a 

University researcher who was confident in front of mature groups of professionals, had industry 

engineering experience, and perhaps most importantly, was an outsider. 

 

Quantifying the benefits is a key component of the VM process.  Ideally a business case based on 

objective measurable criteria will be developed.  This can be considered the workshop output, a 

business case that will be presented to the governance structure for approval.  The instigators of 

the VM workshop would have considered an organisational consensus a key success but the actual 

outcome of a proposal that appeared to offer a significant increase in turnover and profit was 

unexpected.  Regular VM facilitators say this is not an unusual outcome.   As with all innovation, 

the answer arrived at seems more obvious in retrospect!  It is notable that had the Marketing 

representative not been at the workshop identifying this business case could not have happened.  

As the project was highly technical it would not have been unusual if the Marketing 

representatives had been left out.  One of the barriers to VM workshops is that the cost of getting 

several (what might be highly paid) personnel in a meeting, out of the operation, for a day is 

expensive in staff time.  So limiting representation is a tempting compromise. Here to do so would 

have been costly.    

 

Inferences and Limitations 

 

As it only considers the detail of one case study value management workshop, this report cannot 

make generalisations to the wider context of value management.  However, it does allow for the 

induction of a hypothesis for future testing.  Key observations from this case study are the 
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importance of facilitation and the importance of whole team representation.  Consequently, 

hypotheses that might be offered are:  

 

“A factor that positively influences the process of value management workshops is the presence of 

a facilitator who has the influence to make the group follow objectivity in decision making”. 

 

And also: 

 

“A factor that positively influences the process of value management workshops is ‘whole team’ 

representation”. 

 

The outcome of this workshop is notable.  Significant innovations that leap the organisational 

capability can arise from such structured team interaction as represented by the VM workshop.  

This illustration may inform future approaches to project development.  
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ABSTRACT 

The aim of this research is to establish the extent to which end user requirements are 
communicated throughout the construction process.  The method of inquiry is purely 
literature based.  This research indicates that the perspectives of those involved in 
construction projects are widening.  Whole life considerations are now requiring those 
with operational expertise and knowledge to be involved in decision making processes.  In 
particular, design build and operate schemes, such as PFI developments, require facilities 
management involvement at an early stage to allow their operational knowledge to 
influence design and component decisions based on long term operational efficiencies. 

The increased use of BIM in such developments also compliments a collaborative approach 
by endorsing the involvement of those with specialist skills and sharing rich information in 
timely ways throughout the development project, from inception to operation. 

The process of arriving at ‘informed decisions’ is clearly complex due to the interactions of 
components relating to data, information and knowledge.  This paper illustrates the need 
for effective communication of user requirements throughout the construction process.  It 
demonstrates that provision for the capture of tangible data is reaching levels of maturity 
through the adoption of property asset management systems, platforms and tools.  
However, the paper raises awareness of the need for further research into how less 
tangible user requirements are obtained to ensure the ‘voice of the customer’ is heard, 
interpreted and communicated appropriately by construction specialists throughout the 
development phases. 

Keywords:  BIM, knowledge management, sustainability performance, communication, 
stakeholders, user need specifications, the ‘voice of the customer’ 

INTRODUCTION 

The fragmented nature of the construction industry has been of concern to government and the 

focus of numerous reports, the most seminal being Latham, (1994), and Egan, (1998), (2002).  In 

the forward to the book Knowledge Management in Construction, Latham (2005, p. vii), describes 

the distinctive nature of construction projects in the way that individuals and groups are brought 

together, then disbanded on completion.  A consequence of this disbanding is that the ability to 

communicate lessons learnt is often lost. 

This paper is concerned with how the construction industry is evolving post the aforementioned 

reports and recommendation for improvements in collaborative working.  Crucial to cooperation 

throughout project development stages is the sharing of information and knowledge.  

Government standards and codes of practice relating to BIM are making headway in how relevant 

data should be captured at appropriate stages.  What is less tangible and less evident is the extent 
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to which end user requirements, the ‘voice of the customer’, are captured and communicated 

throughout the construction phases.  The aim of this research is to establish the extent to which 

end user requirements are communicated throughout the construction process. 

Introduction to the literature reviewed 

Communication in the construction industry in its broadest sense spans a wide range of 

considerations, which is reflected in the scope of this literature review.  PFI projects are used to 

illustrate increasing synergy between those who commission and build properties and those who 

operate them.  PFI projects link the constructor to operations, which in turn should stimulate 

greater involvement of end users in processes to stipulate operating requirements throughout the 

development cycle.   

The rising profile of facilities management 

There is evidence to suggest that the profile of facilities management is increasing as building in-

use knowledge is required to inform decision-making in the design and construction stages of 

construction projects.  This can be evidenced by the increasing number of publications that relate 

asset in-use requirements to the development of buildings.  These include the publications: 

- ISO 55000:2014 (BSI, 2014a) standard for maximising value from assets. 
- PAS 1192-3:2014 (BSI, 2014b) Specification for information management for the 

operational phase of assets using building information modelling. 
- BS 8536-1:2015 (BSI, 2015) Briefing for design and construction – Part 1: Code of practice 

for facilities management (Buildings infrastructure). 
 

PPI and PFI developments provide a useful model of how the financing of construction projects is 

viewed from a whole life perspective (NAO, 2009, p. 9).  In theory, PFI projects overcome many of 

the drawbacks associated with models of construction that are value engineered and handed over 

from the developer to the operator on completion.  However, in practice questions have been 

raised on the value for money of developments under PFI financing arrangement, such as the head 

of the National Audit Office, Amyas Morse’s observations that lessons should be learnt from 

expensive PFI projects, and that Government Departments and the Treasury should adopt more 

robust measures to yield savings from PFI contracts (2011, pp. 9,10).  Subsequently, the National 

Audit Office have released their vision, “to help the nation spend wisely”, in the publication, 

‘Savings from operational PFI contracts’ (NAO, 2013). 

Emphasis placed on spending wisely encompasses expenditure over the whole life of the project.  

It is not restricted to the capital expenditure stages, depicted by the British Standards, PASS 1192-

2 as; Brief, Concept, Definition, Build and Commission, and Handover and Closeout, but also 

includes the operational expenditure final stage of; Operation/ In-use (BSI, 2013).  Construction 

Excellence (SCI-NETWORK, 2012, p. 7) estimate that occupier’s business operating costs typically 

outweigh capital investment costs by 200 times when spread over 25 years. It is for this reason 

that the facilities management profession is increasingly being invited to contribute its knowledge 

of building in-use requirements to influence decisions made in the planning and development 

stages to ensure that facilities are constructed to standards that are most fit for purpose over the 

long term of their existence (BIFM, 2016). 
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The role of BIM in aiding collaborative working 

We live in an unprecedented era of information technology development.  While the range of 

actual and potential IT applications within the fields of corporate real estate construction and 

facilities management is vast, a development noteworthy to mention is BIM.  Becerik-Gerber 

(2012, p. 431) makes the observations that; “In the construction industry there is a growing 

interest in the use of BIM in facilities management for coordinated, consistent, and computable 

building information and knowledge management from design to construction to maintenance 

and operation stages of a building’s life cycle”.  

The UK government’s BIM Task Group lends support to the importance of facilities management 

in helping to achieve its stated objectives to reduce capital and operating costs, as well as carbon 

emissions, by adopting information rich technologies. These objectives continue to include 

collaborative behaviours that will “change the dynamics and behaviours of the construction supply 

chain, unlocking new, more efficient and collaborative ways of working” (GSL, nd, p. 1). Emphasis 

on collaborative ways of working is significant in a number of ways.  In terms of the development 

project overall, working in collaboration and in communication across professions will allow 

facilities management interaction that has not hitherto been evident.  The breaking down of 

traditional disciplinary silo barriers will allow interaction between facilities management and other 

“building, design and construction professionals to promote greater collaboration and integration 

at each stage” (BIFM, 2016, p. 2). 

‘The Industrial Strategy: Government and Industry in Partnership’ publication identifies BIM as a 

collaboration tool (Construction 2025, 2013).  The BIM Task Group policy that calls for 

collaboration between those who operate and those who design and construct buildings is 

encompassed in the Government Soft Landings: GSL Guiding Principles (2012, p. p4). 

- GSL to be a key element of the design and construction process, to maintain the ‘golden 
thread’ of the building purpose through to delivery and operation. 

- Early engagement of the end user in the design and construction process. 
- Commitment to aftercare post construction from the design and construction team. 
- Post occupation evaluation and feedback to design/ construction teams of lessons learnt 

to inform future projects. 
- BIM to provide a fully populated asset data set to feed into CAFM systems. Modelling will 

enable planning modifications.  This data will be maintained throughout the building life 
cycle. 
 

The BIM Task Group (BIM Task Group, nd) and the GSL Policies (2012) may be abbreviated to 

advocating the themes of; collaborative working throughout the project lifecycle while adopting 

information technologies to aid asset design and management.  An overriding theme to these 

attributes is that of knowledge management, which incorporates the generation and capture of 

knowledge, as well as the sharing of that knowledge. 
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In association with the BIM Task Group, the Construction Industry Council have produced an 

industry guide, the ‘Outline Scope for the Role of Information Management’ (CIC., 2013).  The 

guide recommends that the scope of services for information management is classified as follows:  

i.   Common data environment management 

ii.   Project information management 

iii.   Collaborative working, information exchange and project team management 

iv.  Additional services. 

 
It is interesting that these requirements concern data, information and the communication of 
information.  It is now appropriate to review factors relating to data, information and knowledge, 
including its forms, its sources, its accessibility, and its suitability.  
 
Sharing Knowledge, Information and Data. 

Property asset management systems.  

The capture and sharing of asset information in the different development and operational stages 
of property asset management has received a great deal of attention in recent years.  Figure 1.2, 
is taken from the BSI publication, PAS 1192-2:2013.  This information delivery cycle defines project 
stages and shows points of information exchange.  This model is concerned primarily with the 
capital expenditure stages, (CAPEX) 1 to 6.  It provides a useful visual representation of points at 
which information may be inserted into a project to achieve desired operational requirements. 
 

 
Figure 1.1. The information delivery cycle 

PAS 1192-2:2013 
 

 

A subsequent BSI publication, PAS 1192-3:2014 (2014b), is concerned with the operational 
expenditure (OPEX, stage 7), phase of the asset lifecycle.  The operational phase is depicted as 
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feeding into the employer’s information requirements (EIR), and the project information model.  
PAS 1192-3:2014 provides extensive guidance to the management to all data exchange and 
management information requirements. This publication also provides direction on the 
integration of asset management information into BIM processes at a level of maturity that 
requires electronic file based information with automated connectivity.  It can be seen that 
property asset management systems focus primarily on the lowest level of data and information 
sharing, that which can be expressed as data and text. 
  
The structure of knowledge  

Data 

Sheehan et al. (2005, p. 51) use a pyramid model to depict how information and data sources need 

to be integrated to informed decision making processes.  Data provides the foundation for the 

model, with the greatest volume.  The gathering and collation of date provides structured 

information, which in-turn contributes to knowledge and understanding, which ultimately allows 

behaviours to be informed.  The Oxford English dictionary (n.d.) definition of data is; ‘facts and 

statistics collected together for reference or analysis’.  Data may be referred to as codified 

information from this definition, which information technology is concerned with. 

Data facts and statistics have a wide variety of forms.  McGilvray and Thomas (2008) have defined 

common groupings of data relating to a business in the following ways: 

Master Data – describes people, places and things relating to an organisation.  The data is 

usually used by multiple business processes and IT systems so standardised formats are 

required for integration. 

Transactional Data – relates to internal or external events or transactions that take place.  

Reference Data – are “sets of values or classification schemes used by systems, 

applications, data stores, processes and reports, as well as by transactional and master 

records”.  Reference data is used to classify data into identifiable groups.  These reference 

sets are frequently created by individual organisations to suit their unique circumstances. 

Metadata – is ‘data about data’.  Metadata labels, describes or categorises other data, 

allowing it to be retrieved, interpreted and used for information. 

While it has been noted that the development of computing applications in the construction 
industry in recent years is unprecedented, similar observations were being applied to 
manufacturing before the turn of the millennium.  Baer (1991, quoted in Bryan, 1997p3) states 
that “the development of computer based applications for design, engineering and manufacturing 
has led to an explosion in the volume of product data used within manufacturing organisations”.  
Bryan (1997) observes that the greatest demand for product data management is in the 
automotive and aerospace industries to manage continuous product development. 

Bryan (1997) continues to define product data management as:  

- The management of all product data relating to the parts, assemblies and products. 
- The management of the relationships between parts in overall product design as the 

product structure. 
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- The ability to maintain configurations of parts in the product structure as a specified 
product definition. 

- The management of processes that create, modify and delete parts and products over their 
respective life cycles. 

 

Although these defined categories are concerned with manufacturing they may be applied to 

phases in the construction and occupation of buildings equally, commencing with the component 

parts, their relationship to one another in the design and construction stages, their adaptability to 

modification or replacement, and finally their life cycle considerations.  

Information 

In the forward to the book Knowledge Management in Construction, (Sheehan et al., 2005), Sir 

Michael Latham describes the distinctive nature of construction projects in the way that 

individuals and groups are brought together, throughout different stages of a development, then 

disbanded on completion.  As a consequence of this dispersal the ability to communicate lessons 

learnt on many construction projects is often lost.   

Comparisons of Bryan’s (1997) observations of manufacturing in the 1990’s can be applied to ways 

in which the construction and property management is being encouraged to develop today in 

terms of breaking down communication barriers through information sharing.  Bryan (1997, pp. 2-

23) refers to increasing customer expectations and tougher market requirements as creating an 

environment where products require significant customisation in the design and configuration 

phases to meet end user stipulations.   Also, an ‘over-the-wall’ approach to manufacturing is 

criticised for the way in which products are developed in sequence, rather like the ‘silo’ approach 

of specialists in construction.  Instead, a concurrent engineering approach is advocated, whereby 

a multidisciplinary team is brought together from functions across the development to design 

products to meet downstream requirements, including lifecycle and disposal considerations.    

Chimay et al (2005, p. p19) note the limitations of information technologies for providing 

knowledge.  The point is made that it is delusional to believe that there is a seamless progression 

from data processing to information management and ultimately to knowledge management.  

Knowledge management is described as having complex characteristics that make it 

distinguishable from information.   

Knowledge 

Palmer and Platt (2005, pp. 7-9) concur with observations that construction companies differ from 

companies in other sectors in terms of projects coming to an end, teams being disbanded and 

people ‘often having to re-invent the wheel’ as a consequence of knowledge lost.  Palmer and Platt 

(2005, p. p10) point to how these differences impact on knowledge management cultures in the 

construction industry, where knowledge is viewed as something to be guarded rather than shared.   

In the introduction to the publication, the Business Case for Knowledge Management in 

Construction, Palmer and Platt (2005), provide a distinction between information and knowledge.  

Information is described as being recorded in reports and databases; it is easy to organize, share 

and apply to problems.  Knowledge is said to reside in people’s minds; it is based on know-how 
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and experience.  It is difficult to quantify how it is managed, but it usually emerges when people 

interact. 

Nonaka and Takeuchi’s (1995) theory of knowledge creation, cited in Egbu and Robinson (2005), 

provide the following classifications of knowledge creation. 

 

 

 

 TACIT EXPLICIT 

TACIT Socialisation Externalisation 

EXPLICIT Internalisation Combination 

 

Figure 1.2 Knowledge creation theory (Nonaka and Takeuchi, 1995) 

 

The classifications provided by Nonaka and Takeuchi (1995) are formed by interactions with the 

categories of knowledge; Tacit and Implicit. 

Tacit knowledge is formed in individuals as a consequence of their experiences, and their 

reflections and interpretations of those experiences.  Tacit knowledge may be explained to others, 

but only those with the same experiences will be able to interpret and understand what is being 

communicated fully.   The experience of swimming may be used to illustrate this concept.  The 

physical reality of being in the water and co-ordinating leg, arm, torso, head and breathing actions 

can be explained, but only fully appreciated by those who have ‘felt the experience’ of swimming 

or attempting to swim. 

Explicit knowledge, on the other hand, lends itself to communication to others, as it exists in forms 

that may be interpreted, held in company documents, databases and the intranet.  Explicit 

knowledge may be employed to address standard situations that do not require innovative new 

ideas. 

Nonaka and Takeuchi’s (1995) knowledge creation theory depicts points where tacit knowledge  

and explicit knowledge interact.  Tacit to tacit being categorised as ‘socialisation’; tacit to explicit, 

‘externalisation’; explicit to tacit, ‘internalisation’ and explicit to explicit, ‘combination’. 

Socialisation is found in circumstances where there is social interaction in the process of passing 

on experiential knowledge.  Craft apprenticeships are a good example of where skills are passed 

onto trainees through interaction with a mentor.  Knowledge is transmitted through verbal 

communication, observation, practice, experience, feedback and reflection. 

Internalisation is where explicit knowledge is converted to tacit knowledge.  Egbu and 

Robinson(2005) use the analogy of an architect reading a manual on design standards, then 
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interpreting explicit reference details to a design model that will meet the client’s taste and style 

requirements. 

Externalisation is described as the reverse process to internalisation.  Tacit knowledge is made 

explicit to allow it to be shared.  The example provided is when on-site discussions between an 

architect and a contractor form the basis for written instructions that are passed onto 

subcontractors. 

Combination knowledge is generated through processing explicit reference sources.  Individual 

and project team knowledge is enhanced by the activity of gathering filtering, integrating and 

combining details from multiple explicit reference sources, such as data banks, reference manuals, 

sketches, architects’ drawings and project plans.  

The Voice of the Customer 
 
A universal feature of all products and services is that they must satisfy user requirements if they 

are to be successful.   A consequence of this imperative should be the application of adequate 

forethought to every element of building construction to allow the end product to marry with the 

needs and expectations of those concerned with its management and use.  ‘The voice of the 

customer’ is an expression rooted in manufacturing where there is an identifiable need to produce 

products that customers want to buy due to their perceived superiority over competitor’s 

products.  Methodologies concerned with focusing on customer requirements are now also 

established in non-manufacturing areas, including academic course design, group strategy 

identification, information technology and patient care (Shamshirsaz, 2014), (Cohen, 1995). 

It is acknowledged in research that facilities managers are the principle holders of information on 
building asset performance efficiency.  Much of this research relates to post occupation evaluation 
(POE), which not only recognizes how occupation information should be used to improve existing 
buildings, but also how this information should be used to influence the design of new 
construction projects.  Jensen (2012, p. 170) notes that; “One of the problems in the building 
industry is the limited degree of learning from the experiences of use and operation of existing 
buildings when new building projects are planned’.  He then poses the question; “can facilities 
management be the missing link to bridge the gap between building operation and building 
design?”  Continuing this theme, Bordass and Leaman (2005) discuss knowledge obtained when 
buildings are in-use and how post occupation evaluation “feedback, follow through” information 
may be used in subsequent design and construction phases to improve the quality and 
sustainability of our buildings.  However, a study undertaken across European public authorities 
for the Sustainable Construction and Innovation Network (2012, p. 6) reveals that users, occupiers 
and facilities managers often feel ‘isolated’  from the capital project process as they are frequently 
only involved when all core decisions have been made, or perhaps when the asset is actually 
complete.   This study (ibid) raises questions on the extent to which facilities management is 
positioned to represent the requirements of end users, which may represent missed opportunities 
given the 200:1 ratio of capital to operating costs. 
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DISCUSSION AND CONCLUSION 
 
This literature research has shown the extent to which end user requirements are gaining 
prominence through BIM and BS standards publications.  It is evident that systems and procedures 
for the capture, transfer and sharing of data for building operational information purposes is well 
considered and likely to become routine best practice as the BSI protocols become established.   
 
What is not so transparent is how the highest level of the decision making process, knowledge of 
end user requirements, is shared across disciplines.     This research will continue to be concerned 
with how user requirements that do not lend themselves to identifiable data capture streams are 
obtained. 
 
The next steps of this research are twofold.  Firstly, to examine existing realities for obtaining user 
requirements to quantify the extent to which knowledge of user wants and needs is captured or 
lost.   
 
In parallel to this, methodologies will be developed to strengthen the extent to which knowledge 
of the ‘voice of the customer’ is obtained, structured and managed to facilitate its communication 
throughout the construction processes 
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Abstract  

Project Management includes, in its key tenets, a structured approach to planning and 
scheduling.  Work by students on the MSc Project Management course at Leeds Beckett 
University found that basic errors in Gantt chart Work Breakdown structures (WBs) as well 
as incomplete logic linking (Referred to as ‘hanging tasks’) were prevalent in over 60 
contract programme plans examined in 2015. 

This research sought to examine whether the presence of: a WBs that functioned to reduce 
the complexity of the project plan; and a complete set of logic links (this is crucial because 
it allows a ‘Critical Path’ to be modelled) had any correlation on project ‘Gross Margin*’ 
(*Used as a surrogate for project success). 

The research method looked at n=90 projects, all of which were customised factory built 
fabrications, selected at random from a single organisation (thereby offering some 
commonality).  The efficacy of each sampled project plan’s WBs and the project plan’s logic 
links were examined for correlation with the ‘gross margin’ (adjusted for bid forecast) 
arrived at for each.   

The research also revealed that the use of the suitably visualised planning model, that 
allowed the Project Manager to see and to create opportunities for efficiency, in delivery, 
appeared to be the positive determinant arising from the use of the plan model. 

The research indicates how; the presence of a linked logic ‘model’ of the project, and 
attempts in the planning phase to reduce the plan complexity, are indicators that the 
project manager is exploiting the potential offered by a system approach to project 
management.  This allows for the hypothesis that: ‘Consideration of the planning principles 
of WBs and logic linked critical path modelling facilitated better management of the 
projects, resulting in a measurably improvement over the sample examined’.  A statistical 
treatment of the data is employed to test the hypothesis.  The hypothesis was found to be 
correct. (n=90, p=<0.05). 

Introduction 

 

This study looked at a sample of project data and was able to compare two distinct approaches 

that the researchers characterised as either ‘system’ or ‘non-system’.  The researchers believed 

that this greater performance might be attributed partly an ability to ‘see’ the project’s complexity 

and that this visualisation was greatly assisted by the ability to visual the project’s complexity, 

thereby allowing the project manager to coordinate the project better.  The visualisation viability 

could be reduced to two key aspects of the Gantt chart preparation: the Work Breakdown 

structure (WBs) and; the treatment of the logic links between tasks.   
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Prescribed approaches for schedule planning of project work include producing a Gantt chart (BSI 

ISO21500:2012), (Mayor 2010), (Gardiner 2005).  This creates a visual representation of multiple 

variables that include: tasks; durations of tasks; the logic links between tasks; and permit the 

tracking (or modelling) of slip from a planned baseline to present a view of actual progress 

compared to the planned expected.  This planned visualisation might be important in equipping 

the project manager with the ability to conceptualise the complexity of the interrelated tasks, 

process that complexity (Gupta et al 2016) and develop coordinated and optimal solutions to 

progressing the work (Wood and Heathcote 2009), (Dvir et al 2003).  Dvir et al (2003) also found 

a relationship between effective planning and project success.  Key to reducing the visual 

complexity of the plan is the creation of Work Breakdown structure (WBs) (BS ISO 21500:2012).  

Levitin (2015) showed how information complexity quickly overloads people and compromised 

decision making.   

Methodology  

This study sought to test the hypothesis that project schedule visualisation is key to improved 

coordination management of projects, in a longitudinal study carried out on projects in a single 

organisation.  It sought to do this through two key elements of project planning, which are known 

to be common errors in Gantt preparation.  These errors are: not including a WBs; and avoiding a 

complete logic links that allows for concurrent tasks and for the critical path to be modelled.   

The use of Work Breakdown structures in Gantt charts serve to reduce the visible complexity to 

the user.  They simply break the project into more ‘manageable’ sections. Complexity in the WBs 

(Works Breakdown structure) tends, in the project plans of the sample, to lead to lack of logic 

linked complexity in those plans.  This might be attributed to either: (i) a failure to appreciate the 

importance to optimal planning; or (ii) a failure to be able to visualise the possibilities because the 

plan appears more complex.  The absence of a WBs that simplifies the work sub-packages, and the 

inclusion of unlinked tasks (known as ‘hanging tasks’) are common errors in computer aided 

planning models. 

Trends in performance as firstly presented on scatter plot graphs allowing for trends over time to 

be observed.  Then the two groups were separated into:  

1) ‘non-systems’ projects, which did not create a plan model in a proscribed way and so could 

not as readily take advantage of optimisation to reduce costs and improve schedule 

performance, and; 

2) ‘Systems’ projects, those that did utilise fully logic linked plan models, that also had a WBs, 

to optimise the project management opportunities and so enhance project performance. 

Having two separate groups of data allowed for the use of a ‘plan model’ variable to be isolated.  

The performance data (costs and schedule) could then be compared between the two groups 

(Fields 2013).  A Mann-Whittney–U test was applied to test statistical relevance, a test suitable for 

this data set (Fields 2013).  
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Figure 1. Illustration of a Sub-Optimal WBs and Logic linked plan. 

 

 
 

Figure 1 demonstrates the observed consequences of an absence of a WBs.  The project appears 

more complex to the user, than it need be. The long critical path (in red) creates inevitability in 

delay.  Such delay is likely to add further (waste) costs to this project or the wider project it 

contributes to. 

 

Figure 2. With missing logic links, delays cannot be illustrated on the plan in advanced. 

 

 
 

Figure 2 demonstrates how an unlinked slipping plan will effective conceal earlier time slips’ 

impact on subsequent tasks and the completion milestone. 

 

Figure 3. A correctly linked plan with the recommended WBs.  

 

 
 

Figure 3 demonstrates how a Gantt chart with work packages, reduces the complexity of the 

picture so that more complex logic interactions between the tasks can be modelled.  The plan is 

seen to be accelerated against the previous baselines, being delivered in half the time.  In the 

sample population this had a significant follow on cost savings. It also had the effect of reducing 
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the critical path and projects were delivered sooner when compared to those not planning in this 

way. 

 

The study made use of a sample of project data that was readily measurable for output (in this 

case Gross Margin % was used as a surrogate for project performance, and it seems like a 

reasonable measure to take as the project samples were from a population of contracted work).  

Several years and n=90 projects were in the sample, which all came from one company, none were 

left out.  Early graphical data has been presented in this short paper.  This shows the trends that 

can be detected in the two sample groups of projects.  One group shows the projects that have 

benefited from project plan models, and the other did not have project plans to a functionality 

that is proscribed by the literature.   

 

Data Analysis and Limitations  

Data analysis comprised straightforward statistical analysis utilising the software package SPSS 

(Statistical Package for Social Sciences).  The data was initially extracted from Excel and filtered to 

ensure consistency in comparison and then subjected to analysis to assess the distance otherwise 

of the relationship between the somewhat squared variables and t-tests to determine whether or 

not a hypothesis should be accepted. 

SPSS was used to compare the data to ascertain whether a logic linked approach is reliably more 

beneficial for project outcomes, utilising gross margin as the dependent variable as well as the 

timescales the projects were delivered. The research was organised and the data gathered from 

the projects comparing three fundamental aspects and variables. 

  

1. Comparison between a logic linked (Systems approach) and effect on gross margin and a 

non-logic linked WBs and effect on gross margin. 

2. Comparison between a logic linked (Systems approach) and effect on expected (Adjusted) 

gross margin and a non-logic linked WBs & effect on the expected (Adjusted) gross margin. 

3. Comparison of Delivery / Handover dates using a logic linked (systems approach) vs. 

Delivery / Handover dates using a non-logic linked approach. 

 

The outcome ascertained which of these variables appear to have the greatest effect on the 

reliability or otherwise using a traditional PM approach compared to the logic driven systems 

thinking approaches to PM.  

The data was subject to a normaltiy test and histrogram to determine if normal distributon was 

observed. In the data collected for tests 1 and 2 listed above SPSS utilised the Kolmogorov-Smirnov 

test to validate the use of the t-test (Field 2013). 

In the case of test 3 the data was found to violate the assumption of normal distriubtion so in this 

case a Mann-Whittney-U test (non-parametric test) was chosen (Field 2013). 

In all three cases the Levene’s test was used to check the data. The Levene’s test is a test used to 

assess the equality of variances for a variable calculated for two or more groups. It tests the null 

https://en.wikipedia.org/wiki/Variance
https://en.wikipedia.org/wiki/Null_hypothesis
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hypothesis that the population variances are equal (Field 2013).  The resulting value in all three 

cases resulted in a p-value = <0.05 . The result showed that the obtained data differences are 

unlikely to have occurred based on random sampling from a population with equal variances. 

Thus, the null hypothesis of equal variances is rejected and it is concluded that there is a difference 

between the variances in the population of the data. 

The tests also sought to ascertain the degree of variance present and represent these visually, as 

the extent of variance can be translated to percentage gross margin which was used as the key 

benchmark to measure success in relation to the application of a systems approach to project 

management.  

Literature in the field of statistical data analysis provides much guidance on good practice for 

application of statistical testing, and subsequent interpretation of the data (Field, 2013).  The 

assumptions made, however, must be recognised, including the independence of variables in the 

data, and also the representative nature of the population sample. In regards the latter, there can 

be a reasonable degree of confidence as data included represent the entirety of data available to 

the research regarding this issue, and 90 discrete data points can be considered reasonably large 

sample.  With regard to the issue of independence of variables although they have been positioned 

as such, in practice this may be somewhat distorting on the basis that projects can be signed off 

many months ahead of actual undertaking giving a distorted view of their overall length and/or 

monetary value in real terms allowing inflation.  However, these matters are within the stage of 

the analysis unfortunately unavoidable although could be refined in future study. 

 

Findings 

Figure 4 graphs the adjusted ‘Gross Margin’ figure, which is used as a surrogate for performance.  

The adjusted GM% is the actual GM% performance compared to the forecasted outturn GM% that 

was made at the time of the contract bid.  The trend shows a significant improvement in the last 

2 years that has an overall impact of creating an upward trend.  This is significant especially when 

considered in the light of increased competition after mid-point in the x-axis and more pessimistic 

bid forecasts.  It is hypothesised that this reflects projects that outperforming their time forecasts 

as their project managers utilise the Gantt visualisation to identify opportunities to improve. 

 

  

https://en.wikipedia.org/wiki/Null_hypothesis
https://en.wikipedia.org/wiki/P-value
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Figure 4.1 Graph of Project sample.  
 

 

 

Figure 4.2 Separated detail graphs, comparing ‘Non-System’ project performance on cost and 

schedule with System’ project performance on cost and schedule. 

 
 

Figure 4.2 above breaks out the two groups in the sample.  The left hand column shows project 

performance data for projects which were not exploiting planning modelling, these have been 

referred to as ‘non-systems’ projects and the graphs in the right hand column, which do take 

advantage of plan modelling, and have been referred to as utilising a ‘systems’ approach.  It 

shows a trend for ‘systems’ group, on the right, to cost less and be delivered faster. 
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Hypothesis Testing 

The Null Hypothesis - H0  

The null hypothesis is that there is no statistically significant difference in project planning 

methodologies. In other words, the use of traditional methodologies as opposed to the use of 

systems methodology seeking to measure gross margin as a metric has no discernible difference 

or impact. 

Hypothesis 1 -  H1 

The first hypothesis compares the use of a systems approach to project management to a non-

systems approach, the results of which are reflected in Figure 5. The findings demonstrate that 

the use of a systems approach has a statistically significant impact on gross margin within projects, 

suggesting that the use of a systems approach to project management is beneficial.  It would also 

suggest that it reduces the risk of cost overruns within projects evidenced by the lower level of 

variance. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: % Gross Margin 

(1) non-systems 

approach (2) systems approach 

Hypothesis 2 -  H2 

Figure 6, below, demonstrates the comparison of using adjusted percentage gross margin as a 

proxy for project management success.  This accounts for the difference the forecasted 

percentage gross margin at the time of the contract bid, and the actual percentage growth margin 

on project completion.  Figure 4.2 shows a significant trend towards improvement over last two 

years that could be due to the application of a logic driven systems approach to project 

management.  One tentative explanation for this is that the sustained project improvement is 

driven by project managers utilising a visualisation approach (Gantt chart) to identify 
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opportunities for improvement, supported by corresponding improve communication with 

relevant stakeholders to drive object management progress. 

 

 

Figure 6 Adjusted % Gross Margin (1) non-systems approach (2) systems approach 

Figure 7, below, shows the extent to which the use of a systems driven approach to project logic 

facilitates a contraction in overall project timescales and thus an early project handover.  It 

demonstrates that there is a notable improvement in overall project timescales evidenced in the 

negative trend, i.e. projects handed over early, which corresponds with the percentage gross 

margin described in detail Figure 5.  It was noted in the granular detail of the data that one 

particular project benefited from an early completion of three months, which is a very significant 

savings in terms of time, resources, and financial expenditure as well as demonstrating a positive 

relationship to the internal client.  This was possible through the reduction of complexity and 

utilising information from alternative pre-existing projects regarding the application of particular 

techniques for project completion. 
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Figure 7: Saving in days (1) non-systems approach (2) systems approach 

 

Discussion 

The solutions people employ in planning schedules to avoid this are to either use the prescribed 

method (BS ISO 21500:2012), or simply for the plan in the way illustrated in figure 1.  Presenting 

the list of tasks as one thing after another.  This is a common human perspective because people 

can only readily focus on one thing at a time (Levitin 2015; Sutherland 2007). The Gantt chart 

visualisation allows the project manager to coordinate better as complexity is revealed and the 

opportunity to better prioritise, anticipate bottlenecks and problem solve is supported.  The figure 

4 graph demonstrates the positive trend on Gross Margin % rising for the organisation (even when 

the market is becoming more competitive, competition arising from new entrants). It is 

hypothesised, that this occurred because of improved coordination partly possible because of the 

introduction of more adept planning techniques in the ‘systems approach’ projects in group 2.  

The research shows that a team employing planning modelling can utilise this info-graphic to 

further exploit the possibilities and insights that are more readily understood.  The team in the 

case study organisation that were aware of this used what the researchers have referred to as a 

‘systems approach’.  The plan model in itself, did not achieve this on its own, it appears to have 

been a precursor to more analytical thinking that permitted decisions that created greater 

efficiency.   More work needs to be undertaken to establish whether and what affects this 

apparent link.  Notwithstanding, the variance between the two groups is notable.  It is possible to 

see that much of the profitable success of the organisation can be attributed to the better 
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performing group (2).  More work might be undertaken to examine why it could be that the  ‘non-

system’ group might not be utilising the ‘systems approach’ and its apparently attendant plan 

models. It seems unlikely that that this can be solely attributed to the absence of the ability to 

model the plan in the prescribed way.   

 

Conclusions and limitations 

The hypothesis: ‘Consideration of the planning principles of WBs and logic linked critical path 

modelling facilitated better management of the projects, resulting in a measurably improvement 

over the sample examined’ was further reduced in the course of the study to: 

 

The null hypothesis H0: ‘Consideration of the planning principles of WBs and logic linked critical 

path modelling did not facilitate the better management of the projects, and did not result in a 

measurable improvement over the sample examined’.  This was found to be not correct. 

 

H1 was: ‘Consideration of the planning principles of WBs and logic linked critical path modelling 

facilitated better management of the projects, resulting in a measurable improvement, in Gross 

Margin over the sample examined’.  This was found to be correct and statistically significant (P = 

< 0.05) and is illustrated in figure 5 above. 

 

H2 was: ‘Consideration of the planning principles of WBs and logic linked critical path modelling 

facilitated better management of the projects, resulting in a measurable improvement, in Adjusted 

Gross Margin over the sample examined’.  Adjusted Gross Margin was the Gross margin when 

compared to the forecasted expectation of the project’s performance at the time of bid offer/win.  

This is a more testing measure of success for the sample.  This was found to be correct and 

statistically significant (P = < 0.05) and is illustrated in figure 6 above. 

 

H3 was: ‘Consideration of the planning principles of WBs and logic linked critical path modelling 

facilitated better management of the projects, resulting in a measurable improvement, in 

timescale, (when compared to the forecasted schedule for completion at tender bid/win), over the 

sample examined’.  This was found to be correct and statistically significant (P = < 0.05) and is 

illustrated in figure 7 above. 

 

The initial work raises questions about a number of possible confounding extraneous variables. It 

is the case that anecdotally extraneous variables are candidates that may affect the trend.  The 

volume of data appears to allow for the identification of a trend and subsequent statistical analysis 

(Mann-Whittney-U test) and further work will seek to verify this in other longitudinal case studies.   

Some further work needs to be carried out to understand more specifically how the ‘systems’ 

orientated project managers in the sample (generally these are the last two years) are utilising 

better planning coordination to enhance their projects’ performance.   
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Abstract  

Value Management (VM) is generally accepted as a structured approach to problem 
solving, and one of its key principles is the utilisation of a facilitated team work approach.  
Although much anecdotal evidence exists to support the efficacy of the VM process, little 
empirically tested data exists.  Moreover, some contrary anecdotal evidence is reported. 
A hypothesis was identified from the literature, that isolates the problem solving process 
part of the value management workshop technique.  The hypothesis H1: “There is 
numerically significant difference between facilitated (Intervention) group outputs and 
Controlled Group (a non-intervention group) outputs”, was tested using an experimental 
quantitative, unpaired design study, that uses ‘intervention’ and ‘control’ groups.   
 
The experimental study asked n=20 groups to address themselves to a commercial 
problem and make notes and recommendations.  N=10 groups in the intervention sample 
were directed to consider the problem in three simple steps, designed to follow the most 
basic of the VM problem solving process.  N=10 other groups, in the ‘control’ sample, were 
given the same task but were not asked to follow the VM problem solving steps.  The 
hypothesis H1 was found to be correct, and the results used an independent t-test to arrive 
at a P<0.01 showing statistically significant results. Other perspectives on the data (H2) are 
applied in the paper, which find less statistically powerful results.  The results allow the 
researchers to infer that the VM problem solving process is likely to have a positive effect 
on project development.  Recommendations are made for enhancing the study to create 
greater statistical power amongst the second hypothesis H2 and to examine other 
potential variables. 
 

INTRODUCTION 

 
This study was concerned with the problem of determining whether the presence of a facilitated 
simple problem solving process might have a causal effect on group performance. 

Although there is literature on VM as a problem solving approach for projects and facilitation, 
there seems to be no single research work that seeks to examine whether there is a causal 
relationship between them (Dogherty et al., 2010).  This study sought to identify a statistically 
significant causal relationship between Value Management Problem Solving process and group 
output creativity performance. 

mailto:J.Heathcote@leedsbeckett.ac.uk
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The ‘Value Management’ process approach (Adkins, 2008) which has been developed to support 
the better development of project solutions (Adkins, 2008) can be critically evaluated to include a 
facilitated, staged problem solving process as part of its operant variables. 

 ‘Value Management’ (VM) approaches are used variously (Kelly and Male, 2015) and reported to 
good effect (APM VM SiG, 2017; IVM, 2017) in the development of project solutions. The efficacy 
of VM tends to rely on anecdotal evidence from interested experts.  This raises potential criticisms 
of professional interest.  Moreover, the APM’s Value Management Special Interest Group, (APM 
VM SiG) report from their interactions with Association for Project Management (APM) members 
that experiences of VM workshops are polarised.  Project Managers appear to either 
enthusiastically support VM workshops, citing examples of innovative value adding outcomes, or 
express disillusionment with a ‘cost cutting’ exercise that failed to innovate or find value adding 
alternatives. (APM VM SiG, 2017) 

Value Management practitioners and Value Management facilitators attribute this to the 
variability or absence/presence of a skilled facilitator.  They anticipate that the facilitator will 
ensure a process of objective decision making is followed, and will do this by adopting a framework 
which the VM SiG summarise to one of ‘problem solving’.  (APM VM SiG, 2017) 

In summary VM can be seen to include ideas about several notable variables combining to create 
an overall enhanced effect on decision making (APM VM SiG, 2017). These might be summarised 
to four or five main variables (APM VM SiG, 2017): (i) A stepped decision making process that 
removes tendencies to induce the availability error (Sutherland, 2007); (ii) the use of an external 
facilitator to reduce cognitive idleness (IVM, 2017); (iii) Lateral thinking techniques to generate 
greater creativity in generating solution options proposed by DeBono (1971), and incorporated 
into the VM process; (iv) a focus on ‘value’ through ‘functionality’ and ‘benefits’ and (v) team 
working, which might be seen as a combined effect of the (i) to (iv) items.  In addition to this 
component list of (i) to (iv), Kelly and Male (2015) also placed an emphasis on the strategic 
organisational linkage, as this helps the team define ‘value’ or ‘benefits’ in terms of the 
organisational strategy.  This might be seen as integrated into item (iv) creating a ‘value’ focus. 

The ‘value’ nomenclature of Value Management might be attributed to the emphasis that the 
process puts on ‘functionality’ (Heathcote, 2016) or ‘benefits’.  These two terms are linked by AMP 
VM SiG (2017) who see ‘value’ as being a function of ‘functionality’ or ‘benefit’ divided by the 
resources required to deliver that functionality or benefit. Some earlier writers use the term 
‘functionality’ only, but more recently that has also been termed ‘benefits’ (APM, 2017). Arguably 
they seek to encompass the same investment returns that a project might develop.  This focus on 
functionality/benefit that the project will create seems to be particularly critical to the VM process, 
as it places the creation of value (Heathcote, 2016) at the centre of decision making in the early 
stages of the project, rather than the alternative of simply focussing on carrying out parcels of 
work or, for example, the installation of a piece of equipment, without regard to whether that 
equipment will reduce the overall sustainability of the system.  Heathcote (2016) criticised the 
potential for project decision making to avoid adding value and showed how this would negatively 
impact on sustainability.  Arguably better ‘Value Management’ outcomes for project option 
selections need better group decision making.   

The power of team working is an assumption that is not readily observed in practice, because of 
the myriad of variables and extraneous variables that might be influencing it. In a VM workshop 
many factors are employed to improve team efficacy (Kelly and Male, 2015; APM VM SiG, 2017), 
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not least the facilitation of the stepped approach to problem solving.  This research sought to 
isolate the impact of the problem solving process part of the VM process.  This allowed the 
researchers to test the impact of the problem solving structured process.  

METHODOLOGY  
 
The research design took a deductive experimental approach to test a hypothesis on the literature 
that accepted the problem solving process was a key factor in the efficacy of Value Management 
workshops.  The problem solving stepped process was isolated in the hypothesis.   
 
Hypothesis H1 

Null Hypothesis one (H01): There is no numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (non-intervention) outputs. 

Alternative Hypothesis (H1): There is numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (a non-intervention group) outputs. 

To examine the issue further a second hypothesis was devised.  This hypothesis instead of counting 
the entirety of the group outputs from the exercise, only counted the ‘solutions’ outputs that the 
groups came up with.  It was thought that the number of the solutions generated might reveal 
more about the quality of the process, than only counting the total list of outputs generated.   

This research then tested the data sets for statistical power using an independent sample t-test 
with control and intervention groups. (Wilson-Doenges, 2015). 

The population sample used was final level BSc(Hons) students studying construction related 
courses in a University’s School of the Built Environment and Engineering.  This made for a group 
that were similar in experience and education.  This helped create similarity between the invention 
groups and the control groups. (Antonius, 2013). 
 
Participants in the study were randomly selected (Cohen, 1988) to either one of the control groups 
or the invention groups as they entered the room by one of the researchers who handed out 
different coloured papers with the ethical approval forms.  
 
Once placed in smaller groups (n=10) the control groups were separated from the invention 
groups. (Antonius, 2013).  Each group was given the case study ‘problem’ which was a simple 
business issue of a coffee shop having to prepare for new competition.  A time limit of 30 minutes 
was established. 
 
The invention groups were prompted at seven minute intervals to firstly: (i) list the problems in 
the simple case study; (ii) then list possible solution candidates; and (iii) finally choose a solution 
perhaps employing a combined approach from the ideas previously generated.   
 
Such a stepped process was designed to prevent the invention group members moving straight to 
solution generation and avoid the crucial stepped processes of problem solving that first allows 
for the problem to be defined.  In taking a stepped approach to problem solving, group members 
would ‘suspend judgement’ long enough for a greater amount of available information to be 
generated and considered.  This supports better logical decision making and the avoidance of 
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known decision making errors described by Sutherland (2007) as the ‘availability error’ (failure to 
suspend judgement), and recommended VM approaches described by Adkins (2008) and APM 
(2017). 
  
To make data collection and group identification easy, the invention and control groups were 
asked to list out their group outputs on the coloured papers provided for them.  
 
The outputs from each set of the invention groups (n=10) and control groups (n=10) was counted 
and input into Statistical Package for Social Sciences (SPSS) to allow the statistical calculation 
software to carry out an unpaired t-test with control and invention groups.  This would reveal 
comparative numerical sets for the hypotheses listed in the next section, and test the data set for 
statistical power using an independent sample t-test. (Wilson-Doenges, 2015). 
 
Hypotheses H1 and H01 used the total list of outputs from each teams’ exercise work.  Hypotheses 
H2 and H02 used only the final set of solutions generated by the teams in the exercise.  

The second hypotheses H2 & H02, although secondary, allows the researcher to search for more 
precise insights about the outcome of the approach. 

Figure 1. Results for team outputs: Hypothesis H1 

Results: Hypothesis 1 Testing 
Hypothesis H1 
 
Null hypothesis one (H01): there is no numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (non-intervention) outputs.  

Alternative hypothesis (H1): there is numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (a non-intervention group) outputs. 
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Graphical Presentation of the results for Hypothesis 1 (H1) 

 

Graph 1: SPSS output illustrates the distribution of the results for each group (Hypothesis 1) in 
the form of a box and whisker plot. (Where ‘P’ < 0.01) 
 

Hypothesis H2 

Null Hypothesis two (H02): Group facilitation does not help a group come up with more solutions 
in the innovation process as a problem solving approach.   

Alternate Hypothesis two (H2): Group facilitation helps a group come up with more solutions in 
the innovation process as a problem solving approach. Graphical presentation of data “Solutions”.   

Figure 2. Results for team outputs: Hypothesis H2 

Results: Hypothesis 2 Testing 
Hypothesis H2 
 
Null Hypothesis two (H02): Group facilitation does not help a group come up with more solutions 
in the innovation process as a problem solving approach. 

Alternative hypotheses two (H2): Group facilitation helps a group come up with more solutions in 
the innovation process as a problem solving approach.  
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Graph 2: SPSS output illustrating the distribution of the results for each group (Hypothesis 2) in 
the form of a box-plot. (Where ‘P’ = 0.12) 

FINDINGS 
 
The findings are presented in figure 1 and 2 in the poster appendix. Of importance is that group 2, 
shown in the right hand column of both charts, was able to outperform the mean of the control 
groups, shown in the left hand column group 1. 
 
DISCUSSION 
 
Previous studies into the efficacy of Value Management had largely concerned themselves with 
research within case study organisations and projects.  Several elements of the value management 
process are attributed to Value Management’s success, but these have not been isolated and 
tested separately.   

The findings show the outputs of each set of the intervention groups and the control groups, and 
show on the ‘whisker plot’ graphics that the intervention groups which enjoyed the insertion of 
stepped problem solving prompts outperformed the mean of the control groups.  It can be inferred 
from this that the stepped process of problem solving (which was isolated by the experiment 
design) even when reduced to its simplest form, can have a positive impact on group performance 
in Value Management type workshop applications.  

CONCLUSIONS AND LIMITATIONS 

The research study identified hypotheses and sought to test these.  The research found: 

For the Hypothesis H1 

Null Hypothesis one (H01): There is no numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (non-intervention) outputs.  Can be rejected. 
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Alternative Hypothesis (H1): There is numerically significant difference between facilitated 
(Intervention) group outputs and Controlled Group (a non-intervention group) outputs. Is correct. 

And for Hypothesis H2 

Null Hypothesis two (H02): Group facilitation does not help a group come up with more solutions 
in the innovation process as a problem solving approach.  Cannot be rejected. 

Alternate Hypothesis two (H2): Group facilitation helps a group come up with more solutions in 
the innovation process as a problem solving approach. Has not been proven due to lack of 
statistical power 

The study was carried out in conditions that were as robust as may be expected for a university 
classroom environment.  However, facilities exist (Leeds Beckett University ‘Hydra Suite’) that can 
allow future repeats of this experiment to be made much more rigorous.  It is intended to do this 
next and to seek to be able to identify other operational and extraneous variables.   
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Abstract 
 The aim of the reported study was the exploration of the influence that green construction 

materials are having on work methods in South Africa. Through the lens of Architects and 
contractors, the study determined that the uptake of green materials in the construction 
industry is not in tandem with the urgency needed to limit the environmental impact of 
building on the environment. The following collection of both interview and survey data 
shows that despite the known benefits of green construction materials regarding the 
reduction of pollution (and other emissions) and the operational cost savings, initial capital 
costs is feeding the pipeline of scepticism in the industry. Preference for conventional 
materials appears to continue because of perceived affordability and availability in the 
country. Also, the limited know-how around the usability of green materials constitutes 
another major hurdle to be scaled by the industry. In other words, there is a major reason 
to conclude that work methods in the sector in South Africa are yet to be effectively 
influenced by green materials. The findings of the study require further research as the flow 
of materials and information are a major cornerstone of construction project delivery. 

 

BACKGROUND 

 
In recent decades, the construction sector has experienced significant growth in trying to preserve 

the natural environment (Robichaud & Anantatmula, 2011). The efforts meant producing buildings 

and facilities that do not harm the environment either through the construction materials used or 

the construction process (Nwoke & Ugwuishiwu, 2011). Green construction is a philosophy that 

seeks to minimize degraded environment, natural resources, and non-renewable energy sources 

and enhance the health and productivity of the occupants and the community (Robichaud & 

Anantatmula, 2011). It is widely believed that green buildings are more comfortable, healthier, and 

produce higher productivity levels than traditional buildings (Thatchera & Milnera, 2012). 

 

So green construction materials were introduced to decrease the resources depleted from the 

earth, reduce pollution by recycling materials and sustain the environment. The need for green 

buildings is increasing in tandem with the urgency for qualified specialists to design, construct and 

manage them (Hwang & Ng, 2013). The existence of required expertise is crucial as several studies 

have shown that green technologies pose obstacles for developers, clients, and contractors 

because of insufficient knowledge or technical skills and non-familiarity with the products, 

materials, systems and designs (Hwang & Ng, 2013). The thinking to lead to the research, which is 
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herein reported seeks to assess the local industry in South Africa regarding the embrace and utility 

of green construction materials. The determination of the influence of the green materials 

encourage the evolution of a research question, which asked: "How is the use of green construction 

materials affecting construction methods in South Africa?" The aim of the research was therefore 

premised on the establishment of how the use of green construction materials are influencing (if 

at all) the construction methods used on project sites in South Africa. 

 

An Overview of Green Construction Materials 

 

Sustainable development through green-enabled measures is promoted by major sectors of the 

world economy. The promotion of sustainable development in the construction industry is not, 

however, an easy task because construction has a remarkable impact on the environment and 

materials are the essential components of construction. Initiatives have been carried out to find 

alternative construction materials. The design of green construction should begin with the selection 

and use of alternative materials with better sustainability features than traditional construction 

materials. Construction materials which are stable, attractive, and environmentally responsible are 

a key ingredient of any high-performance building effort (Umar, Khamidi, & Tukur, 2012). For 

instance, the construction sector is faced with challenges of skills shortages about the use of green 

concepts to lessen the impacts of its activities on the environment (Hwang & Ng, 2013). Most 

barriers that prevent the construction industry from completely embracing the green concepts is 

the lack of knowledge on green technology, the durability of green materials, and limited 

understanding of ecological concepts (Shi, Zuo, Huang, Huang, & Pullen, 2013).  

 

In spite of the barriers mentioned above, the increasing use of green materials is stimulated with a 

proper understanding of how buildings use resources, affect people, and harm the environment 

(Kubba, 2010). Green materials have characteristics such as being manufactured from recycled 

materials and they often meet certain eco-friendly criteria (Kubba, 2010). It is notable that such 

materials evolve through three distinct phases, which include (Kim & Rigdon, 1998): 

 

 Pre-building phase (manufacturing): In this phase, the manufacturer has to make the 
production process more efficient by reducing the number of scrap materials. The 
producer must also reduce air, water and soil pollution in the manufacturing process by 
using natural materials with low embodied energy and limited processing steps. An 
example of such materials includes adobe, stone/granite, bamboo, and mud.  

 Building phase (use): In this phase, the contractor and the entire project team would 
endeavour to reduce physical waste materials on project sites by designing a building with 
standard sizes of materials (limited customization).  

 Post-building phase (disposal): In this phase, the facility owners/handlers should reuse 
durable materials that can be easily extracted and reinstalled on a new site.  

 

In brief, thinking green before beginning with a design and moving on to the construction of a 

project is important because it will facilitate the choice of the most appropriate building materials 

and construction techniques (Kubba, 2010). Following the green concept will help to reduce the 

significant amount of energy, land, water and raw materials used in conventional construction. The 
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excessive use of resources in construction contributes to greenhouse gas (GHG) emissions and 

creates plenty of construction and demolition waste (CDW) (Howe, 2010). Consumption of non-

renewable minerals is damaging to the environment and has effects on the way of life of the people 

(Sinha, Gupta, & Kutnar, 2013). CDW contributes to environmental pollution, and it is made up of 

materials such as bricks, concrete, and wood that can be damaged or unused for various reasons 

during construction. The primary cause of waste regarding timber and steel is the improper storage. 

CDW is, therefore, the pipeline for recycled and reused materials (Lu et al., 2010). Recycled 

materials are used to make some of the green construction materials used.  “It is thus necessary to 

reduce this consumption, and the volume of CDW dumped by using this waste as a source of raw 

materials for the production of recycled aggregates” (Rodrigues et al., 2013). 

 

The next sections of this paper includes a highlight of the research approach, a description of the 

case studies and their findings.  
   

RESEARCH METHODOLOGY  
 

The research method that is utilized for this study is qualitative so as to explore the research 

question in an explorative form. Yin (2012) is clear about how to conduct research with different 

kinds of questions. The study is descriptive, and the central data were obtained by interviewing 

professionals in the Free State province of South Africa. The interviews were conducted in person 

and also telephonically with the participants to explore lived experiences. The questionnaires were 

completed through email to confirm what was stated in the interviews.  

 

The purposive sampling used in the study include architects and contractors in South Africa. 

Initially, the aim was to interview architects and contractors in a wider geographical space, but due 

to resource and financial constraints, only contractors and architects located in Bloemfontein at 

the time of the study were interviewed. A questionnaire was formed after the interviews, to 

confirm what was stated during the interviews and they were sent to companies throughout South 

Africa. A total of 50 questionnaires were sent to architects and contractors, but only 31 participants 

responded, which is more that 50%. 

 

Out of all the 16 interviews conducted, ten interviewees were architects, and out of all the 31 

survey respondents, 21 were architects. The analysed data favour the experiences and opinions of 

designers more than contractors.    

 

In demographic terms, all the interviewees have been working in the industry for more than five 

years.  Eight respondents have a tertiary education with qualifications in the built environment 

(such as construction management and architecture). Concerning the survey respondents, the data 

show that the length of their industry experience ranged from seven to 35 years.  
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THE RESULTS  
 

Section A: Response to Interview 

Characteristics of green construction materials  

Seven interviewees stated that green construction materials do not harm the environment; 

instead, they assist in sustaining and protecting it since they tend to reduce the negative impact of 

construction and buildings on the environment and human health. The interviewees also confirm 

that green materials help in reducing the use of resources such as transportation, which has 

negative implications on the environment, apart from the fact that they are composed of 

renewable resources that are environmentally responsible. The views align with what has been 

read in the literature. Some of the interviewees contend that green materials assist in attaining 

resource, energy and water efficiency, and lower maintenance cost in operations. An informant 

said that green construction materials are durable and provide connection to nature. They are low-

emitting materials that reduce heating and cooling, and operational pollution and waste. They 

contain recycled and renewable ingredients and most importantly, they increase resilience. An 

interviewee adds that green materials promote adequate indoor quality and do not contain high 

toxic compounds that may be harmful to the health and wellbeing of occupants. It can be inferred 

from the interviews that the professionals that took part in the study have a fair idea of what green 

materials tend to do in construction when deployed. 

 

Significance of green construction materials  

After establishing the fact that the interviewee has some knowledge of green construction 

materials, the next set of questions attempts to determine its meaning from the views of the 

interviewees. Nine interviewees stated there is a high demand for sustainable building products 

and the national push (in South Africa) towards the adoption of green building practices is because 

using green building materials and products promotes conservation of non-renewable resources 

and helps to reduce the environmental impact of extraction, transportation, and fabrication. The 

interviewee thus suggests that professionals have to accept and use green materials because of 

green building policies and regulations that are now in force in the country. In the assessment of 

the interviewees, the importance of green construction materials is that the maintenance of the 

building is cheaper and saves natural resources and decreases pollution from heating or cooling a 

building. In other words, the interviewees concur with the notion that although the initial cost of a 

building might be expensive, occupants will save on costs when operating the same building. The 

perceptions of the interviewees are premised on the notion that green construction materials are 

cost-effective as they lower utility bills and the impact on the environment.  

 

The impact of green construction materials on professionals in the industry   

Under the above-mentioned topic, two sides were created. Twelve interviewees stated that green 

construction materials are not affecting the professionals negatively, but four of them differ. The 

12 interviewees that were of the view that the use of green materials does not have a negative 

impact on their work spoke about the adaptive style of work. They contend that professionals have 

to adapt to the ways of doing things such as including landscaping in the agenda when constructing 

green buildings. The interviewees opine that managers and technicians in the industry must be well 

informed on green construction materials before accepting any work on green buildings. Having 



607 
 

inadequate knowledge about green building materials today is viewed as a handicap in practice 

(these pictures came out strongly among architects).   

 

The 12 interviewees say green materials have made some work easier to professionals because 

they are easy to use, can be applied easily, can be easily controlled and they are much lighter than 

traditional materials. Utilization and specification of green material even provide access to rewards 

obtainable from best green building designs competitions. In contrast, the remaining four 

interviewees stated that green materials are very expensive and some of the clients do not like 

spending vast sums of money on projects. For example, the four interviews say customers usually 

compare traditional materials to green materials to determine the cost implications of their 

designs.  

 

The four interviewees reiterate the widely held view that majority of green construction materials 

are not produced in South Africa, and a single factor is providing the extra costs paid for them. 

Apart from the cost due to importation, four interviewees mentioned that project duration could 

be affected because of transportation delays. Another issue raised by four interviewees is the 

reality that most architects may know the appropriate green construction materials to specify, but 

contractors that will work with the materials may not have a clue about such materials. The ensuing 

confusion may lead to changed orders, cost overrun and time overrun that would be paid for by 

the client.  

 

The 16 interviewees stated that there is not enough information about green construction 

materials. The interviewees suggested workshops, and conferences, which will assist in improving 

the knowledge of not only professionals but also people in communities that procure construction 

services. Even though there are green building initiatives (such as forums), more still needs to be 

done concerning introducing green construction materials as part of curricula in tertiary institutions 

so that graduates will have improved knowledge before actually applying them in the industry.   

   

Work methods and green construction materials  

When asked if the specification of green construction materials by designers’ influences work 

practices on sites, 13 interviewees stated that they are similar to traditional materials regarding 

durability and strength, which are important factors. The difference between green and non-green 

materials is that green construction materials have an impact on the quality of the building, the 

greener the construction materials used creatively or appropriately in the design stage, the less 

energy it uses and the better it can naturally condition its internal environment concerning air flow 

and light penetration into the buildings. However, when using green materials and traditional 

materials, two factors play a major role.  

 

The first factor is the orientation of the building which is vital. Whether green materials or 

traditional materials are used, the direction of the building must be correct to maximize the use of 

natural lighting and heating or cooling of the building. And when sometimes using one of the 

materials the condition of the site can limit the correct orientation of the building. The second 

factor is the knowledge that professionals have on both materials. Both types of materials need 

people with adequate knowledge when dealing with them. In brief, the 13 interviewees said that 
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work methods have not changed in the construction industry, only the materials have changed. In 

contrast, the remaining three interviewees indicated that construction work methods have 

changed because professionals, especially contractors have to learn to incorporate materials of 

which they have limited know-how. The three interviewees suggest that in most construction 

projects, conventional materials are used because most contractors are not familiar with new 

materials. Most labourers working in the construction sector do not have knowledge of new green 

materials. The contractor has to supervise them on everything.  

 

South African progress regarding green construction materials  

Again, 13 interviewees stated that South Africa lags behind when it comes to adopting green 

construction materials. Some interviewees reported that green construction materials are not 

readily available across the country because it is still on a learning curve. They need to be ordered 

from Johannesburg or Cape Town if you are living in places such as Bloemfontein, these cause more 

pollution because of transportation. The use of green materials also increases the cost of projects 

and encourage clients to opt for traditional materials because they are readily available in most 

cities. Other interviewees stated that the green construction materials are not used where they are 

most needed. The main problem is that the people who use the traditional materials in households 

end up using natural resources for heating and lighting which is the majority of citizens in South 

Africa. Affordability is a major problem since residents prefer affordable materials because they 

cannot afford green construction materials. The net effect of the reality is that the demand for 

green materials is low in South Africa. For example, when a community is supplied with free panel 

geysers without a corresponding education about how to maintain them, the geysers will stop 

functioning properly, and the users will not be motivated to replace it with a solar panel powered 

geyser. An interviewee also mentioned the view that people need to know more about the green 

materials and their advantages before applying them, but the councils responsible for green 

construction do not pay attention where it is needed.   

 

The remaining three interviewees stated that South Africa is not necessarily lagging behind because 

there are green buildings constructed around the country even though most of them are located 

in Johannesburg. There are also contractors who are relatively experienced because when building 

these structures, contractors are not outsourced or imported. They even stated that for a 

developing country, South Africa is on the right path because these materials are mostly used in 

developed countries. Contractors know what is expected of them in the industry and they can adapt 

to new materials introduced. However, they also stated that the materials need to be exposed on 

a local level in communities. In the interviews, issues on innovation were also mentioned by the 

participants. The interviewees were of the view that South Africa-based professionals must come 

up with ideas that are ideal for the country because countries do not have the same resources. 

More importantly, new ideas must seek to reduce the unemployment rate because as a country 

South Africa is struggling to create jobs and most people depend on construction for employment 

opportunities. 
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Section B: Response to survey questionnaire 

 

As mentioned earlier, a follow-up questionnaire survey was conducted to verify the perceptions of 

the interviewees. Table 1 shows the descriptive statistics from the data analysed from 21 

responses. The short survey was based on a Likert scale, which ranged from 1 (not important; very 

poor; very inexpensive) to 5 (very important; excellent; very expensive). The table shows that all 

the mean scores (MSs) are greater than 3.00. The usage of green construction materials in the 

industry was indicated to be very important with a mean score of 5.00. The impact of green 

construction materials on the cost of the project seemed to be very expensive with a mean score > 

4.5. The influence of green construction materials on professionals in the industry was indicated to 

be better with a mean score of 3.81, and the use of green construction materials was indicated to 

be improving with a mean score >3.5. The influence of green construction materials on work 

methods was also indicated to be above average whereas the availability of information on the 

usage of green construction materials in the industry was indicated to be low with a mean score of 

3.00. The availability of green materials in South Africa was indicated to be fairly poor with a mean 

score < 3.00 >2.5.  

 

Table 1: Ratings of green construction material perceptions 

Perception MS Rank 

Please indicate how important green construction materials usage is in the industry? 5.00 1 

What is the impact of the use green construction materials on project cost? 4.75 2 

To what extent is the use of green construction materials influencing professional practice 

in the industry? 

3.81 3 

To what extent is the construction industry in South Africa effective in the use of green 

construction materials? 

3.69 4 

To what extent is the use of green construction materials influencing work methods in the 

industry? 

3.56 5 

To what extent do information on green construction materials usage made available for 

professionals in the industry? 

3.00 6 

To what extent are green construction materials available in South Africa? 
2.75 7 

 

 

 

To sum up the results of the survey and interviews, it can be argued that the participants in this 

exploratory study indicated the use of green construction materials is important, but not 

widespread in South African construction. Regarding the benefits of the materials, the perceptions 

of the participants concur with what has been read in the literature. It is notable that most of the 

interviewees were of the opinion that the use of green construction materials does not necessarily 

translate to significant revisions in methods of installation on sites. Few of the participants 

contested this view, and this is a reason to think about a larger sample frame in a future study. 

Further, participants in the study appear to favour the perception that green construction materials 

are expensive in the local context in South Africa. Some of the interviewees even stated that they 

are not utilized where they should be. The biggest problem was reported to be that of the people 

who use the traditional materials in households end up using natural resources for heating and 

lighting, which is the majority of South Africans. 



610 
 

DISCUSSION AND CONCLUDING REMARKS 

 
The reported exploratory research reaffirms the importance of green materials in the construction 

industry. The depletion of non-renewable minerals is damaging to the environment, and the use of 

green construction materials could minimize such losses while enhancing the well-being of 

occupants in buildings. While most of the views expressed in this study appear to say the work 

methods are unaffected by the introduction of alternative/green materials, it is crucial to note the 

almost 100% agreement among the participants regarding the observation that building 

contractors are struggling with such materials because of the perceived weak understanding and 

knowledge. For example, an interviewee cited a project in Freedom Park in Bloemfontein were 

sandbag houses were erected using eco-beam technology. Unlike concrete blocks, the sandbags 

rest on each other and are not cemented together. The method of erection is entirely different 

from the traditional method of construction where bricks and cement mortar are used. These 

methods need contractors who can be able to implement them accordingly so that they do not 

collapse and fail in the future. In essence, traditional and green construction materials need 

adequate knowledge, skills, and technique before contractors could use them. So, it does not 

matter whether the building is green or traditional, knowledge and expertise are basic 

requirements in construction craft. One other important factor that was highlighted was that using 

green construction materials does not guarantee the effectiveness of the materials as the 

orientation of a building also plays an important role.  

 

There is a point to be remembered in the study. This is about job creation, which is a critical issue 

in the South African economy where the construction industry is not only responsible for creating 

jobs but also for providing communities with suitable housing and work office space. It is, therefore, 

important that the proponents of green construction material usage seek ways in which the 

materials can be used to drive employment. The availability of critical information cannot be 

overlooked. The study shows that professionals, clients, and the entire society should be sensitized 

regarding the benefits of green construction. The perceived skewed focus on only iconic buildings 

regarding Green also came up in the study. While major construction projects are gaining traction 

regarding their green attributes in South Africa, it is now important to focus on the larger building 

stock in communities. So it is suggested that professionals in the construction industry need to be 

more innovative; they must come up with ideas suitable for South Africa that will ensure that 

people do not lose their jobs because of lack of knowledge and skills. Also, information should also 

be available to ordinary citizens in the communities because most of them have never heard about 

green buildings/materials and they do not know the significance. Based on the insights provided by 

the interviewees it is doubtful if green construction is influencing work in South Africa. 

 

In brief, this study explored the impact of green construction materials in a city located in the 

central region of South Africa where green buildings are limited. However, the perceptions of 

professionals may shift in places such as Johannesburg and Pretoria where the majority of green 

buildings in South Africa are located. Future studies should, therefore, be conducted in 

Johannesburg and Pretoria to compare the perceptions presented in this paper. Further studies 

should equally focus on the impact of green construction materials on local communities. A focus 
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on communities is desirable because the majority of current green building projects are iconic office 

blocks where efficiency in energy and water usage can be controlled. Control is, however, difficult 

in local communities who use a lot of resources for heating in winter, cooling in summer and for 

cooking. Most people are unemployed, and they live in uncomfortable houses. If a study is 

conducted in such locations, the people will be able to utilize resources in an efficient manner while 

also utilizing natural energy for their homes. Such a change in thinking/reason will also reduce the 

household cost of maintaining their buildings and help them shift the savings to other pressing 

domestic issues.   
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ABSTRACT 

It is now very difficult to find a construction site that does not utilise any geosynthetic products. 
Materials used in the manufacture of geosynthetics are primarily synthetic polymers – generally 
derived from the by-products of the oil industry. As a result of the finite nature of these raw 
materials and their associated pollution streams, there is growing pressure to use renewable 
resources for sustainable production. Also, the majority of geosynthetic applications are only 
required to perform for a short period of time, thereby leaving an alien residual in the ground for 
many years to come. Natural (vegetable) fibres provide a more sustainable alternative to 
polymeric based materials, particularly for short-term applications – termed limited-life 
geotextiles (LLGs). 
 
This paper presents an overview of an extensive study that has been undertaken on the 
development of reinforcing LLGs manufactured from renewable and biodegradable vegetable 
fibres for short-term applications. Initially, structural form is considered. It is shown that LLGs can 
have tensile strength of up to 100 kN.m-1, which is directly comparable to a mid-range 
geosynthetic product. The shear interaction properties of the LLGs was then compared to a 
number of different commercially available geotextile structures – manufactured from both 
natural and synthetic materials. The results demonstrate that coefficient of interaction values of 
around unity can be achieved with these LLGs. This is about 20–25% more shear resistance than 
their synthetic equivalent. The difference stemming primarily from the coarseness of the 
vegetable fibres themselves but also from the novel structural form. In terms of longevity, 
durability tests have been undertaken on the LLGs in various ground conditions. The data 
obtained indicate that degradation rates are sensitive to fibre type, together with the amount of 
water present in the soil. Coir fibre performed the best in worst deterioration environment 
tested. A simple basal embankment analysis is then presented to demonstrate a potential end 
application for the short-term reinforcing LLGs. In this analysis, it is shown that the rate at which 
the underlying embankment soil gains in effective stress, due to the dissipation of excess pore 
water pressure, could be designed to correspond to the decline in tensile strength from the 
degrading LLG. 
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1. INTRODUCTION 

The construction industry over the last two decades has experienced a global boom. This has 
placed a large demand on natural resources. It is now very difficult to find a construction site that 
does not utilise any geotextile products; over the last decade the geotextile market has been one 
of the most thriving sectors in the technical textile industry. By the end of 2017 it is predicted that 
just over five billion square metres of geotextiles would have been produced, with an associated 
market value of around £7 billion pounds (GBP). Geotextiles are used, on a vast array of 
construction sites, to perform one of five primary functions, namely: drainage, filtration, 
protection (erosion control), reinforcement and separation. Depending on the application, these 
functions can perform in isolation or simultaneously.  
 
The environmental effects of geotextiles manufactured from synthetic materials are twofold; 
firstly, for short-term application, an alien residue is left in the ground that will not biodegrade 
once the geotextile has served its purpose; secondly, and more indirectly, by polluting the 
environment through the process of obtaining the raw materials, i.e. burning and flaring of oil and 
gas. With the need to embrace more sustainable development to meet the triple bottom line on 
economic, environment and social security. It has now become imperative to use more 
environmental friendly resources to manufacture construction materials. 
 
At present, limited-life geotextiles (LLGs) are constrained to woven and nonwoven grid structures, 
and their main use is for erosion control. They are manufactured from a small range of fibres, 
primarily jute and coir, as illustrated in Table 1. Jute is easy to cultivate, widely available on a 
commercial scale, cheap, biodegradable and can hold five times its own weight of water. All these 
factors (especially the last two) make it ideally suited for the initial establishment of vegetation, which 
in turn provides a natural erosion prevention facility. By the time vegetation has become well 
established the jute has started to rot/break down and disappear (6 to 12 months), without polluting 
the land. Coir has also been used as geotextiles, but not to the same extent as jute, for erosion control 
applications. However, in some circumstances, such as river bank protection, coir has been found to 
be more suitable than jute due to it being more resistant to rotting due to its high lignin content.  

 
Table 1: Properties of commercial erosion control vegetable fibre geotextiles  

 Unit Geo Jute Geo Coir Geo coir  

Type  Woven Woven Nonwoven 
Thickness mm 3 5 12 

Yarn count, warp No. 78 130 – 

Yarn count, weft No. 42 70 – 

Mass/unit area g.m-2 460 900 820 

Open area % 60 39 – 

Wide width tensile, dry warp x weft kN.m-1 4.4 x 2.6 27.8 x 9.3 0.23 x 0.23 

Wide width tensile, wet – warp x weft kN.m-1 1.8 x 0.9 21.4 x 6.8 – 

Elongation at failure, dry – warp x weft % 10 x 10 68 x 32 19 x 19 
Elongation at failure, wet – warp x weft % 11 x 11 82 x 49 – 
Durability years 1–2 5+ 3 
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A pertinent factor for a geotextile, especially for reinforcement, is that it must possess a high tensile 
strength. The best way of obtaining this is for the fibres to have a high ratio of molecular orientation. 
This high strength ratio is achieved naturally by vegetable fibres, but for synthetic polymers the 
molecules have to be artificially orientated by a process known as stretching or drawing. It has been 
shown that flax, abaca and sisal fibres can have strengths in the range of 0.4 to 0.6 N.tex-1, which is 
directly comparable to that of polyester of around 0.4 N.tex-1 (Leflaive, 1988). Also, vegetable fibres 
are much coarser than their synthetic equivalent, inherently offering more shear resistance – another 
important characteristic for reinforcing geotextiles. Hence, nature provides ideal fibres to be used in 
short-term/temporary reinforcing applications – also termed vegetable fibre geotextiles (VFGs).  
 
 

2. SOIL REINFORCEMENT  

2.1 The concept  
Soil is relatively strong in compression but weak in tension (Fig. 1a). The converse is true for a 
geotextile (Fig. 1b). Therefore, if they are used in intimate association with each other a composite 
material can be formed, which is good in both compression and tension (Fig. 1c). If this concept is 
then applied to an unreinforced soil mass, it can be shown that when a normal load is applied, the 
soil tries to deform laterally (Fig. 1d) as the soil particles cannot take any tensile load. However, 
when a geotextile is installed at vertical increments within the soil mass, and there is sufficient 
shear resistance along the soil/geotextile interface, the tensile load will be taken by the 
geotextiles. Effectively, this provides an in-built lateral confining stress which prevents 
deformation (Fig. 1e). This reinforcing soil concept can be extended to slopes and embankment 
stabilisation.  
 

 
   
 

 

 

 
 
 
 
 

 
 

 
 

 
Figure 1: The concept of reinforced soil 
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2.2 Short-term application 
Short-term reinforcing applications are frequently used to provide temporary support to 
engineered structures until excess pore water pressure has dissipated and the soil has 
consolidated. Typically, the geotextile only has to function during construction and for a short 
period afterwards. An example of such an application is basal reinforcement. When an 
embankment is constructed over soft compressible ground, the load from the embankment fill 
increases the pore water pressure in the underlying soil, especially at the centre of the 
embankment. This corresponds to a decrease in the shear strength of the underlying soil and can 
result in the embankment failure, e.g. splitting, circular rotation and excessive settlement (Fig. 2a). 
However, when a basal geotextile is used at the interface between the embankment fill and 
underlying soft soil, the restraining lateral load provided by the geotextile prevents the 
embankment from splitting or introduces a moment to resist rotation (Fig. 2b). Settlement can still 
be extensive in the underlying soil; the geotextile will however ensure it will be more uniform. This 
type of settlement can be compensated for during construction. The stability of the embankment 
will improve in time as the excess pore water pressure in the underlying soil dissipates. Effective 
stress will then prevail resulting in the stabilising force from the basal reinforcement being surplus 
to requirements. Typically, this timescale could be anywhere from a few months up to a few years 
but would ultimately depend on such factors as coefficient of vertical consolidation (cv) of the 
underlying soil and length of the drainage path. To increase the rate of dissipation fin drains are 
typically installed. It is proposed this rate in soil strength gain can be design to correspond to the 
deterioration rate of the basal LLG with an appropriate factor-of-safety (FOS) being maintained (Fig. 
2c). 
 
 
 

 

 
 
 
 

 
 
 
 

Figure 2: Basal geotextile  
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2.3 Durability  
The deterioration of any material is the influence the environment has on the properties with the 
passage of time; this is particularly true for natural materials, such as LLGs. There are numerous 
factors, which could affect the ageing process such as chemical (acid and alkaline) and biological 
(microorganisms) deterioration. The main question is how long a particular material can withstand 
the given degradation process, whilst maintaining the requisite properties throughout its design 
life. The answer is ultimately related to the hostile environment it is placed in and the chemical 
composition of the geotextile material.  
 
2.4 Shear interaction   
The shearing resistance at the soil/geotextile interface is extremely important to enable the soil 
to transmit the tensile forces from the soil to the geotextile such that the soil/geotextile composite 
is effective. The frictional resistance provided by the fabric structure is associated with the surface 
roughness features of the geotextile, i.e. soil sliding and the capability of the soil to embed the 
fabric. The latter is related to the geotextile’s apertures relative to the particle size of the soil, 
which influences both bond and bearing resistance as shown in Figure 3. Bond resistance is 
developed when soil particles embed within the geotextile to retain soil particles in the apertures, 
such that adjacent soil above and below the geotextile surface are sheared against these retained 
particles. In comparison, bearing resistance emanates from restrictive movement of soil particles 
due to ridges in the geotextile surface, or at the end of the apertures, in the direction of shear.  
 

The coefficient of interaction () is used to determine the efficiency of geotextiles in developing 
shearing resistance. The value is defined by the ratio of the friction coefficient between soil and 

geotextile (tan ) to that of the friction coefficient for soil along (tan ), as given in BS 6906: Part 
8 (1991). Values for the coefficient of interaction typically range between 0.6 and 1 are often 
quoted (Richards and Scott, 1985). The widespread range is a result of such variants as the 
different soil strengths, geotextile types and the test method employed to derive the value.  

 
 

 
 
 

 
 

Figure 3: Shear forms of resistance along the surface of a geotextile  
 
 

3. RESEARCH REVIEW AND METHODOLOGY  

Processes for the selection, specification, production and utilisation of synthetic geotextiles are 
well established for soil strengthening applications. To-date, the use of vegetable fibres for soil 
reinforcement has not been investigated in depth because of preconceived ideas concerning the 
durability, strength, extensibility and manufacturing capability of these natural materials. Their 
use has therefore been confined to erosion control applications. There are however many ground 
engineering situations where reinforcing geotextiles are only required to function for a limited 
time period; whereas suitable synthetics have working lives longer than needed. Hence, are over 
designed but more importantly the manufacture and use of synthetic materials cause many forms 
of environmental pollution. From the wealth of knowledge available relating to the use of 
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synthetic geotextiles within soil it is already known what should be expected from reinforcing 
LLGs; however, they have yet to be made, tried and tested. 
 
The main aims for this work were to develop the technology appropriate for production of 
‘designer’ LLGs for reinforcing applications; to characterise their behaviour; and, determine the 
extent to which they can be used to strengthen soil. The principal factors affecting the suitability 
of these LLGs can be identified as manufacturing feasibility, tensile properties, soil/geotextile 
interaction and durability. To be usable these materials must satisfy/fulfil all of the foregoing 
criteria to some degree. Therefore, the overall approach of this study was not to ‘design’ and ‘test’ 
for a specific reinforcing application, but to determine whether acceptable balances of properties 
and performance can be achieved. A potential use of a LLG for a short-term reinforcing application 
is then concluded, in this paper, by the development of a computational finite difference model. 
The aim of this model is to illustrate how effective stress conditions will govern in time as the 
excess pore water pressure dissipates. Hence, providing the timeframe the underlying 
embankment soil will become self-supporting without the need of a basal reinforcing geotextile.    
 
 

4. RESEARCH METHOD  

To enable a direct comparison with the novel LLGs developed as part of this research work, a 
commercially available woven coir geotextile (used for erosion control applications) and a warp 
knitted polyester grid (used for reinforcing applications) were also tested under the exact same 
conditions.  

 
4.1 Structural form 
The first aim of this research work was to develop a novel ‘designer’ geotextile structure made 
from vegetable fibres which would be suitable for reinforcing applications. This is because at the 
present time the range of LLGs is very limited, in that their main use is for erosion control. The 
principal criterion sought of the geotextile for erosion control is to have sufficient tensile strength 
to allow it to be laid on site and to provide, for a limited time only, some protection to the ground 
e.g. retain soil particles, protect grass seeds, hold water, etc. LLG structures for erosion control 
applications have been mainly plain weave jute or coir. Nonwoven structures made from jute, coir 
and flax have also been used for mulching applications. Both of these types of structures have 
their limitations (woven structures exhibit high elongation and nonwoven structures have low 
strength together with high elongation) and are unable to form geotextiles with the properties 
and flexibility possessed by knitted structures, particularly directionally structured fabrics (DSF). 
These fabrics incorporate high strength straight inlaid yarns to provide high uniaxial strength in 
the machine (warp) direction (Rankilor and Raz, 1994a–d).  
 
Due to the coarseness and lack of pliability of vegetable fibre yarns, it prevents them from being 
used on warp knitting machines. Weft knitting machines are however capable of handling a much 
wider range of yarns types. The limitation of these machines, nevertheless, is that they cannot 
incorporate high strength inlay yarns in the machine direction due to the design of the mechanism 
which links the carriages on both beds. The initial aim of the research project was therefore to 
redesign this mechanism rather than constructing a completely new machine, as this would keep 
the costs low and enable the LLG to be mass produced very quickly. Thus, the LLG structure was 
designed to be manufactured with the following characteristics to reinforce soil: 



618 
 

1) The highest possible strength in one direction, together with low elongation combined with the 
ease of handling and laying on site.  

2) Soil particle interlock and sliding resistance with the geotextile to such an extent that the 
soil/geotextile interface exhibits the same shearing resistance as the surrounding soil i.e. the 
soil/geotextile coefficient of interaction is in the order of unity.  

3) A degree of protection to the high strength inlaid yarns to reduce installation damage.  
4) Sufficient durability (with respect to degradation when buried in soil) to provide reinforcement 

over the requisite design life of the construction.  
 

4.2 Tensile strength  
A tensile testing apparatus was used to determine the tensile properties of the geotextiles. Output 
of load and extension was data logged to an accuracy of 10 data points every second. The overall 
dimensions (including apertures and abutments) of the samples were determined manually – the 
thickness was determined from the ‘Shirley Thickness Gauge’ using a circular plate 80 mm in 
diameter under a 1000 g weight. The tensile tests were conducted at the standard testing 
temperature and relative humidity of 20 ± 2°C and 65 ± 2% respectively BS 1051 (1972). The 
samples were also conditioned, at this temperature and humidity, for at least 24 hours before 
testing so that each sample was in a comparable state for testing. A gauge length of 200 x 50 mm 
was used as in BS EN ISO 13934-1, 1999 (strip method). As also recommended by standard five 
samples were tested in the strength (machine or warp) direction at a constant strain rate of 100 ± 
10 mm per minute.  
 
4.3 Coefficient of interaction  
The geotextiles were tested in a 300 x 300 mm (plan dimensions) partially fixed direct shear box. 
The leading side of the lower shear box had the geotextile clamped to it. The geotextile was then 
laid over the lower half of the shear box containing the Leighton Buzzard sand (LBS), which was 
flush with the top of the lower shear box. A hydraulic ram was used to apply a vertical load and a 
load transducer measured the applied pressure, enabling a direct measurement of the vertical 
stress to 0.5 kN.m-². It was also possible to keep the normal stress constant, whilst the sample was 
dilating, by the load transducer. A 100 kN capacity proving ring was used to measure the shear 
force and this enabled the shear force to be recorded directly to 0.08 N (equivalent to a shear 
stress of 0.9 kN.m-²). The relative horizontal displacement of the two halves of the shear box, the 
change in sample height during shearing and the vertical displacement of the top four corners of 
the upper half of the shear box were monitored by linear dial gauges reading directly to 0.01 mm. 
The tests were conducted at a strain rate of 0.3 mm per minute, up to 40 mm horizontal 
displacement. 
 
The upper and lower halves of the shear box were each compacted in three layers of equal 
thickness using a vibrating hammer and tamping plate to a predetermined thickness to produce 
nominal unit weight of 96% of the maximum nominal dry unit weight for the compacted LBS. This 
figure was chosen to represent the density likely to be achieved on site, whilst maintaining an 

accuracy of 0.01 Mg.m-³ from the mean dry density in subsequent shear box tests, as 
recommended by BS 6906: Part 8 (1991). 
 
Nominal effective normal stresses of 41, 68, 95 and 123 kN.m-2, to represent the likely range of 
soil pressures which would apply to field situations, were applied to the samples. These 
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represented the actual weight above the shear plane, i.e. the applied pressure plus the weight of 
the soil in the upper-half of the shear box, the upper-half of the shear box itself and the top platen.  
 
The LBS was sheared with no geotextile in the shear box (referred to as ‘plain’ sand) to establish a 
datum. This enabled a direct comparison to be made when each of the geotextiles were sheared 

with the LBS, hence allowing their corresponding value of  to be computed.  
 
4.4 Durability tests  
The durability of any geotextile product buried in the ground is of paramount importance, 
especially so for biodegradable vegetable fibre products. Physical and chemical deterioration 
conditions are commonly simulated in the laboratory under separate conditions. It is however 
recognised (Horrocks, 1996) that, in combination, these two effects can have a more detrimental 
impact on the product’s lifespan. To replicate this, a novel testing rig was designed and 
manufactured (Fig. 4). This enabled the geotextile structures to be encapsulated in the test soils 
whilst subjecting them to both a tensile and confining load in a controlled environment. After set 
periods, the deteriorating samples were taken out of the soil and tested to determine the 
percentage loss in tensile strength. 
 

 
Figure 4: Durability test rig 

 
The test rig consisted of the durability boxes positioned on a loading frame; all of which were 
housed in a controlled room which had a temperature and relative humidity of 20–22 °C and 60–
65% respectively, in accordance to BS EN 12224 (2000). Each box was designed to contain three 
strips of geotextile surrounded by 35 mm of soil. The geotextile strips encapsulated in the soil 
were 50 mm wide by 200 mm long, which is in accordance with BS EN ISO 13934-1, 1999 (strip 
method).  
 
Each geotextile strip was loaded by a spring mechanism via a bracket fixed to the racking system 
to 5% of the geotextile’s maximum strength. The spring was adjusted at regular intervals to 
compensate for any creep in the geotextile, hence maintain a constant load. To ensure 
soil/geotextile contact throughout the test period an effective normal stress of 2 kN.m-2 was 
applied as a surcharge on the box lid. To simulate natural weathering conditions (i.e. 
wetting/drying cycles) that occurs in-situ during installation and over the working life of geotextile 
products, an irrigation system was used to saturate the soil contained within the durability boxes 
every 14 days. 
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5. RESULTS & DISCUSSION  

5.1 Structural form  
Modifications were carried out using a mechanically operated Dubied DC-2 5-gauge V-bed weft-
knitting machine to produce a novel base structure (Patent No. GB 2339803). The main 
modification to the machine involved removing the bow linking the front and rear carriages as this 
prohibited vertical inlay. The purpose of the bow was to maintain the synchronisation of the front 
and rear carriages as they traverse the needle beds. The front and back carriages now being 
connected by two endless chains connected via a series of double and single sprockets positioned 
at both ends of the machine.  

 
In reference to the manufacturing design characteristics noted in Section 4.1, variations of this 
base structure were then developed to provide the specific properties required from geotextiles 
to strengthen soil, essentially:   
1) The geotextile was designed to have the highest possible number of straight high strength inlay 

yarns in one direction, with the base fabric structure, made from thinner more flexible 
weaker/cheaper yarns, holding the inlay yarns in place.  

2) Coarse yarns together with abutments and apertures in the geotextile were created to produce 
high shear resistance in the machine direction. 

3) A sacrificial base structure, formed from a cheaper more degradable yarn, was used to 
encapsulate the high strength yarns. By providing protection to the high strength inlay yarns 
the necessity to introduce a large reduction factor into the design, to account for installation 
damage from certain types of fill/plant, is minimised.  

4) To achieve different durability rates high strength inlay yarns could be wholly or partly changed 
for a more durable yarn in aggressive ground conditions.  

 

Figure 5 illustrates the base structure that was developed to address the above manufacturing 
design characteristics. Essentially the structure is a directionally structured 1x1 knitted rib, with 
alternate wales of face loops on each side. The inlay yarns are encapsulated within the knitted 
structure by the cross meshing between the face and reverse wale loops. This ensures the 
structure remains flat when cut and has a good resistance to tear. Variations in both the inlay and 
knitting yarns were possible. To reduce the number of variables, three combinations of the base 
knitted structure were used in this testing programme, namely: (1) sisal inlay/knitted flax; (2) sisal 
inlay/knitted jute and (3) jute inlay/knitted flax. Table 2 summarises the fabric characteristics of 
these novel LLGs together with the two commercially available geotextiles (4 & 5).   
 

 
Figure 5: Sisal inlay/knitted flax 1x1 rib base structure 
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Table 2: Fabric characteristics of the geotextiles 

 
No. Material 

Inlay 
yarns 
per m 

No. of 
courses 
per cm 

No. of 
Wales 
per cm 

Stitch 
density 

cm2 

% inlay 
yarn 

% 
knitting 

yarn 

1 Sisal inlay/knitted flax 110 8 4 32 52 48 
2 Sisal inlay/knitted Jute 110 8 4 32 53 47 
3 Jute inlay/knitted flax 110 8 4 32 40 60 
4 Woven coir 90 0.9* 0.8# N/A 59 41 
5 Warp knitted polyester grid 80 6 0.8 N/A 98 2 

 * No. of warp yarns per cm # No. of weft yarns per cm 

 
5.2 Tensile strength 
Figure 6 shows the ultimate tensile strength of the five geotextiles tested in the machine (warp) 
direction, with corresponding values shown in Tables 3. The main parameters under consideration 
are the load the geotextiles can take for every given metre (kN.m-1) and the percentage strain 
resulting from the load.  
 

 

Figure 6: Tensile strength properties of five geotextiles 

 
 

Table 3: Physical properties of the five geotextiles 
 

No. Material 
Tensile 

strength 
kN.m-1 

Strain  
% 

Elastic 
modulus 
kN.m-1 

Mass 
g.m-2 

Thickness 
mm 

1 Sisal inlay/knitted flax 97.6 5.0 19.35 1380 5 
2 Sisal inlay/knitted Jute 97.4 5.3 18.52 1310 5 
3 Jute inlay/knitted flax 43.8 5.4 8.18 1180 5 

4 Woven coir 16.6 13.2 1.26 900 4 
5 Warp knitted polyester grid 106.2 22.0 4.83 430 1.5 

0

20

40

60

80

100

120

0 5 10 15 20 25

Strain (%)

S
tr

e
n

g
th

 (
k
N

/m
)

(1) Sisal inlay/knitted flax (2) Sisal inlay/knitted jute (3) Jute inlay/knitted 

flax  (4) Woven coir  (5) Warp knitted polyester grid

4

2

3

5
1 



622 
 

It can be seen that the tensile strength of sisal inlay geotextiles (1 & 2) are comparable to the warp 
knitted polyester geotextile (5). The jute inlay geotextile (3) has approximately 50% of the strength 
of sisal. Woven coir (4) is the weakest of the geotextile materials tested with only 20% of the 
tensile strength of sisal (1). This is due to the fact that coir is weaker as a result of its chemical 
composition and this fabric structure has less inlay yarns to carry the load. On examination of the 
plot, sisal and jute fail in the same manner. A ‘saw toothed’ failure mode was created as individual 
inlay yarns break and the load is passed to the remaining yarns. The warp knitted polyester and 
woven coir geotextiles have significantly higher ultimate strain capacities, which would ultimately 
result in more unfavourable deformation in the reinforced structure.   
 
5.3 Coefficient of interaction  
The coefficient of interaction is dependent on both the geotextile and soil type. Ideally the 
coefficient should be as close to one as possible. From the LBS shear interaction results (Fig. 7 and 
Table 4), coir had the highest coefficient at 0.99 and the synthetic geotextile had the lowest at 
0.80. The structures manufactured from sisal, jute and flax were all found to have coefficients in 
the range of 0.91–0.97. 
 

 
 

Figure 7: Interface LBS–geotextile frictional values 

Table 4: Shear strength characteristics 

No. Material 
Peak angle of bond 

friction (o)   
Ф'p  

Coefficient of 
interaction  

α 

 LBS – LBS (no geotextile) 44.0 1.00 
1 Sisal inlay/knitted flax – LBS 42.8 0.97 
2 Sisal inlay/knitted jute – LBS  40.0 0.91 
3 Jute inlay/knitted flax – LBS  42.6 0.97 
4 Woven coir – LBS  43.4 0.99 
5 Warp knitted polyester grid – LBS  35.0 0.80 
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5.4 Durability tests  
Figure 8a shows the results from the tests carried out at the soils natural moisture content of 0.1% 
(termed dry). The results indicate that no reduction in tensile strength occurs with time. This was 
anticipated as no real moisture is present to sustain a microbial community.  
 

 

(a) Dry durability boxes 

 

(b) Wet durability boxes 

 
Figure 8: Geotextile strengths – durability boxes 

Figure 8b shows that over the test period there were significant initial reductions in tensile 
strength of both the sisal and jute inlay geotextiles. After 1½ months the jute inlay geotextile had 
only retained about 11% of its initial strength. The sisal inlay geotextile performing slightly better, 
retaining 28%. The behaviour of the geotextiles at 3 and 4½ months did not however fit a logical 
deterioration trend, but at 6 months the geotextile had not really lost any further strength. The 
overall reductions of around 70% and 90% for sisal and jute inlay geotextiles were obtained at the 
end of the testing period respectively. After an initial reduction in strength, the woven coir 
geotextile retained on average 82% of its initial strength throughout the duration of the test 
period. This is related to its high lignin content, which is difficult to break down and can persist for 
years in soil (Gray and Williams, 1971). The synthetic grid also appears to have lost on average 9% 
of its initial strength over the testing period. 
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6. EMBANKMENT ANALYSIS  

A numerical example is presented below to illustrate how the soft underlying soil gains in strength 
over time; hence, demonstrating that a basal geotextile would only be required for a limited time 
period. The finite difference software package that was used to develop a numerical solution was 
FLAC, which stands for Fast Lagrangian Analysis of Continua. This software package was developed 
by the Itasca Consulting Group, Inc. In this model, the foundation soil was 10 m deep and 
groundwater was at ground level. The analysis was simplified by taking into account half symmetry 
and using an applied surcharge to simulate embankment loading (Fig. 9).  
 
 
 
 
 
 
 
 
 

 
 
 

 
 

 
 
 
 
 
 

Figure 9: Model parameters 
 
Surcharges relating to embankment heights of 3, 6 and 9 m were considered, and these were 
modelled as being applied instantaneously. The underlying soil was modelled as a Cam-clay 
material, using the properties shown on Figure 9. Mechanical boundary conditions corresponded 
to fixed ‘x’ and ‘y’ displacements along the base of the grid to simulate a ridged base and roller 
boundaries along both vertical boundaries so that displacements are unrestricted. As the lower 
boundary was considered impermeable, drainage occurred only at the soil surface. During 
computational run the pore water pressure, effective stress and displacements in the soil were 
monitored at the three locations shown on Figure 9, i.e. at centre, toe and outside the 
embankment, with associated grid points 1,8; 11,8 and 16,8 respectively. 
 
Figure 10 contains a combined plot of pore water pressure and effective stress for the three 
locations considered for the simulated embankment at 3 m high (similar plots were obtained for 
the other heights). The monitoring of pore water pressure showed that over time the excess pore 
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water pressure generated by the simulated embankment load dissipated. As this occurred, the 
effective stress increased illustrating the fact that the soil gained strength as consolidation and 
drainage took place. The point at which the effective stress line crosses the corresponding pore 
pressure line, indicates that the soil at this location has gained sufficient strength to become 
stable. Hence, sufficiently strong to support the embankment without the need of a basal 
reinforcing geotextile. As further drainage/consolidation occurs, an equivalent improvement in 
stability is achieved. The time taken for this to occur, i.e. when effective stress equals pore water 
pressure, is summarised in Table 5 for the different simulated embankment heights.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: Pore water pressure and effective stress plots for a 3 m high embankment 

 

Table 5: Stability results for various embankment heights 
                 Centre                  Toe 

Height 
(m) 

Time 
(days) 

Effective stress 
= pore pressure 

(kN.m-2) 

Time 
days 

Effective stress 
= pore pressure 

(kN.m-2) 

3 20 44 14 31 
6 27 65 102 36 
9 30 88 104 480 

 
For the 3 m high embankment, stability is achieved in 20 days at the centre of the embankment, 
and 14 days at the toe. As embankment height is increased the time for stability also increases. In 
addition, the time to reach stability at the toe becomes the controlling factor for embankments 
over 3 m. This is due to the pore water migrating through the underlying soil to extremities of the 
embankment. Thus, the soil at the toe of the 9 m took the greatest amount of time to stabilise – 
being just over three months (i.e. 104 days). In reality, some form of safety factor would also be 
accommodated within the design. This will result in the stability of the underlying soft soil 
occurring just after the crossing of the effective stress and pore pressure lines (as illustrated 
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diagrammatically in Figure 2). As noted in Section 2.2, the installation of fin drains in the underlying 
soft soil would increase the rate of pore pressure dissipate. The underlying soil would then take 
less time to stabilise, permitting the design life of the LLG to be relatively short.  
 
 

7. CONCLUSION & RECOMMENDATIONS  
 

As part of this research project a novel directionally structured weft knitted vertical inlay geotextile 
structure was manufactured from various vegetable fibres for short-time soil reinforcement 
applications. This structure was principally design to have the highest possible strength in one 
direction, together with providing good soil/geotextile shear interaction.   
 
In terms of: 

 Tensile strength, the novel sisal inlay LLGs were directly comparable to a mid-range 
geosynthetic product tested under identical conditions; with strength values of around 
100 kN.m-1. Also, the novel LLGs were up to six times stronger than the commercially 
available woven coir geotextile, currently used for erosion control applications.  

 Shear resistance, all the LLGs tested outperformed the synthetic geotextile; offering 
between 20 and 25% more shear resistance. 

 Durability, coir fibre retained the highest degree of strength (i.e. just over 80% of its initial 
strength) when subjected to the worst deterioration environment under consideration, 
i.e. cycles of wetting/drying.   

 
From the simplistic finite difference embankment analysis, it has been shown that the timescale 
for effective stress conditions to govern ranged between 20–30 days at the centre of the 
embankment to 14–104 days at the toe, depending on the height of the embankment under 
consideration. Potentially, this gain in strength timescale could be design to correspond to the 
decline in tensile strength of the reinforcing LLG.  
 
It is recommended that a hybrid of the novel LLGs is manufactured and tested, containing both 
sisal and coir inlay yarns. The sisal yarns providing high initial strength, whilst the coir yarns 
providing longevity. Also, an instrumented site trial to physically test the performance of these 
LLGs in a natural environment would be extremely beneficial to actually determine their suitability 
and performance in-situ.   
 
Although vegetable fibres have always been available no one visualised their potential as a form of 
geotextile until synthetic fibres enabled diverse use and applications for geotextiles to emerge.  The 
key to developing geotextiles from vegetable fibres is the concept of designing by function, i.e. to 
identify the functions and characteristics required to overcome a given problem and then manufacture 
the product accordingly. Provided the function can be satisfied technically and economically then 
these can compete with synthetic materials and in some situations, they will have superior 
performance to their artificial counterparts as well as being far more sustainable. 
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Abstract 

The wide-scale availability of clays in Southern Nigeria should be an avenue for the successful 
promotion of alternative natural cladding materials such as bricks for the construction of low cost 
housing. However, local clays and lateritic soils for use in engineering application, mostly lie 
wasted and unextracted. A major issue of contention being their structural viability as a building 
material for modern structures, with the bulk of its usage limited to rural areas. As such a 
fundamental gap remains, wherein the economic potential of locally available clay reserves is not 
translated into commercial production of bricks and patronage. The study appraises the factors 
determining the acceptability level of bricks as cladding materials for low-cost housing 
construction in Nigeria. The opinions of key construction industry professionals as well as 
marketers and developers in Port Harcourt were sought through the administration of structured 
questionnaires. The study revealed that aside from the perceived structural shortcomings of 
bricks, several issues abound as being responsible for the unpopularity of bricks. Typically, such 
views centered around difficulties in securing skilled labor for brick laying, lack of exact standards 
of material and workmanship, perceptions of adaptability to the environment, accessibility, supply 
shortfalls/poor marketing by brick manufacturers and the attitudinal propensity of Nigerians to 
view local materials as inferior. The study espouses the need for public enlightenment; skills 
development in bricklaying, creation of a viable platform for improved productivity, more 
aggressive marketing and quality control via standardization. 

1.0 Introduction 

Soil as a construction material is long-established in different forms around the world. The most 
popular soil types used for housing construction are sands and clays.  Soils consisting mostly of 
particle sizes between 0.1mm to 2mm are referred to as sands, while clays (< 0.01 mm), are fined 
grained soils (Coduto, 2007). Mud bricks and rammed earth made up of clays, for cheap housing 
construction continue to be used in many parts of the world. “Pise de terre” in France, Cob in 
England and Adobe in South America, are well known examples of the use of soil as a major 
building element (Adedeji, 2005). In sub-Saharan Africa, the Djenne’s Mosque in Mali, is one of 
the largest structures constructed with mud brick (Oshike, 2015).  However, unlike other parts of 
the world where bricks are used in the construction of housing, in Nigeria, the use of sandcrete 
blocks is the norm (Daniel et al., 2014). Sandcrete blocks are walling units produced from cement 
and sand mixed with water and laid in cement mortar. Cement is a material with adhesive and 
cohesive properties, which makes it capable of bonding mineral fragments into a compact whole. 
Due to the naturally coarse and non-adhesive nature of sands, large quantities of cement as a 
hydraulic binder is required. Cement is thus a basic input in the manufacture of sandcrete blocks, 
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whose demand and production in Nigeria is very high, due to the heavy reliance on the use of 
sandcrete walling units in housing.   

The high cement content in sand-based cladding, however constitutes a health concern, due to 
the attendant pollution associated with its extraction, as well as energy demand required for 
processing its raw materials. Generally, cement raw materials consist of combinations of 
limestone, shells or chalk, shale, clay, sand or iron ore, mined from quarries in large quantities, 
and fed into massive cement plants which have very high energy consumption (Figure 1). 

 

 

Figure 1: Cement Plant in Nigeria    

Further to this environmental implication, the price of cement in Nigeria is always on an 
incremental scale, due to supply demand inequalities. The demand-supply gap has further 
widened considering the increasing demand for home ownership, as government’s efforts 
towards controlling the inequality have so far proved abortive. As local production of cement 
remains at 50% of installed plant capacity, the problem of supply insufficiency continues to exists. 
With a population of over 140 million people and a growth rate of approximately 3% per annum, 
the demand for and consumption of cement in Nigeria is expected to increase (Amadi and Amadi, 
2013).  The price of cement has increased by over 300% since 1999. Considering the prevailing 
pricing structure of cement, seeking alternative cladding material to reduce its demand is of vital 
and strategic significance to the availability of housing in Nigeria. 
 
Port Harcourt is a metropolitan town of considerable co-operational and commercial activities, 
located in southern Nigeria. It is the centre of the Nigerian hydro-carbon industry, with a high 
population density of 31,000/m2, which continues to rise due to the rapid influx of population into 
the city. The prevailing high cost of construction, due to the drift to cement-based construction in 
the city, has made affordable housing a mirage. Considering the rising price of conventional 
construction materials, high cost of land, funds and labour in the city, there is a need to utilise 
alternative locally sourced materials and technologies, to meet the housing needs of low- and mid-
income earners. One of the materials that readily avails itself in the local surrounds of Port 
Harcourt is clay. As the literature evidences, the use of bricks is a cost effective and aesthetically 
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pleasing alternative to conventional sandcrete cladding materials, and can be utilised in providing 
housing particularly for low income groups (Enenmo, 2014). Bricks are also very effective in 
building healthy and environmentally friendly housing (Daniel et al., 2014).  

However, although the use of brick is well established in sustainable housing, much about its 
commercial potential remain largely untapped in Port Harcourt, with its usage limited to rural 
areas where sun dried or fired clay bricks are laid with mixed soft soil joints (Figure 2).  

 

 

Figure 2: Typical Rural Dwelling in Nigeria with sun dried mud bricks laid with mixed soft soil 
joints                                                                                                                (Source: Oshike, 2015) 

Statics show that 90% of physical infrastructure in Nigeria are built from concrete block (Adogbo 

and Kolo, 2013). With Enenmo, 2014 resounding:  

“Despite the thousands of modern new homes in urban areas, something is amiss. There is 
hardly a brick house in sight. Nearly all the houses in Port Harcourt, and in most of Nigeria, 
are built from concrete blocks”.  
 

The research question thus posed in this study is – why? This is considering that bricks usage is 
evident in older Nigerian architecture, before the emergence of concrete block (Adam and Agib, 
2001). The study investigates factors determining the acceptability level of bricks as cladding 
materials in Port Harcourt.   As the unpopularity of bricks in urban areas of the state has been 
linked to the public perception of its structural suitability for modern housing (Daniel et al., 2014), 
the study addresses this perception, prior to evaluating the distinct economic advantages of brick 
usage, such as its cost effectiveness and low maintenance requirement. 

Literature Review 

Structural Suitability of Bricks as Cladding Material 

Brick is a viable and structurally sound alternative cladding material to conventionally used 
sandcrete blocks. However, it is common reasoning in Nigeria that bricks are defective in their 
functional requirements as building materials, due to the perception that natural soils have poor 
resistance to water, a feature of heavy rains characteristic of Nigeria’s tropical climate (Adogbo 
and Kolo, 2013). Soil science however has advanced considerably during the past decades, and it 
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is now possible, by laboratory analysis of the soil to predict with reasonable accuracy its behaviour 
under load and weather (Aggarwal and Holmes,1981; Adebisi et al., 2013). It has thus further 
become possible to greatly improve the load bearing and weather resistance properties of lateritic 
soils used for making bricks, by mixing small quantities of insoluble binders like cements, bitumen, 
lime or resinous compounds to produce stabilised bricks. The combination of soil with chemical 
binders under controlled conditions of moisture and density produces material of distinct physical 
and engineering characteristics (Fitzmaurice, 1998). 

Table 1 shows the results of a practical laboratory analysis of the use of Nigerian lateritic soils for 
brick manufacturing, carried out in an earlier study by Aggarwal and Holmes (1981), under the 
auspices of the Federal Ministry of Works in Nigeria. Three locally obtainable laterites were 
selected for testing and designated types ‘X’ ‘Y’ and ‘Z’. Bricks were made with each type of laterite 
adding 5%, 7%, and 10% concentrations of cement respectively. Each mix was tested for 
unconfined compressive strength after seven and twenty-eight days curing. This was carried out 
to deduce the most suitable type of laterite that can deliver optimum strength characteristics in 
excess of the required minimum strength, while achieving the most cost savings in terms of 
cement concentration. 

Table 1: Compressive strength results of stabilized laterite bricks. 

 Laterite Type ‘X’- 
Brownish grey, silty 
sand with concretionary 
granules and angular 
rock pieces and laterite 

Laterite Type ‘Y’ 
Dark grey, silty sand 
with angular gravel of 
igneous material 

Laterite Type Z 
Soil No. z. Reddish 
brown sandy silt with 
angular gravel and 
laterite.  

Mix -5% cement, 95Laterite Curing time – 7 days’ 
compressive strength kg/cm2  

58.0 71..8 52.7 

Mix -5% cement, 95 laterite. Curing time 28 days 
compressive strength kg/cm2 

71.5 99.7 69.0 

Mix- 7% cement, 33 sand, 60% laterite. Curing time -7 
days comp. strength kg/cm2 

38.5 51.2 43.2 

Mix- 7% cement, 33% sand 60% laterite. Curing time 28 
days comp. strength kg /cm2 

113.6 51.2 123.0 

Mix -10% cement, 90% laterite Curing time – 7days 
comp. strength kg/cm2 

97.5 95.3 75.9 

Mix -10% cement ,90% laterite. Curing time-28 days 
comp. strength kg/cm2 

114.0 110.1 80.2 

Source: Aggarwal and Holmes (1981) 

From results shown in Table 1, which range from 3.43 to over 12.47N/mm2 (38.5 to over 123 
kg/cm2), all three laterites give results well in excess of the minimum of 2.75 N/mm2 required.  
Comparatively, it is also evident that using type “Y’ a lower concentration of cement is necessary 
to obtain an acceptable strength.  Laterite type ‘Y’ therefore will give the greatest cost savings by 
requiring the addition of the least amount of cement for stabilization.  

Similarly, experimental studies such Adebisi et al. (2013) investigated the fundamental 
characteristics of the clay content of Nigerian lateritic soils, and established their suitability for use 
in construction and civil engineering projects. Others such as by the A.S.T.M (1989), carried out 
analysis of cost reduction obtainable from the adoption of stabilised laterite cement in various 
elements of a building. Table 2 outlines the savings in cement for stabilized laterite relative to 
conventional building mixes. 

 



632 
 

Table 2: Cost Reduction Factors for Stabilised Laterite Cement/Conventional Concrete Mixes 

(b) Stabilized laterite 
cement content  

Conventional normal 
mix  

Building cement 
Content 

Reduction factors, 
(F) 

Foundations Floor 
Slab Floor Screed 
Blocks 

7% 
5% 
10% 
5% 
Average 

1:3: 6 
1:2:4 
1:3 
1:6 

10% 
14% 
25% 
14% 

1.5 
2.8 
2.5 
2.8 
 

Mortar Render 
Render 

5% 
5% 

1:6 
1:4 

14% 
20% 

2.8 
  4 

*Note: Cement now required = conventional quantity /F.                                   Source: ASTM (1989) 

The durability of lateritic mixes with finishes has also being established. In the UK, an experimental 
building of soil compressed bricks, stabilized with 5 percent cement, was constructed by the 
Building Research Establishment. Various finishes were applied in sections on the external walls 
and their condition after over 20 years of exposure to the British climate is tabulated in Table 3.  

Table 3: Results of Long Term Exposure Tests of Finishes on Stabilized Soil Bricks 

Wall Area Treatment Present conditions 

 A Aerated cement Excellent 

 B Aerated cement Excellent 

South  C1 PVA emulsion; followed by 2 coats of cement based paint 
mixed with PVA emulsion. 

Has not provided any effective 
protection  

 D Rendered 1:2:9 cement: lime: sand wood float finish Excellent  

 E Rendered   1: 3:12 cement: lime sand wood float finish.   

West F Untreated flush pointed brickwork.  

 G1 Thick coating, white, having appearance of silicate coating.  Slightly hair-cracked but maintained 
brickwork beneath in excellent 
condition.  

 Hi Lime /tallow Good as F 

 H2 Colorless, wax-based water-repellant liquid treatment. Very poor, more eroded   

 I Untreated weather-pointed brickwork, Untreated brick set 
in a minimum of cement  

 

North J 1:2 cement: sand aerated; followed by 1:2 white cement 
sand. 

Excellent.  

 K 1:2 cement: sand aerated; followed by 2 coats of 1:2 
cement: sand, 

Excellent.  

(Source: BRE, 1982) 

Although the experimental work is contextual to the British climate, the results show that by using 
stabilized laterite, buildings of good quality and finish can be achieved. A more contextual study 
relevant to the tropics was carried out by Chew and De Silva (2002), and showed that out a total 
of 450 buildings inspected in Singapore, 16% of the brick houses showed signs of cracks, while 5% 
had evidence of efflorescence and staining. This is relative to defects in sandcrete block houses, 
50% of which evidenced cracks, and 20% showing efflorescence. 

Economics of Bricks/Sandcrete Block Usage as Cladding Material in Port Harcourt 
The choice of cladding materials has significant impact on cost. This is considering that cladding 
accounts for a significant proportion of total costs of buildings. A cost breakdown by Mac-Barango 
(2006) for a typical bungalow in Nigeria built with hollow sandcrete blocks (1:7 cement to sand 
ratio), revealed the following as a percentage of super structure costs: Roof - 11.38%; Windows – 
4.78; Electrical – 11.34%; Plumbing – 4.57; Finishing – 11.05%; Painting – 4.50%; Fitting & Fixtures – 8.63%; 
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Doors – 3.29; Walls – 37.49% and Drainage – 1.51%. Figure 3 further captures the upward price trend 
of the sands used for sandcrete block production in Port Harcourt (NIQS, 2017). 

 

 
 

Figure 3: Increment (in Naira) in Pricing of Sand 
 

Yet against this, developers have continued to utilize sandcrete block to the neglect of bricks. As 
cladding element carries a reasonable bulk of the total cost of housing, it therefore follows that 
significant cost differences could potentially arise with use of brick as an alternative to 
conventional sandcrete blocks. The cost implications, would however vary with respect of 
location, as the availability of clay, in terms of proximity to proposed the site, is an important 
factor.  Clays available for construction in Nigeria often as exists as fine grained lateritic soils to 
various extents at different locations. Some major clay deposits locations in south-southern 
Nigeria are shown in Table 4. 

Table 4: Location of Major Clay Deposits in Rivers State 

L. G. A                  Location of Major Clay Deposits 
 
Ahoada   Ahoada West, Ikodu, Olokuwma,  
Omoku   Obiri-Kom  
Cinohua   Rumuche, Rumwa Kunko  
Ecthe   Ormuma, Okomoko  
Obi-Akpo  Roumorluminine, Choba, Elenwo  
Port Harcourt       Rebisi, Oruworukwo, Oghum-um-abali 

 

Typically, clay reserves in Abua area of south-southern Nigeria is estimated at over 15 million 
tonnes. Most parts of south-eastern and south western Nigeria are also underlain by vast 
quantities of lateritic deposits (Adebisi et al., 2013). However, the Northern parts of Nigeria, 
mostly have rocky outcrops with deficient clay reserves.  

As cement is the most common binder in sandcrete blocks, it becomes necessary to investigate 
the cost contribution of this stabilising agent.  Blocks are commonly used in Port Harcourt and 
other urban areas of Rivers state, mostly in the form of hollow sandcrete blocks. However, the 
total cement required for the blocks and mortar is far greater than that required for the mortar in 
a brick wall. For concrete blocks made of 1:7 concrete, a 15% cement content will logically be 
required, compared to the 5% cement in stabilized laterite bricks. This cost difference is further 
amplified considering the hikes in the pricing of cement Figure 4. 
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Figure 4: Hikes in the Pricing of Cement. 

Furthermore, due to the high porosity of commercially available blocks, external rendering of high 
cement content (sand: cement 4:1) is needed, particularly considering the heavy convectional 
rains associated with the climate of southern Nigeria. This is before additional decorative finishing, 
using either less durable paint (2 undercoats, one finishing coat), or relatively more durable and 
expensive ceramic tiles. 

Labour cost however is a factor arguably higher in the laying of bricks. This is as the overall volume 
covered by one 456 x 228 x 228mm block is equal to that covered by twelve standard sized bricks 
of 225mm x 112.5 x 75mm. The additional labour for laying twelve bricks as opposed to one block 
is evident. Furthermore, there is little difficulty in finding tradesmen for sandcrete block laying, 
whereas bricklayers in Nigeria are relatively scarce and more expensive to employ. Due to the low 
cost of brick making materials, labour costs will thus have a proportionally greater effect on the 
overall price of brick housing. 

Allasseh (2003) however argued, the cost saving in material cost, more than offsets the increase 
in labour cost. This is because cost is greatly reduced as the need for plastering, painting and other 
external and internal finishes associated with the use of sandcrete blocks is eliminated. As Allasseh 
(2003) reveals, a considerable cost reduction in walling cost by approximately 40% is tenable. This 
figure was based on a cost analysis of a block of standard two- bed roomed flat bungalows built 
using bricks stabilised with 5% cement content as opposed to sandcrete walls which require much 
higher cement input. This cost profile was computed based on the assumption that the bricks are 
moulded on site, thus eliminating the cost of transporting blocks to site. This conclusion drawn 
however remains approximate as pricing will depend on the availability of locally obtainable 
material and current rates at the time of estimate.  

Counter arguments in the literature, however highlight the slow pace of traditional methods of 
brick production in Nigeria, and the lack of skilled labor to lay the conventional brick size. Typically, 
it is argued that the production of traditional fired clay bricks is labor intensive, being 
fundamentally associated with rural dwellings whereby tremendous quantities of firewood 
obtained from deforestation are required for the firing process, with further heat loss and 
pollution of the environment (Agbede and Manasseh, 2008).  However, as Figure 5, shows block-
making machines to produce cement stabilized bricks the size of blocks have now being developed, 
cutting down the environmental impacts and labor costs associated with traditional methods of 
brick production (Madedor and Dirisu.2008; Adedeji and Fasakin, 2010).  
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Figure 5: Stacking and Curing of Block Sized Cement Stabilized Bricks            (Adedeji and Fasakin, 2010) 
 

As Figure 5 shows, the curing process requires the simple process of exclusion of moisture by 
covering with water proof material, which makes it more environmentally friendly. The brick 
making machines are now commercially available and are adequate for small to medium sized 
construction. These machines can impact a compressive force of more than 3N/mm2 to produce 
fire resistant cement stabilized blocks on sites, which is suitable and adequate for cost effective 
bungalows (Figure 6).  

  

 Figure 6: NIBRR Brick Machine and Construction Using Block Sized Bricks 

The block-making machine developed by the Nigerian Building and Road Research Institute 
(NBRRI) produces three blocks in one operation. Normal production of blocks is achieved by a 
three-person team. One person mixes and loads the soil into the press, another compacts and 
extracts blocks while the third person transports the block to the drying area, 800 blocks can be 
produced daily, based on the construction of a model house. This enhances the potential of the 
machine for urban housing, evidencing a reduction of 50% on cladding material cost (Adedeji and 
Fasakin, 2010). 

3.0 Study Methodology 

Preliminary pilot interviews were carried out, targeted at soliciting information on perceived 
uncertainties surrounding the use of local clays in housing. Further to this, a questionnaire survey 
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was conducted among building owners, construction professionals and stakeholders in the 
building industry, including contractors, brick manufacturers, marketers. One hundred (100) 
questionnaires were administered randomly to the target population of study. Table 5 shows the 
distribution of the questionnaires amongst the target population. 
 

Table 5: Distribution of Questionnaires Amongst the Study Population 
S/No Description  No. of Questionnaires No of respondents Response rate (%)  

1 Professionals 40 37 93 

2 Contractors 25 21 84 

3 Developers 23 19 75 

4 Suppliers 12 9 82 

 Total  100 86 86 

 

 

The sample sizes depended on variability of population sampled, hence all elements of the 
population are well represented and had adequate response rate. Nevertheless, the table reveals 
that more responses were received from professionals. This could be due to the level awareness 
and interest of professionals. The sampled groups expressed their opinion on factors they perceive 
as responsible for the lack of acceptability and willingness to use this material as a replacement 
for conventional sandcrete blocks.  
  
The severity ranking of factors responsible for deduced acceptability level are also computed using 
Likert’s 5-point weighting scale. Acceptability and Severity Index analysis were then conducted on 
the data to rank the factors listed on the questionnaire per their relative importance. The 
Acceptability and Severity Indices are computed using the formula 

isAi ./ 




nt

t

wifi
1

x 100/n 

Where Ai / S.I = Acceptability / Severity index 
        wi = Weighting for each rating on the scale 
        fi = Frequency of response 
        n = Total number of respondents 
        n = Valid number of respondents 

 

The following 5 levels of weighting scores were adopted for respective indices (Table 5). 
 
Table 6: Analytical Weighting scores  

S/No Acceptability Index Severity Index Weighting score 

1 Highly Acceptable Extremely severe 5 points 

2 Moderately Acceptable Very severe             4 points 

3 Acceptable severe            3 points 

4 Neutral Least severe            2 points 

5 Unacceptable Not severe            1 points 

 

As a final step, a Multiple Classification Analysis (MCA) is deployed to explain variation in level of 
acceptability by target groups in the population based on the explanatory variables of the study. 
MCA is a type of regression technique for predicting values of the dependent variable using 
independent or predictor variables (Agresti, 2002).). Mathematically, MCA is given by: 
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Yij...........n =Y + ai + bj + ..........eij.....n .......................................Equation 1 
Where Yij...........n = The score (on the dependent variable) of individual n who falls in the category of j of predictor 
B 
                     Y = Grand mean of the dependent variable 
                     ai = The “effect” of membership in the ith category of predictor A   
                     bj = The “effect” of membership in the jth category of predictor B 
                eij.....n  = Error term for this individual 
 

The MCA technique yields three coefficients: eta, beta and multiple r squared (r2).  
 
Eta and eta2:  Eta indicates the ability of the predictor (factors), using the categories given, to 
explain variation in the dependent variable (acceptability level). Eta is the correlation ratio and is 
an indication of the proportion of the total sum of squares explainable by the predictor. 
 
Beta and beta2: This are directly analogous to the eta statistics, but are based on the adjusted 
means rather than the raw means. Beta provides a measure of the ability of the predictor to 
explain variation in the dependent variable after adjusting for the effects of all other predictors.  
 
Multiple Correlation Coefficient squared (adjusted for degrees of freedom): This coefficient 
explains the proportion of variance in the dependent variable explained by all predictors together.  
 
4.0 Results 
Table 7: Acceptability of Burnt Bricks as an Alternative Cladding Material in Port Harcourt 
 

S/No Acceptability Index Frequency % of respondents Weighted score 

1 Highly Acceptable 7 8 35 points 

2 Moderately Acceptable 12 14 48 points 

3 Acceptable 17 20 51 points 

4 Neutral 26 30 52 points 

5 Unacceptable 24 28 24 points 

  86 100 210 points 

AI (Acceptability Index) = 210/86 =2.44 

 

The analysis in Table 7 shows that a very low percentage of respondents (8%) displayed a very high 
acceptance of brick as walling materials.  14% and 20% respectively showed moderate to simple 
acceptance of bricks. The responses indicated that these were mainly professionals mostly 
comprising of Architects and Engineers. There is an apparent indication that their preference is 
likely based on their level of awareness of the structural and economic advantage of bricks. The 
highest proportion of sampled population (30%) of respondents expressed neutrality in their 
views, showing that they lacked informed opinion about the use of bricks.   It is however worthy 
of note that a significant proportion of respondent found the use of bricks unacceptable. From the 
result of the field survey there is an apparent indication that majority of the respondents about a 
total of 52% did not express acceptability for the bricks. The study thus further goes on to 
investigate the likely factors responsible for this outcome. 
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Table 8:  Severity Ranking of Variables Affecting Brick Acceptability in Port Harcourt 
 

S/No Explanatory Variables Es Vs S Ls Ns Weighted 
score 

Severity 
Index 

Ranking 

1 Low Aesthetic Appeal 18 12 21 3 32 239 2.80 12 

2 Poor Performance rating 59 12 9 1 5 377 4.38 1 

3 High Material pricing  20 30 24 4 8 308 4.28 3 

4 Price stability 14 25 23 10 12 271 3.15 8 

5 Maintenance factor 17 33 2 11 23 268 3.11 10 

6 Non-Availability of skilled workmanship 58 11 8 5 4 372 4,32 2 

7 Product availability/accessibility 32 17 16 18 3 315 3.66 7 

8 Quality/ standardization 42 21 7 4 11 334 3.88 6 

9 Quantity of labor requirement 12 25 15 12 14 243 2.82 11 

10 Foreign material preference 55 10 8 7 6 359 4.17 4 

11 Environmental non-suitability 12 8 6 41 19 311 3.45 8 

12 Structural suitability 38 25 13 4 6 359 4.17 4 

 
Key  E - Extremely severe 
        V - Very severe            
        S - severe       
        L - Least severe            
        N - Not severe  
           

The outcome of the survey (Table 8) shows the factors affecting the present level of brick 
patronage in Port Harcourt, along with their severity ranking. However, to infer statistically valid 
cause-effect relationships, the responses were analysed using MCA to account for the explanatory 
power of the identified factors in determining the level of acceptability of bricks usage in Port 
Harcourt. Prior to further inferential statistical analysis however, the reliability of the 
questionnaire output is established (Table 9). 
 
Table 9: Reliability of the Questionnaire Output 
 

Cronbach’s Alpha N of items 

0.947                     12 

 
The Cronbach alpha value of approximately 0.95 shows a good internal consistency of the data. As 
Pallant (2013) recommends, the closer the value of the Cronbach alpha towards one, the greater 
the internal consistency, establishing the reliability of factors deduced from the preliminary pilot 
interviews. Table 10 shows the results of the Multiple Classification Analysis in explaining 
acceptability level of indigenous patronage of local bricks for building construction in Port 
Harcourt as determined by the listed variables.  
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Table 10: MCA Factor Summary 
 Eta Beta 

Adjusted for 
Factors 

 
 
 
 
 
 
Acceptability of bricks 

Non-Availability of skilled workmanship 0.274 0.222  
High Material pricing 0.112 0.106  
Poor Performance rating 0.211 0.162  
Structural suitability 0.215 0.190  
Foreign material preference 0.191 0.135  
Product availability/accessibility 0.193  0.173 

Quality/ standardization 0.235  0.193 
labor requirement 0.072  0.071 
Price stability 0.042  0.023 
Maintenance factor 0.180  0.107 
Low Aesthetic Appeal 0.287  0.032 
Environmental non-suitability 0.187 0.143 

 

 
Table 10 shows the bi-variate as well as multivariate effect of the individual factors in explaining 
the variance in the level of acceptability of brick. The MCA output shows that the non-availability 
of skilled workmanship is the most important factor impacting the usage of bricks. It also shows 
that low aesthetic appeal has had maximum effect bivariately. However, much of this may be 
attributed to spuriousness, when considered in composite effect, relative to other factors. Non-
availability of skilled workmanship therefore has the highest impact, considering all other factors. 
Table 11 further shows that taken together, the independent variables explain 67% of the variation 
in the dependent Variable (Acceptability of bricks).   
 
Table 11: R-squared  

 
Acceptability of bricks,  
Non-Availability of skilled workmanship,  
High Material pricing,  
Poor Performance rating,  
Structural suitability,  
Foreign material preference,  
Product availability/accessibility,  
Quality/ standardization,  
labor requirement,  
Price stability,  
Maintenance factor,  
Low Aesthetic Appeal, 
Environmental non-suitability 

R R-Squared 

 
 
 
0.82 

 
 
 
0.67 

 
 

Summary of Findings 
 
The results reveal a low level of enlightenment by the various elements of the study population in 
Port Harcourt. This is deducible from the severity ranking of the key factors causing low level of 
acceptability, which stands in direct contradiction with the reality of the distinct techno-economic 
benefits derivable from the use of bricks.  Typically, it is perceived that bricks have a “poor 
performance rating and is not structurally suitable.  
 
Further accounting for the unpopularity of bricks are skills/market-driven factors, such as the 
“non-availability of skilled workmanship”, “product availability/accessibility” and 
“quality/standardisation”, upheld by both the severity ranking results as well as the MCA output. 
This is logically an indication of the need for attention to be given to skills development in 
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bricklaying, higher production, more aggressive marketing and quality control via standardisation. 
The issue of quality control is however a concern, considering the lack of enforcement of standards 
on indigenous materials. As Bamisile (2004) notes, many local standards are to be yet instituted in 
Nigeria, while the few existing, are mostly unknown. Typically, the 2007 National Building Code 
approved by the Nigerian Federal Government, is largely unpublicised and un-enforced.   
 

The severity rankings and explanatory powers of “environmental suitability” and “maintenance 

factor”, are relatively lower, and shows that these are not the major decisive factors determining 

the level of brick acceptability. The results also reveal that even though the aesthetic rating, as 

implied from the least severity ranking, which was further corroborated by the outcome of the 

composite MCA result (Beta), bricks are still minimally used. This may not be unconnected to the 

attitudinal leaning of Nigerians towards foreign products which ranked 4th, while relegating locally 

available products to the background as being inferior. As Adogbo and Kolo (2009) as well as 

Anigbogu. and Dalyop, (2015) opined, this has had significant wide-scale impact, in making the 

Nigerian brick market non-competitive, relative to foreign materials which feature in building 

regulations, and have thus become the default choice in tender documentation and design 

specification.   

5.0 Conclusion 
The study has shown that it is quite feasible to use stabilized laterite, as substitute for 
sand/cement blocks in cladding Cost saving can be substantial by using stabilized laterite and with 
the building techniques currently developed, major cost saving can be made. It is the submission 
of the study that there is need to revisit the use of locally available bricks.  

The following recommendations are thus put forward: 

 The need for rigorous enlightenment campaigns is very significant, as indicated by the lack 
of public awareness about the performance ability of bricks.  
 

 Government agencies and stakeholders in the building industry should accept the use of 
bricks to give it wider publicity. Bricks should be used in public housing projects to 
demonstrate government’s focus on promoting the use of locally available alternative 
materials. 
 

 Skills acquisition programs and workshops for bricklayers should be organized by relevant 
stakeholders. 
 

  Manufacturers of bricks should on embark on more aggressive marketing of their range of 
products via the electronic and paper media and other sales promotion avenues. They 
should also identify and provide skilled workmanship and relevant labor requirements for 
their clients to give sales a boost and evoke more active interest in the use of bricks. 

 
 More commitment should be made by relevant enforcement bodies to highlight gaps in 

the quality-control procedures in the specification of commercially produced bricks. Such 
regulatory framework is necessary to enhance commercial patronage.  
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Abstract  

The construction industry is better characterised by traditional or manual methods and 
harsh labour conditions that result in work-related stress and consequent deficient 
performance of workers. Labour intensive technology requires much more diligence in the 
application of innovative strategies on the construction worksite in-order to achieve a 
viable labour resource that is a necessary factor of productive performance. Research in 
environmental psychology suggests that humankind’s desire for contact with nature serves 
an important adaptive function in the form of psychological restoration that heals mental 
fatigue and the lack of motivation in the construction workforce. Based on this premise, a 
distinctive perspective on an underlying practical challenge is offered in the ‘greening of 
the construction site’ or the biophilic construction site model (BCSM). This involves the 
inclusion of the biophilic design concept as a relevant aspect of construction management 
and planning, which includes the specific design of workplaces that balance the human 
occupants with satisfactory access to nature experience. The relevant question explored 
includes the nature of the introduction of dynamic healing gardens in construction 
according to the nature of the project, environment, and the construction processes.  

The research method entailed a comparative analysis of similar construction sites within 
the Northern Cape region of South Africa that involved an exploratory survey of the 
greening of construction sites, with and without the BCSM.  

The findings indicate that workers experienced restoration and rejuvenation in a natural 
environment, which is in harmony with the promotion of H&S, and ergonomic strategies in 
construction, and the attention restorative therapy of workers as an effective motivational 
incentive package towards a viable construction management of the construction 
workplace. 

It can be concluded that the BCSM is relevant to the construction process, in addition to 
the built environment during the use phase of buildings. 

It is recommended that contractors in general ‘soften’ construction sites while undertaking 
projects to create a more amenable environment to promote worker health and well-
being, and performance. 
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INTRODUCTION  

The possibility exists in construction of creating a workplace that has a direct influence on human 
behaviour and becomes motivational by elevating the moods and perceptions of the workforce. 
This would be more effective by means of the simultaneous reduction and elimination of the 
negative effects that exist in the construction workplace and the impact that construction has on 
the workplace environment as a subset of the global environment (Joye, 2007). There is a need to 
create a relaxed atmosphere with a pleasant ambience within the construction site in the form of 
the BCSM as a construction management strategy that would counteract the psychosocial risk 
factors of the worksite and work processes (Hedge, 2000). The BCSM, or the greening of the 
construction site is a derivation of the biophilic design concept, which includes the application of 
the biophilic and feng shui interventions on construction sites (Diamond, 2004; Heerwagen, 2006; 
Obiozo and Smallwood, 2014; Smallwood and Obiozo, 2013). The biophilic design concept is 
derived from the theory of biophilia, and the biophilia hypothesis, and substantiated with a range 
of evidence from researchers across the scientific and built environment spectrum (van der Berg 
et al., 2007). Biophilia is defined by Wilson (1984) as the ‘innate affiliation of humankind to all 
organisms in nature’, which at present does not manifest itself on construction sites, but would 
add value, and supplement the Construction Management Body of Knowledge (CMBOK). 

The objective of the study is to determine a desirable ambient condition for construction sites that 
enhances H&S, wellbeing, and performance on construction sites by examining some of the 
ergonomics issues such as a construction site environment that is predominantly nature devoid. 
The methodology includes an exploratory survey of the greening of construction sites with, and 
without the BCSM. The survey involves a comparative study of similar construction sites in the 
Northern Cape Province of South Africa and the findings, were substantiated with another case 
study of a construction site in Reading, United Kingdom (UK).  

LITERATURE REVIEW  

BCSM and the healing of the ‘sick construction site’ syndrome 

Hedge (2000) gives a concise description that aptly relates to the H&S, and ergonomic factor of 
the ‘sick construction site syndrome’, which indicates that a physical environment condition can 
exert dramatic influences on behaviour that shapes humankind to seek certain places and avoid 
others. Given the scenario, derived from poor environmental ergonomics, and a situation that 
compels a person to stay within such an environment as the construction workforce on the 
construction worksite; the effect will result in a socio-psycho-physiological breakdown that would 
compromise the individual’s ability to perform on an existential and cognitive level. The ultimate 
result is known to be psycho-traumatic, and contrary to workplace performance which eventually 
drives the appellation of the ‘sick construction site syndrome’ that compromises cost-effective 
project delivery. Research findings indicate that a ‘healing garden’ in the form of a socio-
psychotherapeutic measure such as the BCSM, is a necessary remedy in such a situation (Hedge, 
2000; Heerwagen, 2006; van der Berg et al., 2007). 
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RESEARCH 

Research method 

The exploratory greening construction site survey involved the triangulation method of analysis of 
three construction projects in progress, which included: CWS-1 and CWS-2 located in the Northern 
Cape Region of South Africa, with and without the BCSM respectively; an onsite visit that lasted 
for a duration of nearly two months including a questionnaire survey involving both workers and 
management, management reports, photo elicitations, observations, and interviews. However, 
the survey at CWS-3 located in Reading, UK, included only photo-elicitations, and personal 
observations, and no interviews, and was conducted as a comparative study due to the similarity 
of the background and context. The similarities of the locations of the construction sites include 
the extreme summer heat and temperatures experienced on all construction sites during the 
survey period, and observation. The remarkable associative factor, which forms the basis for the 
comparative analysis of the study reviewed the diverse ways in which the three construction 
projects approached the psycho-traumatic / psychosocial risk factors relative to the heat stress 
experienced during the work processes. This factor is significant with respect to the relevance 
accorded to the BCSM single element of study, which includes the existing trees common to each 
construction site. 

 

Case Study 1: CWS-1 (With the BCSM) 

Bashewa Construction’s management in the case of CWS-1 utilised an existing tree on the 
construction site by positioning the site office containers in such a way as to create two outdoor 
shelters between the three Camel Thorn / Acacia Erioloba trees, and then suspended shade nets 
to provide a degree of shelter. The shelters were furnished with chairs and tables, and live 
chameleons harvested from the site premises were placed in the trees, which the workers fed 
during their lunch break, as an aspect of attention restorative therapy (ART) as advocated by van 
den Berg et al. (2007) and presented in Photos 1, 2 and 3 below.  
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Photos 1, & 2. The first outdoor shelter enhanced with a shade net with a site meeting in 

progress, and a Chameleon negotiating the Camel Thorn tree (Courtesy: Bashewa 

Construction’s management).  

  

 

Photo 3.  The second outdoor shelter showing the general workers relaxing during their lunch break 

(Courtesy: Bashewa Construction’s management). 

This study entailed the use of a questionnaire that included Likert scale type questions, which 
entailed a scale of 1 (strongly disagree) and 5 (strongly agree). The analysis of the data included 
the computation of descriptive statistics in the form of frequencies and a measure of central 
tendency, a mean score (MS) between 1.00 and 5.00. 25 Responses were included in the analysis 
of the data.  

Table 1 indicates the respondents’ degree of concurrence with respect to the cost effectiveness 
of the psychotherapeutic value of the BCSM element of study. It is notable that three (60%) of the 
functional values have MSs > 3.00, which indicates that in general there is agreement as opposed 
to disagreement – ‘increased work effectiveness’, ‘improved comfort’, and ‘greatly reduced 
turnover’. However, two (40%) functional values have MSs (2.96) marginally ≤ 3.00 i.e. 
disagreement as opposed to agreement – ‘rapid payback in investment’, and ‘absenteeism cut in 
half’.  

In terms of the various ranges only 20% of the functional values, namely first ranked ‘increased 
work effectiveness’ has a MS ≥ 3.40 ≤ 4.20, which indicates that the agreement is between neutral 
and agree / agree. Thereafter, the rest of the functional values (80%) have MSs > 2.60 ≤ 3.40, 
which indicates that the agreement is between disagree to neutral / neutral. Included in this range 
are ‘improved comfort’, ‘greatly reduced turnover’, ‘rapid payback investment’, and ‘absenteeism 
cut in half’. 
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Table 1, Cost effectiveness of the implementation of BCSM in terms of functional values. 

 

Functional value 

Response (%) 

MS 
Unsure 

Strongly disagree................Strongly agree 

1 2 3 4 5 

Increased work effectiveness 0.0 0.0 4.0 12.0 48.0 28.0 3.76 

Improved comfort  8.0 0.0 4.0 8.0 64.0 4.0 3.16 

Greatly reduced turnover  4.0 0.0 16.0 20.0 52.0 0.0 3.04 

Rapid payback investment  4.0 0.0 16.0 12.0 56.0 0.0 2.96 

Absenteeism cut in half 8.0 4.0 8.0 36.0 32.0 0.0 2.96 

 

Table 2 indicates the respondents’ degree of concurrence with respect to the ‘socio-psycho-
physiological value’ of the implementation of the BCSM relative to the ‘psychological wellbeing 
attribute’. 

All five of the psychological values have MSs > 3.00, which indicates that generally there is 
agreement as opposed to disagreement in terms of the impact of the implementation of the 
BCSM on ‘improved socio-psycho-physiological wellbeing’.  

In terms of the ranges, 80% of the psychological values have MSs > 3.40 ≤ 4.20, which indicates 
that the agreement is between neutral and agree / agree - ‘improved comfort and wellbeing’, 
‘improved psychosocial value’, ‘organisational respect for workers’, and ‘spiritual upliftment of 
the workplace’. The MS of ‘satisfaction with workplace aesthetics’ is on the cut point between 
ranges and therefore the agreement is between disagree and neutral / neutral (> 2.60 ≤ 3.40). 

 

Table 2, Socio-psycho-physiological value of the implementation of BCSM in terms of enhanced 

physiological wellbeing attribute. 

 

Value 

Response (%) 

MS 
Unsure 

Strongly disagree................Strongly agree 

1 2 3 4 5 

Improved comfort and wellbeing’ 0.0 0.0 4.0 0.0 40.0 44.0 3.88 

Improved psychosocial value 0.0 0.0 4.0 4.0 72.0 12.0 3.68 

Organisational respect for workers 0.0 0.0 0.0 4.0 68.0 16.0 3.64 

Spiritual upliftment of the workplace 0.0 0.0 4.0 4.0 36.0 40.0 3.64 

Satisfaction with workplace aesthetics  0.0 0.0 4.0 12.0 64.0 8.0 3.40 
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Case Study 2: CWS–2 (Without the BCSM)  

The CWS-2 entailed a field survey of Landfills construction site at Finsch; Petra Diamond mine in 
the Northern Cape region of South Africa without the BCSM. The construction workers carried out 
the scheduled tasks under the excessive heat of the summer season without the benefit of an 
outdoor shelter for their lunch break retreat. Unlike CWS-1 the shade net was provided only for 
the parking lot as shown in Photos 4, 5 and 6. 

 

     

 

Photos 4, & 5. Construction workers sheltering under the one existing tree on the site, and 

View from beneath the shade net covering the parking lot next to the tree; the parking lot 

(Source: Field Survey). 

 

 

 

Photo 6. View of the parking lot (Source: Field Survey). 
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Case Study: CWS-3 (Without the BCSM)  

The CWS-3 entailed a field survey of a construction site in Reading, UK, near the Reading Town Hall. The 

construction workers carried out the scheduled tasks under the balmy heat of the English Summer season 

as shown in Photos 7, 8, and 9.  

 

     

 
Photos 7, & 8. Existing tree and dump-area, & The tree (Source: Field Survey).  
 

 
 

Photo 9. Workers performing some of their tasks under the tree (Source: Field Survey). 

The obvious lack of adoption of the BCSM / greening of the construction site (Photos 7, 8, and 9) 

reduced the psychosocial value of the construction site and interface with the social setting in 

Reading’s central business district (CBD). This could have resulted in added stress on worker 

performance, visible in the fact that the workers were observed to have taken refuge under the 

trees to perform some of their work activities (Photo 9). The lack of enhancement of the tree to 

optimise shade as in CWS-1 (Photos 1, and 3), could have resulted in the workers not remaining 

onsite during their lunch break, and in fact being seen ‘resting’ on nearby sidewalks. According to 

research findings, absence from site could delay workers’ resumption of work after lunch break, 

and a consequent loss in working time (Joye, 2007).   
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The erection of less transparent screening, and the adaption of the tree depicted in Photos 7, 8, 
and 9 as an outdoor shelter as represented in Photos 1 and 3, with the inclusion of seats as an 
‘H&S rest cure and refuge zone’ during the lunch break, would enhance the ergonomic status, 
emotional intelligence, and ecological intelligence of the construction site as determined during 
previous research (David, 2009; McCallum, 2005).   

DISCUSSION 

A common factor with respect to all construction projects reviewed in the form of case studies 
CWS-1, CWS-2, and CWS-3; is the vital importance of the presence of trees onsite exhibited by the 
diverse ways in which the workers and management responded to the psychosocial risk factors 
present on the respective construction sites. The management of CWS-1 and CWS-2 had no 
knowledge of the biophilic design concept or the biophilia theory, and no interviews were 
conducted in the case of CWS-3. In the case of CWS-2 and CWS-3, management had neither regard 
for nature in the presence of trees onsite, nor the potential ergonomic benefits that could have 
accrued therefrom. In the case of CWS-1, management responded to the basic existential needs 
of the workers, by addressing ergonomics issues relative to worker wellbeing, H&S, and 
performance.  

Findings indicate that regardless of the nature of a project and work processes, the presence of 
nature in the form of trees and green foliage plants could be included, or introduced into the 
construction site, site establishment, and site offices, and enhanced in subtle ways without 
compromising the functionality of the work processes. 

The recognition accorded to the attributes of the existing trees on the three construction sites is 
significant to the study advocating the ‘realism of the psychosocial recuperative value’ of the 
BCSM, as relevant to the CMBOK, and sustainable sites’ initiative.   

CONCLUSIONS AND RECOMMENDATIONS 

The research findings inform with respect to the relevance of the BCSM single element of study in 
enhancing the socio-psychotherapeutic value of construction sites, cost effective performance, 
and project delivery. The presence of nature in the form of plants, and shade afforded by trees 
according to the biophilia hypothesis is deemed relevant to the sustainable sites initiative in 
construction as advocated for the built environment by Kellert and Wilson (1993). Therefore, 
further research is recommended towards the incorporation of the BSCM dynamic rock gardens 
in the pre-bid, contract, and during work processes, not only as part of the external works 
completed towards the end of projects for the benefit of the end users. Given the potential 
contribution of BSCM to health and wellbeing, and performance on projects, it should be an 
integral component of site planning for the construction phase of projects. Potential interventions 
include appropriate screening, shelters and shade, the inclusion of plants within site offices, the 
general worksite, and welfare facilities, and the training of construction managers. Furthermore: 
a multi-stakeholder approach should be adopted; clients should champion the BCSM; principal 
agents on projects should promote the BCSM; practice notes should be developed by built 
environment statutory councils and professional associations; the BSCM should be addressed in 
built environment tertiary education, and contractor employer organisations should include 
‘greening’ of construction sites as an element of H&S programmes.     
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Abstract  

Thermal analysis is an important function which assesses the energy performance of the 
building fabric through calculation, simulation or in-situ analysis.  The accuracy of these 
figures is fundamental to the projection of design requirements to achieve energy 
efficiency targets through the building fabric. This paper summarizes a study undertaken 
to replace calculation and in-situ thermal analysis of existing external walls with simulated 
hygrothermal models to address the need for increased accuracy. The paper reviews 
current trends for Building Performance Simulation (BPS) and outlines major criteria for 
simulation tools and evaluation. The review is carried out by means of literature review, 
in-situ thermal analysis and hygrothermal simulation of a Dublin property. The aim is to 
assess the gaps and needs of accurate BPS in existing building design and thermal retrofit. 
The findings indicate several results which challenge traditional understandings of building 
envelope performance. What is evident is that the external walls perform more thermally 
efficient in a dry state. However, in contrast to the concept of a ‘drying out period’, external 
walls display signs of a ‘wetting period’ until they reach a moisture equilibrium. Results and 
study methods are applicable to new build and existing structures as hygrothermal 
simulations are easily adapted to specific structures, time frames and internal and external 
environments. However existing limitations including building uncertainty, model 
uncertainty, and a steep learning curve are identified. Some future directions anticipated 
for improvement of current design tools and processes are presented.   
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1. Introduction 

As technology advances, so too does construction knowledge, expertise and design. Within the 
context of new build, this has allowed for increased accuracy of construction detailing to ensure 
that energy efficiency targets are reached through optimal building performance. In contrast to 
this, existing buildings are limited to retrofit works to contribute to similar building performance 
levels. As such, technology must be adapted to facilitate understanding and development of 
retrofit solutions for application to existing building elements while considering the potential 
consequences of each.  

It has previously been highlighted that moisture content is linked to the increase in thermal 
conductivity of building materials, thus reducing the thermal effectiveness and increasing the 
elemental U-value (Abdou and Budaiwi, 2013, Flood et al., 2016b, Latif et al., 2016, Gomes et al., 
2017). Therefore, it is vital to implement reliable prediction tools to assess potential thermal 
performance values. This paper presents the findings of a critical instance case study in Dublin, 
Ireland in which an existing west facing external wall in a semi-detached dwelling was analyzed, 
simulated and measured to verify the elemental wall assembly and quantify thermal 
transmittance (U-value) incorporating the major criteria required for BPS. The results of standard 
calculated U-values are presented alongside comparable non-destructive in-situ measured U-
values, while both are compared to results of simulated moisture dependent U-values. A process 
of data collection was adhered to as follows 

a. Borescope enquiry to verify elemental assembly of wall. 
b. Calculation of U-values in accordance with ISO 6946 + the Irish Technical Guidance 

Document (TGD) Part L. 
c. Infrared thermographic survey in accordance with ISO 6781 to identify irregularities. 
d. Measurement of U-values in-situ in accordance with ISO 9869. 
e. Simulation of moisture dependant U-values using hygrothermal assessment software 

(WUFI) in accordance with EN 15026 and ASHRAE 160P. 
 

The borescope investigation is a verification method which enables clarification of the existing wall 
assembly. It was performed on the building fabric both internally and externally to clearly identify 
structure, materiality and extent of insulation. This then facilitated the calculation of elementally 
accurate U-values for the existing wall assembly. 

The objective of thermographic imaging was to highlight existing thermal bridges, cracks or similar 
sources of irregularities in surface temperatures contra venous to the typical thermal performance 
of the wall. As a result, a suitable location was realised for the heat flux meter (HFM) and 
thermocouples intended for in-situ U-value measurement.  

In situ U-values have been measured by using the HFM method performed in agreement with ISO 
9869. Accordingly, measurements have been carried out for 30 days with an acquisition time lapse 
of 5 minutes during the winter season. The measured U-values are presented alongside the 
calculated and simulated U-values of matching environmental conditions and construction type to 
facilitate comparison. 
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2. Theory 

2.1 U-values and the Gap 

Significant differences between design energy efficiency targets in buildings compared to actual 
operating in-situ performance have been reported. This ‘performance gap’ is associated to a 
number of contributing factors in the design and construction of the building envelope (Ahn et al., 
2017, Kampelis et al., 2017, Marshall et al., 2017). Most buildings have a performance gap, 
comprising energy consumption, CO2 emissions and occupant comfort. The Green Construction 
Board Buildings Working Group found that UK non-domestic buildings typically use around 200% 
more energy than predicted (Board, 2013) while inaccurate BPS has been cited as one cause for 
this performance gap within buildings (Knapton, 2017). BPS refers to the simulation or calculation 
of energy efficiency of whole buildings or elements of a building. For the purpose of this paper, it 
is specifically related to simulation and calculation of the thermal performance of external walls.  

U-values of external walls must be calculated in accordance with the standardised method set out 
in ISO 6946, as referred in Irish Building Regulations Part L. There are multiple tools available to 
calculate U-values to this effect such as BuildDesk, U-Valuate and Kingspan online calculator as 
well as employing product manufacturers to carry out design calculations directly. 
Notwithstanding that a level of comfort may be reasonable to expect, it should be noted that these 
calculations do not account for a multitude of variables such as wind speed, rainfall or solar 
transmittance. Remarkably, this calculation method is based on the appropriate design thermal 
conductivities of dry building materials (British Standards Institute, 2013). The reality is that 
buildings are exposed to moisture both in construction and on-site exposure after completion 
which affects the performance of these materials, the extent of which has been previously 
explored by the author (Flood et al., 2016a, Flood et al., 2016b). 

This study employs hygrothermal simulation as a method to embrace the major criteria required 
for a true evaluation of the U-value. Hygrothermal simulation is a method of BPS which facilitates 
analysis of moisture levels within building elements based on combined heat, air and moisture 
movement emanating from internal and environmental conditions. This data can then be plugged 
into monthly averaged U-values simulated over a number of years with more accurate U-values 
representative in-situ site conditions. The results highlighted a number of issues pertaining to BPS 
of existing buildings, pre- and post-retrofit: 

 Uncertainties pertaining to the investigation and documentation of existing building 
element assemblies is evident. This applies to all orientations of a building and is connected 
to a number of issues including the knowledge provided by building owners. 

 Moisture levels within building elements are substantial and increase over time. 

 The effect of moisture on the U-value of building elements is significant and increases over 
time. 
 

Quite simply, reliable simulation of existing construction assemblies pre- and post-retrofit requires 
accuracy. This refers to both the documentation of the existing wall assembly, but also the 
conditions of the structure, intermediate retrofit solutions already applied and age bands for 
construction and retrofit upgrade works. Obviously, there will be some ambiguity regarding the 
properties of building materials in-situ due to varying internal and external climate conditions for 
different periods of time across diverse climates. Additionally, building materials experiences 
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changes in thermal effectiveness due to moisture content over time while internal and external 
conditions cannot be predicted with absolute certainty. Therefore, it should be noted that no 
simulated value will truly be an exact representation of in-situ performance. Nevertheless, 
hygrothermal simulation is a step in the right direction for accurate simulation of the U-value 
incorporating major criteria required. 

2.2 Previous research involving hygrothermal simulation and energy measurement 

Early research published in 2009 has investigated the requisite for hygrothermal simulation to 
verify expected moisture levels in external masonry walls. Little (2009, 2010) suggested a 
requirement for the need to understand better the effects which insulating building elements can 
create. He goes on to contend that current guidance on refurbishment is inadequate, lacking 
further investigation into the fundamental understanding of building performance. Künzel et al. 
(2005) documented process of using hygrothermal simulation to verify simulations internal 
relative humidity and temperature against measured values, while Zirkelbach et al. (2017) then 
asserted that claims that hygrothermal simulations  are suitable for moisture and energy 
performance simulations which have been shown to correlate with in-situ measurements.  

With all the above considered, hygrothermal simulation to establish the U-value is certainly a 
reasonable and practical option to establish actual thermal performance of external walls. To do 
this, a link between hygrothermal simulations and in situ U-value measurements was made. 

3. Materials and Methods Methodology 

The methodology used in this phase of the research is modelled around multi-methodological 
design, incorporating some qualitative research to allow a fuller piece of research (Creswell, 2009). 
Data collection and analysis through past and present research by others (along with policy design 
standards, recorded climate data, housing figures, common external wall constructions, standard 
design calculation methodologies and non-standard design calculation methodologies) 
corresponds well with and suits the theory of a quantitative methodological approach (Corbetta, 
2003, Maxwell, 2013). The research is structured, performing a series of calculations and recording 
performance data to produce results which clarify the question. A qualitative approach was used 
to develop an understanding of the problem and improve methods for the quantitative element 
of research.  

The case study is a 1980’s, 2 storey semi-detached dwelling in Dublin, Ireland with 3 exposed 
facades (East, South and West). The West façade was selected for this study due to previous 
research by the author (Flood et al., 2016a, Flood et al., 2016b) indicating that further investigation 
of an extended analysis duration would be beneficial to those results.  

The existing wall was inspected using an endoscope through a 10mm externally drilled hole. The 
equipment used was an 8mm Wi-Fi enabled endoscope connected wirelessly to an iPhone 5s 
mobile phone. A live video feed was transmitted to the mobile phone and images were captured 
as records for the study. Interestingly, the inspection revealed that the wall was not a cavity wall 
with 40mm Polyisocyuranate (PIR) insulation internally as originally assumed as the building 
owners had understood. Measurements of the wall depth had indicated that the building owner 
was correct, though data validity required investigatory action to verify this. Instead, the wall was 
identified as a single layer hollowblock with 15mm expanded polystyrene (EPS) internal insulation 
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with a double layer of external render (Refer to Error! Reference source not found.1 - Error! 
Reference source not found.7).  

 

 
Fig. 1 - Wi-Fi endoscope 

 
 

 
Fig. 2 - 10mm drilled 
hole 

 
Fig. 3 - Endoscope 
inserted 

 

 
Fig. 4 - Endoscope image inside 
wall cavity 

 

 
Fig. 5 – Endoscope image inside 
internal insulation  

 
Fig. 6 – Endoscope image inside  
internal insulation 

 
Fig. 7 - Endoscope image behind 
internal insulation 

 

 
 

Fig. 8 – Internally Insulated Hollowblock Wall 
 

Fig. 9 – Case Study 

 

Further to the verification of the wall assembly, standard U-value was calculated using material 
values in accordance with ISO 6946 + the Irish TGD Part L (refer to Table 1).  

 

20mm Render 
20mm Render 
215mm Hollowblock 
15mm Plaster 
15mm EPS Insulation 
15mm Plasterboard 
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Table 1 

Material Data for Calculations & Simulations 

Wall 
Types 

Material (mm) 
Conductivity 

(W/mK) 

Specific 
Heat  

Capacity 
(J/kgK) 

Bulk 
Density 
(kg/m³) 

Porosity 
(m³/ m³) 

Water Vapour 
Diffusion 

Resistance 
Factor 

Insulation 
Location 

WT1 15 Plasterboard 0.20 850 850 0.65 8.3 Uninsulated 
 15mm EPS Insulation 0.04 1200 11.5 0.95 60  
 15 Plaster 0.20 850 850 0.65 8.3  
 215 Hollowblock 1.33 1000 1900 0.20 15  
 Render 1.20 850 1900 0.24 19  
 Render 1.20 850 1900 0.24 19  

 

Following this, a hygrothermal model was developed using the advanced hygrothermal envelope 
calculation model WUFI (Kunzel, 1994) and simulated for a sufficient period using recorded climate 
data of Dublin Airport weather station acquired from Meteonorm. This data includes prevailing 
winds, rain count, relative humidity, temperature and solar radiation. Material values were 
identical to those used in the standard U-value (refer to Table 11) while moisture dependant 
conductivities were incorporated to assess the impact of moisture content on the thermal 
effectiveness of materials within the building element. The purpose of this analysis was to assess 
water uptake due to driving rain, drying behaviour and the influence of moisture content on the 
U-value of the wall. Results indicate interesting fluctuations in moisture profiles which directly 
correlate to, and influence the thermal performance of the wall.  

With the aim of verification of these results, the in-situ U-value of the wall was recorded in 
accordance with ISO 9869. For this research, heat flow was measured using a Hukseflux HFP01 
HFM sensor and internal and external temperatures were measured using temperature-
dependent voltages through RS Pro T Type Thermocouples with a 2m probe. A Campbell CR1000 
datalogger was used to record the measurements of each sensor at 5 minute intervals allowing 
for cold junction compensation. Additionally, negative heat flux measured as a result of irradiation 
was discounted when assembling results using the progressive average method, as explained 
further in Section 4.2.  

ISO 9869 thermographic analysis was carried out to establish potential thermal bridges, cracks or 
similar sources of error in the internal surface temperature near to the proposed HFM location. 
Large variations in surface temperature would indicate that the selected measurement point was 
uncharacteristic of the typical function of the wall and therefore should not be selected. Multiple 
thermographic images were taken to ensure accuracy of results and verify that glazing did not 
distort larger image results. Refer to Fig. 10 & Fig. 11. 

 

 

https://en.wikipedia.org/wiki/Voltage
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Fig. 10 – Image of internal wall surface 

 
Fig. 11 – Thermographic image of internal wall surface 

 

 
Fig. 12 – HFM and internal thermocouple fixed 

 
Fig. 13 – External thermocouples fixed 

 

Fig. 10 shows the basic image of an internal wall surface, while Fig. 11 is the corresponding 
thermographic image which confirms no thermal irregularities which may have distorted results. 
Thermal paste/grease was applied on the wall side of the HFM to ensure full connection to the 
wall surface. The HFM was then fixed to the wall surface using a masking tape to the edges away 
from the meter within the plate, to eliminate any effect to the heat flux readings.  

The probes used for monitoring internal temperatures were usually located approximately 50mm 
from the internal wall surface and were located at the same height as the adjacent HFM, and 
positioned to face the room (i.e. to receive a similar radiant temperature to that of the room 
interior). For the external air temperature, the probes were positioned (housed within a hanging 
tube shielding to reduce the effect of direct solar radiation) about 50mm from the external wall 
surface, fixed to the wall surface using 9mm round cable clips to provide anchoring. The elemental 
U-value was determined by logging differential voltage from HFM sensor and temperature from 
calibrated T-type thermocouples (resistance) continuously over the 30-day study. 
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4. Findings 

As a starting point, traditional U-values were set as a benchmark. The existing wall assembly was 
then modelled in WUFI and simulated to determine discrepancies between standard and 
simulated values incorporating major criteria required for accurate BPS. The results of the 
simulation were then compared to in-situ measured U-values of the same wall assembly to ensure 
simulated results were representative of true values.  

4.1 Challenging the Norm 

Hygrothermal simulations were run until significant oscillations in moisture content profiles 
stabilized, concluded to be 10 years as per Fig. 14 below. The reason for this was that a direct 
correlation has previously been established between moisture content and U-values.  

 

 

 

 

Fig. 14 – Moisture content graph of WT1 

The critical phase of simulation is years 1 to 5, which would typically be referred to as the ‘drying 
out’ period for a new build. The increasing moisture content levels shown in Fig. 14 indicates a 
‘wetting period’ which appears to begin to even out towards the end of year 5. Years 6-10 then 
were identified as the period of stabilisation, when moisture levels reach equilibrium. It is 
proposed that this 10-year period should be simulated for both new build and existing buildings 
to portray a true reflection of what would be anticipated as in-situ building performance.  

As this paper is a study to realize the thermal performance of an existing wall more than 10 years 
old, the simulated data of year 10 from the BPS model are most appropriate to be applied to this 
wall.  
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4.2 Thermal Performance of the Wall 

As a method to establish moisture dependent U-values from the data collated, the hygrothermal 
model data was plugged into U-value simulations for year 10 as per Fig. 15 below: 

 

 

 

 

Fig. 15 – Simulated U-values for year 10 based on hygrothermal simulation 

In-situ data was administered by means of the progressive average procedure that is based on 
the idea that the average of instantaneous ratios between heat flux and temperature differences 
on a gradually increasing time scale levelling out the oscillations leading to the steady-state value 
of the U-value. In accordance with ISO 9869 the analysis was carried out over a period of 30 days 
at least. Fig. 16 is the progressive average U-value procedure for WT 1 West façade: 

 

Fig. 16 - Progressive U-value measurement of WT 1 West façade 
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These results were then compared with hygrothermal simulations implementing corresponding 
environmental conditions and ISO 6946 standard method U-value calculations. The hygrothermal 
simulations were extended over 10 years to expand upon previous research and assess the 
timeframe required to illustrate the properties and function of an existing structure. The results 
of this are assembled in Fig. 14 . Notably, the wall shows significant levels of moisture. What is 
more important is that the wall demonstrates a ‘wetting period’ in contrast to the commonly 
assumed ‘drying out period’. This may be linked to the rain and exposure to driving winds, but is 
not influenced by the internal relative humidity as proven in previous research by the author. Fig. 
14 above indicates that the wall experiences this wetting period for up to 5 years (mid-point of 
graph) until such time as the oscillation begins to steady and the wall reaches a moisture 
equilibrium. So, this research would lend itself to both new build and existing buildings as the 
entire graph would be representative of a new build from completion, whereas from year 5, the 
graph represents and existing dwelling over 5 years old.  

Table 2 

Calculated, simulated and measured U-values 

Wall Types Orientation Calculated 
(W/m²K) 

Simulated 
(W/m²K) 

Measured 
(W/m²K) 

WT1 

North    

West 1.083 1.157 
 

1.359 

 

From analysis of the data, it should also be noted that standard ISO 6946 calculations do not align 
with the in-situ measurements, as suggested in previous research by the authors (Flood et al., 
2016b). The simulated values align much closer with the in-situ recorded data. For visual contrast, 
figures within Table 2 have been charted below in Table 3 marking constant ISO 6946 calculations 
for each wall with red lines. 

Table 3 

Calculated, simulated and measured U-values in chart form 

WT1  
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Table 3 confirms the inconsistency between the standard ISO 6946 calculations and in-situ 
measurements. This discrepancy appears to have been reduced using simulated values, something 
linked to orientation and age of the building – incorporating wind speed, relative humidity, solar 
transmittance and most critically rain / water content. 

5. Discussion 

The findings of this stage of the research confirm that moisture has a significant impact on the 
thermal performance of an external wall, regardless of the overall assembly as previously 
suggested through hygrothermal simulation (Flood et al., 2016b). Age dictates the level of 
moisture to be expected in the assembly as heavy mass wall constructions such as hollowblock do 
not dry out, rather they wet. To accurately simulate a wall assembly, accurate data pertaining to 
the wall must be gathered including wall structure, cavity size (if any) and insulation type + 
thickness (internal, cavity or external). This information may have a profound effect on the thermal 
performance, thus designers and assessors designing / authenticating an external wall assembly 
should focus the design parameters around each façade considering the variation in associated 
external conditions. Hygrothermal performance appears to be a step in the right direction towards 
a progressive U-value prediction technique in Ireland. It is clear that the existing U-value 
calculation methodology is imbalanced with a number of flaws in its composition. This could be 
addressed using the knowledge derived from this research.  

6. Conclusions / Further Research 

This research has reviewed hygrothermal simulations in lieu of in-situ U-value measurements and 
standard U-value calculations to advance results subsequent to previous experimental research. 
This research is intended to serve as an introduction to issues emanating from a larger research 
project to encourage researchers to understand and further explore the topic. 

Reducing energy demand and CO2 through retrofitting of insulating and increasing standards for 
new builds, however without full understanding of the thermal performance created in doing so, 
the true resulting values and will not be realised.  

With thermal refurbishment / retrofit holding a large percentage of potential to contribute 
towards energy reduction targets, it is hoped that government bodies and professional institutes 
will address these concerns and contribute toward the creation of a considered code of practice 
for thermal analysis and evaluation of existing and proposed dwellings. A key initial step is a 
general acceptance that current guidance on U-values is flawed and inadequate. 

It is proposed that there is a need for training and education of existing and future industry 
professionals to understand and further explore the ideas presented here. A steep learning curve 
is anticipated with regard to understanding the contextual factors, the environmental variables 
and the identification of results and their impact.  

Limitations do exist regarding availability of material values suitable for hygrothermal simulation. 
At present, there is no requirement for manufacturers or suppliers to provide these values and as 
such, they do not. It is anticipated that government bodies should address the fragility in current 
regulations and certification criteria to develop of a database of standard material values along 
with a prerequisite for material certification. This may tie in with existing material values 
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developed and already contributed to The Department of Hygrothermics at Fraunhofer IBP for use 
in WUFI.  

The most critical conclusion of this case study is that moisture levels within the external wall 
appears to increase steadily over 5 years from initial construction, while reaching a moisture 
equilibrium between 5-10 years from initial construction. An equally significant conclusion is that 
this moisture level at the moisture equilibrium is considerable. In contrast to current practice, this 
is a critical performance factor created through external climate conditions such as wind speed, 
rainfall and solar transmittance. 
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Abstract  

Even though technological advancements can help us to live with a lower environmental 
impact, it is a critical need to embrace sustainability as a lifestyle for humanity to survive 
in the long term. However, people usually have careless habits in consuming energy such 
as leaving lights on when they are not needed, which result in much wasted energy. In 
this paper, we present an approach for facilitating greener energy behaviour by raising 
people’s awareness of their own behaviour and its impact on energy consumption, then 
motivating and aiding them to change their energy-related practices. Our Greener Energy 
Behaviour (GreenBe) system is developed to capture human activities at homes and 
offices in a non-intrusive manner by utilizing building automation infrastructure, and to 
find out their suboptimal habits in using energy. Out of the collected data, users’ 
behavioural patterns in relation to energy usage are extracted, and visualized to them. In 
its demonstration, the system successfully highlighted the potential of energy savings 
which users could gain by simply change their behaviour.  Users who experienced the 
system found it helpful in aiding them to change their energy-related practices. Better 
energy savings and sustainability could be achieved even without any automation 
solutions by directly raising sustainable behaviour. 

INTRODUCTION 
 
The Paris Agreement reached at COP21 in December 2015 (United Nations 2015) has 
formalized the target of holding the global temperature rise to well below 2oC above pre-
industrial levels. The fact that energy production and use generate around two-thirds of 
global greenhouse gas emissions (World Energy Council 2015) clearly indicates that actions in 
the energy sector have a central role in achieving the World’s agreed climate goal. According 
to the International Energy Agency’s analysis (IEA 2015), energy efficiency could contribute 
the largest share of global emissions reductions toward achieving the ambition of the Paris 
Agreement to mitigate climate change, surpassing even the role of renewables. Improving 
energy efficiency and thus reducing energy consumption requires determined actions to tap 
the considerable potential for higher energy savings of buildings, transport and product and 
processes (Council of the European Union 2011).  

Meanwhile, the operation of buildings remains highly energy intensive. Buildings account for 
around 40 percent of the EU final energy consumption and 60 percent of electricity 
consumption, and significantly exceed the other major sectors: industrial and transportation 
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(Lapillonne et al. 2015; Strategy 2015). Global human population growth and increasing 
demand for building services assure the upward trend in building energy consumption will 
continue in the future. Great and attractive opportunities exist to reduce buildings’ energy 
consumption at lower costs and higher results than other sectors (Mulligan 2009). Thus, 
reducing buildings’ energy consumption and CO2 emission is essential and contributes 
significantly to sustainable development progress. 

The current approaches to decrease energy consumption tend to focus on technological 
improvements and less on behavioral changes (Ek & Söderholm 2010). Even though 
technological solutions help to increase energy efficiency (Gao & Whitehouse 2009; Lu et al. 
2010; Louis et al. 2014), they can only partly meet the challenge of reducing the over-
consumption due to human behavior (Steg & Vlek 2009; Pothitou et al. 2014). Energy-efficient 
systems designed from a top-down technological perspective fail to account for complex 
processes involved since humans and their actions are key parts of transitioning to 
sustainability (Steg & Vlek 2007; Katzeff & Wangel 2015). Besides, behavior changes may 
provide about a 25 percent efficiency gain above normal productivity improvement 
(Ehrhardt-martinez 2010). Therefore, a radical change in human habitual behavior of 
consuming energy is crucial to move towards a sustainable future. 

Even though individual behavior is the major determinant of energy consumption (Pothitou 
et al. 2014; Katzeff & Wangel 2015), most people are unaware of the impacts of their own 
behavior. Besides, many people are already motivated to reduce energy consumption, but 
lack knowledge, skills, or resources to aid them in changing their behavior (Leiserowitz et al. 
2014). In this paper, we propose and develop an approach for facilitating greener energy 
behavior by raising people’s awareness of their own behavior and its significant impacts on 
energy consumption, then motivating and aiding them to change their energy practices. Our 
Greener Energy Behavior (GreenBe) system is developed to capture human activities in a non-
intrusive manner at homes/offices by utilizing building automation infrastructure, and to find 
out their suboptimal habits in using energy. Out of the collected data, users’ behavioral 
patterns in relation to suboptimal energy usage are extracted, and suitable visualization 
approaches are studied. The visualization can aid them to change their behavior to become 
more energy-conservative by giving specific behavior change targets and remove ability 
barriers of adapting more sustainable behaviors. Once users change their behaviors, greener 
behaviors can be transferred from place to place. Behavior changes adopted at work, for 
example, can inspire employees to act more conservatively at home. Human behavioral 
changes and more optimal energy consumption practices lead to a real and persistent energy 
savings (European Environment Agency 2013). 

The paper is structured as follows. Section 2 reviews current approaches for improving energy 
efficiency and thus, reducing energy consumption. In section 3, we present the GreenBe 
system, including the system architecture, psychological rationale and design of our solution 
for facilitating sustainable energy behavior change. The evaluation of the approach and 
achieved results are detailed in section 4, followed by discussion in section 5. Finally, section 
6 concludes our work.   

RELATED WORK 
 
Current approaches for achieving energy efficiency can be divided into 2 categories (1) 
technological fixes such as smart building solutions and energy-efficient appliances (Barbato 
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et al. 2009; Lu & et al 2010; Reinisch et al. 2011; Sustainable Buildings 2016); and (2) consumer 
behavior changes (Staddon et al. 2016). Even though technological advancements can help us 
to live with a lower environmental impact (Strategy 2015), it is a critical need to embrace 
sustainability as a lifestyle in order for humanity to survive in the long term (Gyberg & Palm 
2009; Tomlinson 2010).  

At the behavioral level, energy reduction can be achieved by (1) making simple changes in 
individuals’ daily routines and habitual behaviors; (2) selecting energy-efficient appliances; 
and (3) reducing energy-intensive behaviors (Ehrhardt-martinez 2010; Swim et al. 2014). 
Changing to a more energy-efficient apparatus has become a common advice for energy 
reduction. However, in this sense energy efficiency is a way of not changing lifestyle but 
instead changing technical devices. In some cases, energy efficient innovations may lead to 
new, unforeseen energy-using applications and products (Sorrell 2015).  

A number of theoretical and practical studies have investigated various methods by which to 
facilitate people to change their energy consumption behavior. These include pricing as an 
economic instrument, public engagement campaigns, energy labeling, energy advice and eco-
feedback. Although those approaches have their limits (De Young 1993; Owens & Driffill 2008; 
Swim et al. 2014; Katzeff & Wangel 2015), and the results archived are inconclusive (Ek & 
Söderholm 2010; Tomlinson 2010), they have showed some positive effects on raising 
people’s awareness and reducing energy consumption (Sanchez et al. 2008). 

Various ICT projects have studied visualizations of energy consumption to raise consumers’ 
energy awareness and induce behavioral changes (Ward et al. 2014; Itoh et al. 2015; UCLA 
2017; Yan et al. 2015; Levy 2015; QA Graphics 2017). Insights from behavioral science such as 
neighbor-hood comparisons and public status display were also applied in (UCLA 2017). Those 
visualization applications can increase user awareness of energy usage in the buildings. 
However, their effectiveness on induce user behavioral changes is vague. 

Ellegård and Palm (2011) discussed the importance of visualization and how to visualize the 
energy consumption activities of household members when striving for sustainability. Time 
diaries and energy use software are used to generate a simple diagram where human activity 
patterns are combined with a curve on how much energy was used. However, the activity 
information is manually collected by using activity reports from householders which make it 
impractical to apply in a larger scale. Abreu et al. (2012) looked at a semi-automatic approach 
to benchmark current real time family’s electricity consumption with historical best practices 
to provide information that can be used to promote new usage habits.  

Our assessment argues that current approaches targeting behaviour change to improve 
energy efficiency and reduce energy consumption do not fully consider the three principle 
factors of human behavior (Fogg 2009) and different stages of behavior change (Prochaska & 
DiClemente 1986). Firstly, the assumption that raising people’s awareness of environmental 
issues caused by energy-related activities results in behavior changes does not hold for 
individuals who have not acknowledged that their current behavior is problematic. Secondly, 
current approaches do not provide consumers with behavior-specific abilities such as 
suggesting what to do, making behavioral adoption easier. In addition, when users reach the 
action and maintenance stages of behavior change, it is necessary to give feedback about 
progress towards the target behavior. However, none of the studied related work approaches 
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gives feedback regarding whether one is reaching the behavior target. Our GreenBe system 
aims to address those short-comings of current approaches. 

  

THE GREENER ENERGY BEHAVIOUR SYSTEM 
 
Our Greener Energy Behavior (GreenBe) system is designed to integrate user behaviour into 
applications for facilitating more efficient energy use at home and in offices.  
 

The GreenBe system’s architecture 
The proposed GreenBe system comprises of four loosely-coupled layers as illustrated in Figure 
1. 

The Infrastructure Layer includes different 
types of sensors which are used for capturing 
user activities and context information, as well 
as equipment for measuring energy usage. In 
the proposed system, we especially emphasize 
the utilization of existing home automation 
infrastructure. Various kinds of home 
automation devices such as door/window 
sensors, motion sensors, and switches can be 
used to infer human activities, as well as 
spatio-temporal context information in an 
environment. Table 1 suggests some example 
activities and context information which can 
be inferred from home automation devices.    

Table 1 – Example activities and context information can be 
inferred from home automation devices 

Home Automation 
Devices 

Context can be inferred Activities can be inferred 

Door/Window Sensor Opened door/window 
Closed door/window 

Opening or closing door/window 
Entering a room 

Motion Detector User presence in an environment Moving inside a given environment 

Switch   Electrical device related activities such as 
using projector or computer.  

Light Control Switch and 
Dimmer 

Light on/off 
 

Light related activities such as turn on/off 
light, adjust brightness level.  

 
Adopted from Saguna et al. (2013), the Activity Inference Layer is used to recognize human 
activities. From sensor data, atomic activities and context information are inferred by the 
Atomic Activity Inference Module and the Spatio-temporal Context Inference Module.  User 
activities, which can be concurrent and interleaved, are inferred from the collected atomic 
activities and context information by the Complex Activity Inference Module. 

The Energy-related Activities Measurement Layer consists of the Activity Capturing Module 
and Energy Use Measurement Module.  

Figure 1 - GreenBe System’s Architecture 
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 The Activity Capturing Module gathers inferred activities and related parameters such as 
activity start/end time, duration, and context details such as temperature and humidity. 
To analyze an energy-related activity and infer whether the performed activity is energy-
efficient, the context in which the activity is carried must be considered. One specific 
behavior can be inferred differently in different contexts. For example, the behavior 
“leaving window open” can be inferred as an activity that has negative impacts on the 
energy usage during winter time when the heating system is operating, while, in contrast 
it is efficient to leave windows open during summer time to help ventilate the room.  

 The Energy Use Measurement Module gathers measurement data from the Infrastructure 
layer, and then calculates and analyses energy usage and how total energy is used during 
different times and contexts.  

The Application Layer consists of applications which integrate with user activity and energy 
usage information to promote more efficient use of energy. The key focus of this research is 
the Visualization of User Behavior in relation to Energy Use application. Moreover, the 
extracted information can also be utilized in several applications such as improving the 
effectiveness of existing home automation system, or studying consumer behavior.  

To validate the proposed solution, we developed a prototype implementation of the system 
with the commercially available home automation equipment from HomeMatic (eQ-3 2017) 
and deployed the system in a real office environment at Lappeenranta University of 
Technology (Finland). MQTT (Banks & Gupta 2014) is used as the communication protocol 
between sensors in the infrastructure layers and the upper layers. The activity inference layer 
and energy-related activities measurement layer were implemented by using Java. The 
developed Java program is a desktop application consisting of 3 main functions (1) MQTT 
publisher/subscriber to receive sensor data from the infrastructure layer; (2) Activity 
Recognition to infer user activities; and (3) Energy-related Activity Capturing to gather 
inferred activities and related parameters. A database was implemented using MongoDB to 
store the collected data. Finally, we use Google chart API (Google Developers 2017) and Java 
to build the visualization from the collected data of user activity and energy use. The 
visualization was showed to users through a web application. The details of our visualization 
approach will be presented in the following section. 

Visualization of User Behavior in relation to Energy Use 
 

Our visualization approach aims at raising people’s awareness of their behavior and its 
impacts on energy consumption, as well as motivating and aiding people to change their 
behavior to become more energy-efficient. The approach involves using visualization of user 
activities in relation to energy use, and some positive motivation techniques for facilitating 
user behavior change. We argue that most energy-related behaviors are hard to track, but 
making those behaviors visible results in more behavior changes. Our proposed approach 
takes psychological insights such as the Transtheoretical Model of Behavior Change 
(Prochaska & DiClemente 1986), as well as the Fogg Behavior Model (Fogg 2009) into account. 
In this section, we present the psychological rationale behinds the design of our approach, 
followed by the approach details. 

 Psychological rationale  
According to the Transtheoretical Model of Behaviour Change, an intentional behaviour 
change goes through a process in a series of stages rather than a single event. Thus, different 
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techniques and designs should be applied for each stage of behaviour change to effectively 
cultivate and maintain more sustainable energy practices. Table 2 presents the rationale, 
behaviour change target, and our proposed techniques to achieve the target at each stage. 
 

Table 2 - Rationale, target and proposed methods for each stages of behaviour change 

Change stages Rationale Goal Proposed method(s) 

Pre-
contemplation 

To make individuals 
consider changing their 
behavior, we need to 
“plant the seed” for 
them to acknowledge 
that their current 
energy behaviour is 
problematic. 

To raise people 
awareness of their 
own behaviour and its 
impacts on the 
efficiency of energy 
use and total energy 
consumption. 

Presenting information 
in a way that can show 
user the relation 
between their activities 
and sub-optimal energy 
use. 

Contemplation At this stage, 
consumers are aware 
that their behaviour is 
problematic and open 
to change, but not yet 
ready to take action.   

To motivate people to 
change their energy 
behaviour to become 
more sustainable.  

Some positive 
motivation techniques 
such as commitment or 
sense of competence 
can be given to 
encourage consumers 
to take actions. 

Preparation At this stage, people are 
already motivated to 
change their behaviour, 
but not yet know what 
to do. 

To lower ability 
barriers of adopting 
greener energy 
behaviors. 

Providing individuals 
with specific energy 
actions that they can 
take and possibility to 
make their own plan for 
change. 

Action and 
Maintenance 

At these stages, users 
have already taken 
actions but do not know 
whether they are 
reaching the behaviour 
target or energy-saving 
target. 

To aid people to keep 
improving their 
sustainable energy 
practices or sustain 
their current changes.  

Providing feedback on 
the behaviour changing 
progress and 
recommendation of 
how they can improve 
their sustainable 
practices. 

 

In addition, different methods targeting at different principle factors of human behaviour are 
suggested as described in Table 3. 
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Table 3 - Behavior change goal and proposed methods for different factors of human behaviour 

Behavioural 
factors 

Goal Proposed method(s) 

Motivation To motivate people to 
change their behaviour to be 
more energy-efficient. 

Positive motivational techniques are applied to 
encourage people to adopt sustainable energy 
behaviour. 

Trigger To show people the 
behaviour target that they 
could set for themselves.  

Providing individuals with specific energy action 
they can take and possibility of setting their own 
plan to reach the target behaviour. 

Ability  To lower the ability barriers 
of performing more efficient 
energy behaviour. 

Giving users a sense of what to do, making 
sustainable behaviour adoption easier and 
providing feedback regarding if ones are 
reaching energy-saving target. 

 

 Visualization of User Behaviour in relation to Energy Use 
We propose the use of timeline chart to visualize the user activities in relation to how the 
energy was used. Figure 2 demonstrates an example of how activities carried at home could 
be visualized in relation to energy use. 

 
Figure 2 - Visualization of user activities in relation to energy use (example at home) 

Different colors are used to highlight the effectiveness of past energy use in relation to user 
activities. The bar highlights red if the energy use is sub-optimal to show users the potential 
of energy-savings that they could achieve by simply changing their behavior, otherwise the 
bar is presented in green color. In addition, different activities are presented using different 
colors. The classification of energy-related activities and highlighting sub-optimal energy use 
give users a hint on what specific behavior they could change to be more energy-efficient.  

To validate the solution, the system prototype was deployed at the office room 7615.1 
(Lappeenranta University of Technology, Finland) to capture and measure user activities in 
relation to energy usage. Out of the collected data, suitable visualization approach is used to 
visualize user activities in relation to energy use. In the office scenario, sub-optimal energy 
use is defined as (1) leaving lights on when the user is not in the office for more than 5 
minutes, and (2) leaving windows open when the heating is on. Figure 3 presents the 
visualization of real data that we collected at the office room LUT – 7615.1 on April 18th and 
19th, 2017.  
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Figure 3 - Visualization of user activities in relation to energy use (real data at office) 

From the collected data, the effectiveness of past energy use in the office is also calculated.  
 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 =  
𝑈𝑠𝑒𝑓𝑢𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒

𝑇𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒
 

The system calculates and provides daily and weekly summary of energy usage and 
effectiveness of the pass energy use (Fig 4). Some positive motivation techniques, including 
social interactions and goal setting (commitment) are also integrated to motivate people to 
improve their energy use practices (Fig 4, Fig 5). Figure 4b presents the energy efficiency 
summary from the collected data from April 16th to 22nd, 2017 at the office room LUT – 7615.1.   
 

 
(a) 

 
(b) 

 
Figure 4 - Energy Usage Summary (a) and Effectiveness of the pass energy use Summary and Goal setting feature (b) 
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Figure 5 - Dashboard summary integrated with Game elements to persuade users 

 

EVALUATION AND RESULTS 

 
To evaluate the effectiveness of the system on facilitating users’ behavior changes, we 
conducted a user experiment and a user study. The user experiment was carried at the office 
room LUT-7615.1 during 24 days from April 10th to May 3rd, 2017. The office was occupied by 
two students. User activity and energy use data was captured for 3 weeks. Out of the collected 
data, user behavior in relation to energy use was extracted and visualized. The two users were 
showed the visualization of their own activities in relation to energy use in 3 weeks and were 
asked to evaluate the system by answering a survey consisting of 9 questions regarding: 

1. The effectiveness of the GreenBe system on raising their awareness of their own behavior 
and its impacts on energy consumption. 

2. The effectiveness of the GreenBe system on motivating them to change their behavior to 
be more efficient in using energy. 

3. The ability of the GreenBe system to aid them to change their behavior. 

The user evaluation provided positive feedbacks. The visualization of their own behavior in 
relation to energy use raised their awareness of the impacts on their own activities on 
effectiveness of energy use. The two users stated that the system effectively helps them to 
change their energy behavior by showing them which specific actions that they could take to 
improve efficiency.  

Apart from the experiment, a user study was conducted with 59 participants including 54 
students, 4 university staffs, and 1 software developer. Their ages varied between 19 and 55 
years. The study subjects of the participants varied between computer science, mechanical 
engineering, economics, strategy and innovation.  

The user study was organized in the following form. Firstly, we presented our GreenBe system 
and the visualization with descriptions. After that, participants were given a survey consisting 
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of 10 questions regarding their willingness to use the system at their home/office and how 
they perceived the system. A five-point rating scale was used for all the questions except the 
personal background questions.  

The user study showed that most participants are willing to use the GreenBe system at home 
(93.22%) and in offices (89.83%). Respondents stated that the system could successfully raise 
their awareness of their own behavior and its impact on energy consumption. Fifty-four out 
of fifty-nine participants (91.53%) found that the visualization helped them to be more aware 
about the impacts of their own activities on energy consumption. Regarding the application’s 
effectiveness on motivating people if it was to be applied, 77.97 percent of participants 
responded that the application would motive them to change their behavior to be more 
energy-conservative. Additionally, the visualization of user activities in relation to energy use 
have more positive impact on how people are motivated compared to other elements such 
as goal setting or social interactions. Regarding the ability of the visualization to aid people to 
change their behavior to save more energy, 79.66 percent of participants found that the 
visualization of their own activities in relation to energy use would make it easier for them to 
change their behaviour.  

 
DISCUSSION 
 
As reflected from the user study, people are different in attitudes, beliefs, and motivated by 
different elements. Therefore, we suggest that incorporating different persuasive techniques 
is necessary to achieve better results on human behavior change. The study also shows that 
number of people motivated is fewer than the number of those whom awareness affected by 
the application, which suggests that more persuasive techniques need to be integrated to 
successfully transform individuals from being aware to maintaining greener energy behavior 
stage.  

Our solution is the first work that embraces the human behavioral insights and technological 
advancement in the area of home automation and activity recognition to cultivate more 
sustainable energy behavior. Although the prototype implement of the system had highly 
positive feedbacks, there are several limitations which need to be improved. Firstly, the user 
experiment was performed in a small scale, larger scale of system deployment in different 
environments is needed to evaluate fully the effectiveness of the system in facilitating human 
behavior change. Secondly, the visualization and dashboard design need to be more attractive 
to effectively engage users, thus can result in higher effectiveness of the visualization on 
motivating and aiding users to change their behavior to become more energy-conservative. 
Finally, providing users the visualization of their own activities in relation to energy use 
showed promising potential in inducing their behavior change. However, it is insufficient to 
ensure a durable energy behavior change. Further incorporation of other psychological, 
cultural, social, and technological aspects to create a comprehensive approach to cultivate 
and maintain sustainable energy behavior are needed.  
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CONCLUSION 
  
This paper presents an approach using the visualization of user activities in relation to energy 
use to raise individuals’ awareness of their own behavior and its significant impacts on energy 
consumption, thus motivate and aid people to change their energy behavior. User activities 
and energy use are non-intrusively captured and measured using home automation 
infrastructure. Suitable visualization methods are studied to effectively motivate and enhance 
behavioral specific abilities for users to change their behavior. The achieved results are 
positive. Most people in the performed user study are interested and willing to use the system 
either at home or in offices. The system successfully showed test users that their behavior is 
problematic and motivated them to change their behavior. The users also found it helpful in 
aiding them to change their energy-related practices. Even though more enhancement and 
incorporation with other cultural, social, and technological aspects are needed, the system 
showed promising potential in facilitating consumer behavior changes when applied in a 
larger scale.     
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Abstract 

In the perspective of systematic deployment of smart meters and smart HVAC 
systems, energy price is a possible incentive to automatically shift consumption from 
a constrained time-slot (e.g. around 7:00 pm) to a relaxed one (in the night). Such load 
shedding mechanisms are already in place in France for domestic hot water usage and 
are likely to be broadened to heating systems. This paper investigates the impact of 
an automatic tariff-based heating load control on the energy consumption, load curve, 
thermal comfort and environmental impact for the end-user. To achieve this study a 
method has been developed to assess the performance of a control strategy 
associated with a tariff signal through simulations. This method has been applied to 
different control strategies and tariff signals for several combinations of buildings and 
heating control systems. This work focuses on the existing building stock – with its 
main variations in terms of insulation, typology or heating control under different 
climatic conditions – while capturing the fundamental of building thermal response 
with the help of thermal simulation. This paper explains the methodology and the 
parametric study and shows that load shedding has limited advantages in terms of 
spared energy and comfort but can have a real effect on the heating load curve. Due 
to its systematic coverage this work aims at completing the current literature focused 
either on one technology or on control strategies. 

CONTEXT AND OBJECTIVES 
 

Every winter, European power grid operators are focused on weather channels: a single drop 
in temperature could lead to local or even national blackouts. To avoid these consumption 
peaks the main solution is to reduce the energy demand during constrained time-slots and 
shift it to relaxed times, e.g. during the night. Such load shedding mechanisms are already in 
place in France for domestic hot water usage and are based on a low tariff between 10pm 
and 6am. However, this solution is now widely implemented in the country and is not enough 
to reduce the energy demand during the day, especially in cold winter evenings. Other 
techniques are needed and energy providers and flexibility aggregators offer similar solutions 
adapted to domestic electric heating: either through price incentives to reduce heating during 
peak days or through load curtailment where the heating power demand is completely turned 
off. With the deployment of smart meters these solutions become easier to implement and 
there is a need to assess their efficiency so that the energy industry, control systems 
manufacturers and consumers can actually work together to reduce peak loads. 



679 
 
 

This paper investigates the impact of an automatic tariff-based heating load control on the 
energy consumption, load curve, thermal comfort and environmental impact for the end-
user. The goal of this work is to provide a methodology to estimate those impacts and to give 
a feedback to the energy and building communities about how such load shedding solutions 
perform when they are applied on various buildings in simulation. The proposed methodology 
considers the association of a tariff signal – when should the building reduce its heating load 
– and a control strategy – how should the signal be interpreted. 

The methodology has been applied to different control strategies and tariff signals for several 
buildings, which represent the existing building stock – with its main variations in terms of 
insulation, typology or heating control under different climatic conditions – while capturing 
the fundamental of building thermal response with the help of thermal simulation. The paper 
is organized as follows: after a literature review on the subject, we first present the indicators 
chosen to assess the impact on energy, power, comfort and environment; then the developed 
methodology is explained; two case studies are presented and their results are discussed; 
final sections present the conclusions and the perspectives of this work. 

LITERATURE REVIEW 

Previous studies have focused on energy management optimization at the building level 
(Favre & Peuportier, 2014) or on the assessment of flexibility in an integrated grid model such 
as buildings equipped with heat-pumps in a modelled electrical grid where flexibility is 
managed through direct control or dynamic time-of-use pricing (Patteeuw et al., 2016). The 
assessment methodology proposed by Saker is based on the comparison between a 
simulation with load control and a simulation without, on a stock of 500 buildings (Saker, 
2013). In these simulations the load of electric convectors, domestic hot water tanks and 
electric vehicles is controlled and optimized to assess the potentialities of Demand Side 
Management strategies. A building stock approach has also been conducted in (Da SILVA, 
2012) to assess the flexibility of domestic electric loads. For this work, variability in the 
simulated buildings has been introduced through heat transfer coefficients differentiation 
based on the building construction period. 

The approach hereby presented focuses more on developing a generic methodology to assess 
the performance of load shedding mechanisms from the building point of view. A similar with-
and-without load control simulation approach is proposed in this work, with a focus on the 
thermal and electric response at the building level for various building configurations. 
Simulating at the building level instead of the stock level allows the use of a complex building 
model and gives an overview of the specific behaviours of each building configuration. 

INDICATORS 
 

From the power system point of view, the main incentive for load shedding is the reduction 
of the power used during the peak period. However, it should not be the only indicator to 
assess the performance of such a mechanism. Acting on the heating load can become a real 
challenge for the building to maintain a reasonable indoor temperature: the impact on the 
occupants’ comfort should also be assessed. Like many other smart energy mechanisms, load 
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shedding is often presented as a way to reduce the overall consumption and the 
environmental impact of the building: such indicators are also needed to measure the 
performance of load shedding. The proposed indicators involve a 𝑟𝑒𝑓 value and a 𝑠ℎ𝑒𝑑 value, 
the former is obtained when the building is simulated without load shedding while the latter 
is obtained with load shedding. The global indicators are computed on one year simulated 
data. For convenience energy and power indicators are normalized to the building surface. 

Energy 
 

Because the studied load shedding mechanism acts on the heating load of a dwelling, the 
indoor temperature will slowly decrease during the load shedding and some of the curtailed 
energy is very likely to be used after the load shedding period to bring back the dwelling to 
the temperature set point due to the rebound effect (Binswanger, 2001). This may actually 
reduce the energy savings that could be expected. Therefore, to assess the energy 
performance of load shedding the annual Curtailed Energy (𝑎𝐶𝐸) and the annual Load 
Shedding Efficiency (𝑎𝐿𝑆𝐸), are proposed and described in equations (1) and (2). 

The Curtailed Energy (𝐶𝐸) of a given load shedding period 𝐿 is the consumption difference 
between the reference and the load shedding simulations during the load shedding period 
(between start and end times, denoted 𝑠[𝐿] and 𝑒[𝐿]). It is computed from the cumulated 
energy consumption 𝐶𝑟𝑒𝑓/𝑠ℎ𝑒𝑑

𝑡  (at a given time 𝑡) and represents the amount of energy which 

was not consumed during the period. The sum of this Curtailed Energy over all load shedding 
periods in an annual simulation forms the annual Curtailed Energy. 

 

 {

𝐶𝐸[𝐿] =  (𝐶𝑟𝑒𝑓
𝑒[𝐿]

− 𝐶𝑟𝑒𝑓
𝑠[𝐿]

) − (𝐶𝑠ℎ𝑒𝑑
𝑒[𝐿]

− 𝐶𝑠ℎ𝑒𝑑
𝑠[𝐿]

)

𝑎𝐶𝐸 = ∑ 𝐶𝐸[𝐿]

𝐿 ∈ 𝐿𝑜𝑎𝑑𝑆ℎ𝑒𝑑𝑑𝑖𝑛𝑔𝑠

 (1) 

 

The annual Energy Savings (𝑎𝐸𝑆) is calculated as the annual consumption difference between 
the reference and the load shedding simulations (between the simulation’s 𝑠𝑡𝑎𝑟𝑡 and 𝑒𝑛𝑑 
times). The annual Load Shedding Efficiency is then calculated as the ratio between the annual 
Energy Savings and the annual Curtailed Energy.  

 

 {
𝑎𝐸𝑆 =  (𝐶𝑟𝑒𝑓

𝑒𝑛𝑑 − 𝐶𝑟𝑒𝑓
𝑠𝑡𝑎𝑟𝑡) − (𝐶𝑠ℎ𝑒𝑑

𝑒𝑛𝑑 − 𝐶𝑠ℎ𝑒𝑑
𝑠𝑡𝑎𝑟𝑡)

𝑎𝐿𝑆𝐸 = 𝑎𝐸𝑆 𝑎𝐶𝐸⁄
 (2) 
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Power 

To assess the impact of the operation on the load curve, the Maximal Curtailed Power (𝑀𝐶𝑃) 
is observed for each day where load shedding has occurred. This indicator is defined in 
equation (3) where ∆𝑡 is the simulation time-step and 𝐿𝑆𝑡𝑖𝑚𝑒𝑠[𝑑] represents the load 
shedding times of the day  

𝑑. 

 𝑀𝐶𝑃[𝑑] =
max

𝑡 ∈ 𝐿𝑆𝑡𝑖𝑚𝑒𝑠[𝑑]
{(𝐶𝑟𝑒𝑓

𝑡+1 − 𝐶𝑟𝑒𝑓
𝑡 ) − (𝐶𝑠ℎ𝑒𝑑

𝑡+1 − 𝐶𝑠ℎ𝑒𝑑
𝑡 )}

∆𝑡
 

(3) 

Comfort 

To better understand how occupants perceive indoor temperature the PMV and PPD 
indicators have been developed (Fanger, 1970) and are now part of a French standard on 
thermal comfort (AFNOR, 2016). This standard defines comfort zones (I, II, III and IV) related 
to the level of thermal dissatisfaction of occupants (PPD): this work considers zone II, for 
which the dissatisfaction should be below 10%. This comfort zone corresponds to a comfort 
vote (PMV) between -0.5 and +0.5 on a scale from -3 (cold) to +3 (warm). 

For a given case (𝑟𝑒𝑓 or 𝑠ℎ𝑒𝑑) and a given time, a cold discomfort (𝐷𝑐,𝑐𝑎𝑠𝑒
𝑡 ) and a warm 

discomfort (𝐷𝑤,𝑐𝑎𝑠𝑒
𝑡 ) indicators are described in equations (4) and (5). Discomfort is only 

computed when people are in the building and active (i.e. for “active presence” times during 
the year of study, denoted 𝐴𝑃𝑡𝑖𝑚𝑒𝑠). These indicators mimic the PPD indicator with a 
saturation to 𝑃𝑃𝐷𝑙𝑖𝑚 = 10% according to the chosen comfort zone. Then when two cases are 
both “comfortable” (i.e. their dissatisfaction is below 10%), the difference between indicators 
is 0. 

 

 𝐷𝑐,𝑐𝑎𝑠𝑒
𝑡 = {

0 if 𝑡 not in 𝐴𝑃𝑡𝑖𝑚𝑒𝑠
𝑃𝑃𝐷𝑙𝑖𝑚  if 𝑃𝑀𝑉𝑐𝑎𝑠𝑒

𝑡 ≥ −0.5

𝑃𝑃𝐷𝑐𝑎𝑠𝑒
𝑡  otherwise

 (4) 

 

 𝐷𝑤,𝑐𝑎𝑠𝑒
𝑡 = {

0 if 𝑡 not in 𝐴𝑃𝑡𝑖𝑚𝑒𝑠
𝑃𝑃𝐷𝑙𝑖𝑚  if 𝑃𝑀𝑉𝑐𝑎𝑠𝑒

𝑡 ≤ 0.5

𝑃𝑃𝐷𝑐𝑎𝑠𝑒
𝑡  otherwise

 (5) 

 

The annual Discomfort Variation presented in equation (6) is a global indicator of discomfort 

difference between the 𝑟𝑒𝑓 and the 𝑠ℎ𝑒𝑑 cases. 𝑎𝐷𝑉𝑐 computes the cold discomfort, the 

formulation for warm discomfort 𝑎𝐷𝑉𝑤 is similar. 

 𝑎𝐷𝑉𝑐 =
∑ 𝐷𝑐,𝑠ℎ𝑒𝑑

𝑡 − 𝐷𝑐,𝑟𝑒𝑓
𝑡

𝑡 ∈ 𝐴𝑃𝑡𝑖𝑚𝑒𝑠 

∑ 𝐷𝑐,𝑟𝑒𝑓
𝑡

𝑡 ∈ 𝐴𝑃𝑡𝑖𝑚𝑒𝑠

 (6) 
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Environment 

In this work, the environmental impact of a given consumption is represented by the Global 
Warming Potential (𝐺𝑊𝑃 in 𝑘𝑔𝐶𝑂2𝑒𝑞) caused by the greenhouse gases emitted to produce 

and transmit energy. For a case consumption (𝑟𝑒𝑓 or 𝑠ℎ𝑒𝑑) the 𝐺𝑊𝑃 impact (see equation 

(7)) is computed from the production impact 𝐼𝑝𝑟𝑜𝑑
𝑔𝑤𝑝

 of each production source in 

𝑝𝑟𝑜𝑑_𝑠𝑜𝑢𝑟𝑐𝑒𝑠 in combination with the energy mix at each time (𝑚𝑖𝑥𝑗
𝑡) and the transmission 

impact 𝐼𝑡𝑟
𝑔𝑤𝑝

. 

 

 𝐺𝑊𝑃𝑐𝑎𝑠𝑒 = ∑ (𝐶𝑐𝑎𝑠𝑒
𝑡+1 − 𝐶𝑐𝑎𝑠𝑒

𝑡 ) ⋅ (𝐼𝑡𝑟
𝐺𝑊𝑃 + ∑ 𝑚𝑖𝑥𝑗

𝑡 × 𝐼𝑝𝑟𝑜𝑑
𝐺𝑊𝑃[𝑗]

𝑗 ∈ 𝑝𝑟𝑜𝑑_𝑠𝑜𝑢𝑟𝑐𝑒𝑠

)

𝑠𝑡𝑎𝑟𝑡 ≤ 𝑡 ≤ 𝑒𝑛𝑑−1

 (7) 

 

To compare two cases, the Global Warming Potential Variation is proposed (𝐺𝑊𝑃𝑉 in 

equation (8)) between the reference case and the case with load shedding. 

 

 𝐺𝑊𝑃𝑉 =
𝐺𝑊𝑃𝑠ℎ𝑒𝑑 − 𝐺𝑊𝑃𝑟𝑒𝑓

𝐺𝑊𝑃𝑟𝑒𝑓

 (8) 

PERFORMANCE ASSESSMENT METHODOLOGY 

The method to assess the performance of a load-shedding control system associated with a 
tariff signal is based on the comparison of 𝑟𝑒𝑓 and 𝑠ℎ𝑒𝑑 simulations as presented in Figure 1. 
The starting point of this methodology is to define the tariff signal and the control system. 
The tariff signal is the information sent to the building, e.g. through an Energy Management 
System (EMS), and describes when the heating load should be reduced. The control system 
represents any regulation system which receives the tariff signal and controls the heating 
system (e.g. embedded in an EMS, the heating system itself or an external device). 

 

Figure 1. Load shedding assessment methodology 
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Step 1: Identification 

The first step of the methodology aims at identifying the response strategy of the control 
system to the tariff signal. This characterization is needed to properly model how the heating 
command will be calculated in the simulator. For this work, two types of tariff signal are 
considered: FIXED signal and MARKET-DRIVEN signal. With a fixed signal, the heating load is 
reduced on a regular basis (e.g. every working day between 6pm and 8pm) while a market-
driven signal should reduce the heating load when it is the most profitable from a user point 
of view. Two kinds of response strategies are proposed: 

 Load curtailment (LC): during load shedding the whole heating system is turned off; 

 Heating set point decrease (HSD): during load shedding the temperature set point is 
decreased by a fixed or variable value which could be set by the user or the control 
system’s manufacturer. 

The LC strategy is easier to implement than HSD and is the most common in the market at the 
moment. This identification step also includes the characterization of the heating system’s 
physical response to the load shedding strategy: applying an LC strategy to a heat pump is 
more complex than applying it to electric radiators. To address this challenge, various 
solutions can be proposed such as (a) expert knowledge, (b) laboratory characterization or (c) 
in-situ characterization. 

Step 2: Parametric study 

Once the tariff signal, the control system and its response strategy, the heating system’s 
response model are identified, the second step of the methodology is the parametric study 
to analyze the behavior of a variety of buildings with or without load shedding. To avoid 
mixing non-coherent results, the parametric study is limited to a given building sector and a 
given type of heating system (e.g. electric radiators in residential buildings, heat pump with 
fan coils in office buildings…). The parameters to study are defined upon using the 
methodology, it can include usual parameters such as building type, climatic zone, 
construction period… 

The output of such parametric studies is evaluated through the indicators defined to assess 
the performance of the load shedding with the couple “control system – tariff signal” under 
various conditions. 

CASE STUDIES 

Electric Convectors in Residential buildings (EC-R) 

A main case has been prepared to test the methodology and get results for parametric 
variations of the building. Laboratory characterization has been carried out to tune the 
control loop response to LC or HSD strategies. The tariff signal used for this case is a FIXED 
signal (only on peak-days (22 per year) from 6pm to 8pm) with LC response strategy. 

For this case the parametric variations are described in Table 1. The climatic zone variations 
correspond to three zones related to the French thermal regulation with conventional 
meteorological data. The normal temperature set point is 21°C and the night setback 
operated from 10pm to 7am with a temperature set point of 18°C. 
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PARAMETER VARIATIONS 

Building type Multiple-dwelling housing (95m²) 
Individual Housing (100m²) 

Climatic zone Nancy 
Rennes 
Nice 

Construction Period 1980-1990 
2000-2005 
After 2012 (BBC) 

Setback No setback 
Night setback 

Table 1. Building variations 

The building type variations are based on two buildings developed within the HOMES project 
(Schneider Electric et al., 2012) (see Figure 2). Their model takes into account the heat 
transfers between rooms and simulates the systems and thermal response of the building on 
a sub-minute time-step. 

 
 

 

Figure 2. EC-R buildings representation (left: multiple-dwelling, right: individual) 

Heat Pump in large Office buildings (HP-O-exp) 

An exploratory study has been carried out to evaluate the performance of various tariff signals 
and response strategies on a given building configuration. For this case an Air/Air heat pump 
model based on expert knowledge is used. 

The building configuration is described in Table 2. This case was simulated for the year 2012, 
with real meteorological data, which presented a rather cold winter. Several response 
strategies and signals have been tested such as HSD strategy with various values for 
temperature set point decrease or MARKET-DRIVEN signals with load shedding periods of 
maximum 1 hour long or maximum 2 hours long. For the sake of readability only the results 
for the following “strategy – signal” combinations are presented: 

 1. FIXED signal: only on peak-days (22 per year) from 11am to 1pm 

o 1.1. HSD strategy: 0.5°C decrease 

o 1.2 HSD strategy: 2°C decrease 

o 1.3 LC strategy 

o 1.4 LC strategy and overheating 2 hours before load shedding (1°C increase) 
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 2. MARKET-DRIVEN signal: 1-2 hours long load shedding slots resulting in 250 hours 

selected on working days between November and March based on Critical Peak Pricing 

(2012 EPEX SPOT day-ahead price fixing) 

o 2.1 HSD strategy: 2°C decrease 

o 2.2 LC strategy 

o 2.3 LC strategy and overheating 2 hours before load shedding (1°C increase) 

PARAMETER CONFIGURATION 

Building type Office (6470m²) 
Climatic zone Lyon (2012) 
Construction Period 2000-2005 
Setback Night & week-end setback 

Table 2. Building configuration for office exploratory case 

The simulated building is a typical building proposed in Task 27 of IEA Solar Heating and 
Cooling Programme. The simulation model includes two offices (north and south side) and 
the corridor segment which separates them (see Figure 3). The walls between adjacent offices 
are considered adiabatic. 

 

Figure 3. HP-O-exp building representation 

Normal temperature set point is 21°C while setback temperature is 16°C on week-ends and 
from 7pm to 6am on week days. 

RESULTS AND DISCUSSION 
 

The Performance Assessment Methodology has been applied to the case studies presented 
above. Matlab/Simulink tool SIMBAD developed by CSTB (Husaunndee et al., 1997) was used 
for simulations in EC-R case and the Modelica-based BuildSysPro Library developed by EDF 
R&D (Plessis et al., 2014) was used for simulations in HP-O-exp case. Two simulators were 
used in order to illustrate the versatility of the methodology: since 𝑟𝑒𝑓 and 𝑠ℎ𝑒𝑑 simulations 
are obtained with the same simulation tool within a case, it is reasonable to say that the 
choice of simulator does not impact significantly the results as long as the simulator is 
validated in its field of application. However, one should be cautious when comparing results 
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obtained with one simulator and results obtained with the other. This section presents and 
discusses the results. 

Electric Convectors in Residential buildings (EC-R) 

Given the parametric building variations (Table 1) 36 simulations were run for this case: 
statistical values (minimum, average and maximum) obtained over all the simulations are 
presented and kernel density estimation (KDE) was carried out to understand the importance 
of the different parameters. 

Aggregated results in Table 3 show that the energy performance is relatively low since the 
curtailed energy is lower than 3 kWh/m²/year and the actual energy savings are 3% to 20% of 
this curtailed energy. Load shedding with Load Curtailment strategy means a huge drop in the 
needed power (up to 107 W/m² in our simulations), which makes it a good candidate in terms 
of power performance. From the comfort point of view, results show that during load 
shedding temperatures could decrease with almost 4°C, which is quite high. The increase of 
temperature (after the end of a load shedding period) is limited to 1°C over the reference 
simulation, showing that there is a limited overheating in response to the load shedding. 
Finally, the environmental performance is really low: Global Warming Potential Variation 
shows a maximal 1.4% decrease in CO2 emission.  

 

INDICATOR UNIT MIN AVG MAX 

annual Curtailed Energy Wh/m² 36 1120 3224 
annual Load Shedding Efficiency % 2.7 10.3 20 
Maximal Curtailed Power W/m² 2 43 107 
Maximal temperature decrease40 °C 0.3 1.9 3.8 
Maximal temperature increase °C 0 0.2 0.7 
Global Warming Potential Variation % -1.4 -0.3 -0.1 

Table 3. Aggregated simulation results for EC-R case 

The low energy, comfort and environmental performances can be partially explained by the 
fewer number of load shedding hours (44 over 8760 in a year) due to the chosen tariff signal. 
Allowing more load shedding hours could increase the energy and environmental 
performances. The low comfort performance is also responsible for the low energy 
performance: the significant temperature decrease during load shedding induces a large 
compensation when the heating system is turned back on which means a large quantity of 
energy needed to reach the normal set point temperature. Power performances should be 
carefully interpreted: load shedding does help in flattening the load curve during load 
shedding but the rebound effect due to the heating compensation can disturb the local power 
system. 

Figure 4 presents kernel density estimation graphs to understand the statistical significance 
of each parameter on the annual Load Shedding Efficiency (𝑎𝐿𝑆𝐸) indicator. It appears that 
the climatic zone is not really influential but the three other parameters do have an impact: 

 Building type: a higher 𝑎𝐿𝑆𝐸 value for multiple-dwelling housing simulations is 
obtained, which can be explained by the simulator hypothesis stating that 

                                                           
40 Discomfort indicators were not available for this case, it was replaced by a comparison of the indoor 
temperature between 𝑟𝑒𝑓 and 𝑠ℎ𝑒𝑑 simulations 
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neighbouring dwellings have the same average temperature than the simulated 
dwelling meaning that the heating needs of this dwelling after load shedding are 
partially covered by the other dwellings. Therefore, the energy savings are slightly 
higher in this configuration. 

 Construction period: older buildings present a higher 𝑎𝐿𝑆𝐸 value because they usually 
have a higher installed heating capacity (to compensate their higher thermal losses) 
meaning that during load shedding a large amount energy will be curtailed. 

 Setback: night setback (21°C to 18°C) allows for a higher load shedding efficiency 
mainly because this setback starts at 10pm and is likely to shrink the heating needs 
after the end of the load shedding period (8pm). This behaviour is strongly related to 
the time distance between load shedding and setback. 

 

Figure 4. aLSE related KDE plots for each parameter for EC-R case (x-axis represents aLSE in %) 

(Mozart = Individual Housing, Gauguin = Multiple-dwelling housing) 

Heat Pump in large Office buildings – exploratory (HP-O-exp) 

The parametric variations of the tariff signal and the response strategy defined for this 
exploratory case have been run through 7 simulations, whose results are presented in Table 
4 (Global Warming Potential indicators were not available for this case). 

INDICATOR UNIT 1.1 1.2 1.3 1.4 2.1 2.2 2.3 

annual Curtailed Energy Wh/m² 380 1000 500 58 1088 1080 687 
annual Load Shedding Efficiency % 7.9 0.1 0.2 -535 9.1 8.8 -77.4 
Maximal Curtailed Power W/m² 9 14 14 14 7.5 7.3 7.5 
annual Discomfort Variation (cold) % 0.5 1.0 1.0 0.3 5.1 5.1 0.3 
annual Discomfort Variation (warm) % 0 0 0 0 0 0 0.3 
Global Warming Potential Variation % - - - - - - - 

Table 4. Simulation results for HP-O-exp case 
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Simulations with a preheating phase (1.4 and 2.3) show high and negative load shedding 
efficiency (-535% and -77.4%): in those simulations the load shedding operations resulted in 
consuming much more energy during the year than the reference simulation. The preheating 
strategy does help in limiting the comfort impact (+0.3% in cold discomfort which is the lowest 
of all HP-O-exp simulations) but seems not adapted to the heat pump equipped systems. 

Looking at the other simulations, it appears that those with a FIXED tariff signal (1.1 to 1.3) 
show lower 𝑎𝐿𝑆𝐸 values than those with a MARKET-DRIVEN signal (2.1 and 2.2): the total 
number of load shedding hours (44 for FIXED simulations and 250 for MARKET-DRIVEN) can 
explain this result. On the other hand, the cold discomfort variation is higher for MARKET-
DRIVEN signal simulations (5%) than for FIXED signal ones (0.5%). Because FIXED signal 
focuses on peak days (usually related to really cold days) the curtailed power is higher in 
simulations 1.1 to 1.3 than in simulations 2.1 and 2.2. It is noticeable that with a temperature 
decrease of 0.5°C (simulation 1.1) we obtain a saving of 30Wh/m² (7.9% of the 380Wh/m² 
curtailed energy), which is higher than all the other simulations. Such a HSD strategy allows 
for a relatively good energy performance while maintaining the indoor comfort (+0.5% in cold 
discomfort). However, this energy performance is really low compared to the annual energy 
consumption of the reference simulation (15kWh/m²). 

CONCLUSIONS 

 

In this work a framework for the evaluation of load shedding operations has been defined: a 
set of indicators for Energy, Power, Comfort and Environment performances has been 
proposed and a Performance Assessment Methodology for load shedding operations has 
been designed. Starting with the identification of a tariff signal and the response strategy of 
the control system, this methodology is based on the performance assessment through 
parametric simulations and the comparison between reference and load shedding 
simulations. The Performance Assessment Methodology has been applied to two cases: one 
following the original philosophy of parametric variations in the building configuration and 
the other exploring variations on the response strategy and the tariff signal for a given 
building configuration. It appears that the energy and environmental performances are rather 
low due to the rebound effect which tends to compensate for the lack of heating during load 
shedding. In the comfort point of view, it is possible to limit the cold discomfort increase with 
the Heating Set point Decrease strategy. On the other hand, the Load Curtailment strategy, a 
widely used strategy, can seriously damage the indoor comfort during load shedding. The 
power performance can be satisfying since load shedding can reduce the power used for 
heating but it should not be independently analysed as it impacts the comfort and can also 
have a negative impact on the local power system because of the rebound effect. 

In this paper six performance indicators were presented and other indicators can be defined 
to be used with the methodology. Similarly, the types of tariff signal and response strategy 
can be extended to meet the user’s needs: the main limitation lies in the modelling 
capabilities of the tool used for energy simulations. The methodology’s adaptability is also 
illustrated through the work presented here where two different energy simulation tools have 
been used by different research teams to run the simulations. 
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PERSPECTIVES 
 

On the methodological level, the future work will focus on extending the framework to 
address the economic performance of such load shedding mechanisms and on proposing an 
adaptation to buildings and systems in operation. Also an in-depth analysis on the impact of 
using various simulation tools should be carried on to validate the concept of versatility of the 
methodology. Other applications could be investigated such as a full parametric study for 
office buildings or to assess innovative concepts of load shedding which take advantage of 
the new communication ways with buildings informing aggregators about their load shedding 
capabilities in real-time. Such a load shedding mechanism would help aggregators schedule 
shedding periods at the local or even national level while taking into account the buildings 
needs and limits. 
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Abstract 
 

In southern England, climate projections show increasing likelihood of the number and 
duration of heatwaves.  With over 80% of the 2050 UK housing stock already built, the 
householder is an important gatekeeper to making the built environment more 
resilient to overheating. The National House Building Council and others have issued 
recommendations for mitigating actions, including more insulation, better ventilation, 
shading and reflective external surfaces. Research on overheating has tended to 
investigate building physics, overlooking the role of the householder in making 
modifications. Important questions remain, including to what extent do householders 
perceive a threat of overheating events; are they aware of recommendations for 
precautionary actions; have they taken or do they intend to take action and what has 
guided actions that have already been taken.  The current study aims to address these 
questions and to provide a baseline against which changes in the effects of the 
experience of overheating, perception of threat and level of action in future years can 
be compared.  
 
A survey was conducted with a large-scale sample (n = 1007) of urban/suburban 
householders in the south of England, balanced across housing type.  Of the sample, 
67% had already experienced overheating in their home but perception of risk and 
awareness of the recommended actions were low and intention to take further action 
was very low. Nonetheless, actions had been taken, ranging from ventilation (82.8%) 
to awnings/shutters to glazing (9.4%). Reasons for taking action varied by action type, 
with comfort featuring heavily for insulation and ventilation, and aesthetics for 
planting and a pale exterior surface. Although reducing overheating was the top 
reason for installation of awnings or shutters, very few householders had taken this 
action. Recommendations for policy are discussed including differential targeting of 
population segments and using messages that align with householders’ motivations.   
 

INTRODUCTION 
 
By 2016, global warming had already exceeded 1.1˚C above late 19th century levels (NASA, 
2017) and is likely to surpass a 2˚C threshold even if national commitments pledged at COP21 
to reduce greenhouse gas emissions are achieved (Rogelj et al., 2016). One of the many 
consequences of warming planetary systems is the increased risk of higher temperatures, and 
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the likelihood of increased frequency and severity of heatwaves for many geographical 
locations. Traditionally hot places have experienced record high temperatures in recent years 
(Bureau of Meteorology, 2017) but more temperate zones including the UK and mainland 
Europe have also been exposed to hotter weather. The risk to public health from higher 
temperatures was evidenced by the August 2003 heatwave in Europe which led to 15,000 
excess deaths (PHE, 2015a). Climate projections for the UK predict that mean daily 
temperatures will increase, particularly in summer, over the coming decades. Under a high 
emissions scenario, average summer temperature increases of between 2.8 and 3.1˚C (central 
estimates) are estimated for midland and southern England by the 2050s, increasing to 
between 4.4 and 4.9˚C in the 2080s, compared to the 1961-1990 average (UKCP, 2009). 
Likelihood of extreme temperature events also increases, with the probability of a heatwave 
as severe as that in 2003 estimated already to be between twice and four times more likely 
due to human influence on climate (Stott, Stone, & Allen, 2004).  
 
Excess deaths due to higher temperatures have been estimated in the UK at 75 extra deaths 
per week per degree increase (PHE, 2015b). Evidence from research in London suggested that 
excess deaths can be calculated when temperatures rise beyond 19 ˚C (Hajat et al., 2002). 
Individuals especially vulnerable to the effects of higher temperatures include older people, 
infants, those with chronic or severe illnesses or alcohol/drug dependence, and those living 
in south-facing flats or in urban areas (PHE, 2015b). It is notable that, depending on the 
severity and duration of a heatwave, adverse effects can strike healthy, fit and able-bodied 
adults and children. Beyond increased mortality, higher temperatures can lead to lower 
productivity, disturbed sleep and reduced concentration, increasing the risk of accidents 
(Mavrogianni et al., 2015; NHBC, 2012). 
 
The built environment can exacerbate the risks from overheating or help to mitigate the 
adverse effects. In the UK, it is estimated that people can spend over 90% of their time indoors 
(Schweizer & al., 2007) thus the resilience of the building stock to overheating has a major 
role to play in protecting citizens from excessive heat. While there has been investigation of 
the contribution of building regulations and Passivhaus standards to overheating, particularly 
for new build (Lomas and Porritt, 2017), the focus here is on weather-related overheating in 
existing domestic building stock.  
 
Within the construction literature, the issues around overheating in current stock have 
received growing attention. In a 2007 study of 252 homes across England, Beizaee et al. (2013) 
found overheating across all housing types during the coolest summer since 1993, and a 2009 
study of 268 dwellings in Leicester, a city in central England, measured overheating in almost 
90% of bedrooms (Lomas and Kane, 2013). A small opportunity sample of 89 households in 
the London area also found evidence of overheating, and noted that only 6% of properties 
investigated had overhangs, awnings, shutters or vegetation to provide shade (Mavrogianni 
et al., 2017). The importance of passive mitigation was underlined by Porritt et al. (2011) who 
argued that Victorian terraced dwellings (a common form of UK housing dating from the late 
19th century) could avoid overheating even in medium-high scenarios for 2080 through 
passive measures alone, which included provision of exterior shutters, wall insulation and a 
pale exterior surface. Although Gupta and Gregg (2012) disagreed that overheating in a 2080 
scenario could be fully mitigated through passive measures, they concurred with Porritt and 
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colleagues (2011) on factors that could enhance resilience, with external shading the most 
effective. Evidence suggests that few households have air conditioning - the study of 
Mavrogianni et al. (2017) found air conditioning in only 4% of homes in their sample. 
Increased energy demand caused by greater prevalence of household air-conditioning would 
exacerbate greenhouse gas emissions, emphasising the importance of effective and 
widespread passive approaches to minimising overheating. Thus the literature has shown 
evidence of overheating already occurring across the UK, albeit in small scale studies, with 
evidence for the effectiveness of passive mitigation measures.  
 
Based on such research, a number of industry and government reports have proposed 
modifications to existing homes which can provide effective mitigation of overheating, 
including solar reflective or pale coatings to external façades, wall insulation especially 
external, maintaining exposed thermal mass, external shading such as shutters and awnings, 
effective ventilation and managing the microclimate adjacent to the building through 
provision of green spaces, trees and water features (ARCC CN, 2013; PHE, 2015b).  
 
The UK domestic built environment is characterised by a predominance of old stock and a low 
rate of new build. Boardman (2007) has proposed that 87% of the dwellings that will be in use 
in 2050 are already built. The existing housing stock therefore merits attention as the primary 
target for measures to mitigate overheating. Although a number of studies have examined 
the measures that can be taken, the few studies that have considered occupant behaviour 
have been limited to reactive responses to high temperatures (Baborska-Narożny et al., 2017; 
Coley et al., 2012; Mavrogianni et al., 2017). Such studies overlooked the behavioural aspects 
of commissioning retrofit measures to minimise overheating. The householder is a critical 
gatekeeper who determines whether or not ‘hard’ adaptation will be conducted on an 
existing home. In seeking to understand how the current building stock can be upgraded to 
become more resilient to the warming climate, it is necessary to examine householders’ 
propensity to take action to upgrade the home. In this, the overheating literature is some way 
behind that of flooding, in which the need for both precautionary and reactive behaviours is 
better understood (Bubeck et al., 2013; Grothmann and Reusswig, 2006; Poussin et al., 2014). 
Precautionary behaviour, taken in advance of a flood, can provide potentially significant 
reduction in damage when compared to reactive behaviour taken during a flooding event 
(Grothmann and Reusswig 2006). Precautionary behaviour taken in advances of high 
temperatures has important social benefit, protecting not just the decision-maker but family, 
tenants and visitors. The warning period for heatwaves is very short, and most deaths occur 
within the first two days, so preparedness can save lives (PHE, 2015a). From the perspective 
of construction research, precautionary behaviour is of special importance in that the building 
sector may act as the agent through which a householder achieves greater resilience. 
 
The focus in this paper is on preparation or precautionary action taken in anticipation of a 
possible future event, that is, action triggered by the householder to install mitigating 
measures. To our knowledge, UK householders’ preparedness to take precautionary action 
against overheating has not yet been explored in the literature. Some indication of potential 
influencing factors may be found in studies on flooding.  
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Grothmann and Reusswig (2006) examined the question of why some householders take 
action to protect themselves against the risk of flooding while others do not, testing 
socioeconomic characteristics and previous flood experience alongside psychological 
variables.  While home owners had higher levels of intention than tenants to take adaptive 
action, and previous experience of flooding influenced the level of intention, income and age 
were not related to intention. In contrast, Zaalberg and colleagues (2009) found that previous 
experience was not related to intention to undertake preventative action against flooding. 
Looking at what they termed structural changes to the home to increase protection against 
flooding, Bubeck et al. (2013) found that previous experience and level of income also showed 
a positive relationship with intention. So owners were more likely to intend to complete 
precautionary actions than tenants, age was not a factor and the evidence was inconsistent 
on the influence of income and previous experience. 
 
Research on climate change preparedness has established that precautionary actions are risk-
specific (Grothmann and  Patt, 2005; Porter et al., 2014). The perception of threat from 
overheating is different from the case of flooding in terms of recency of extreme events, 
visibility and vulnerable populations. It is therefore important to investigate householders’ 
preparedness and the influencing factors in their decisions on implementing precautionary 
mitigating actions against overheating.  
 

The current research aimed to answer the following questions:  
 
To what extent are householders in southern England prepared for overheating, in terms 

of 
o perception of threat  
o awareness of mitigating measures  
o actions already implemented?  

What has motivated actions already taken? 
What are the determinants of precautionary actions taken against overheating? 
 

METHOD  
 
Selecting the south and midlands of England as more threatened by increasing temperatures, 
an online survey was conducted in September 2016, using an established market research 
organisation. A total of 1007 completed questionnaires were collected. Rather than 
retrospectively assessing response rate, representativeness was achieved through 
completion of quotas mirroring national ratios for key criteria: gender, age, home owner 
versus tenant, and house type. 
 
Sociodemographics included age, personal income and level of education. Property/occupant 
characteristics included age of property, house type (see Table 1) and ownership/tenancy. 
Respondents were asked whether they had experienced overheating [overheating 
experience] in their current home (scale of 1 to 6, labelled as Never, Once, On a few occasions, 
Quite often, Frequently, Constantly). Overheating was defined with respect to householder 
subjective experience: “By ‘overheating’, we mean that the temperature inside the home is 
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high enough to make it difficult to sleep at night or uncomfortable to do what you want to do 
during the day, on at least one occasion.” 
 
Perception of threat was measured with an established measure termed threat appraisal, 
based on Poussin et al. (2014) with two items measuring threat risk and two items measuring 
threat severity. Cronbach alpha was .89, indicating a reliable scale.  
Based on national guidelines for reducing overheating in homes (DECC, 2015; NHBC, 2012), 
nine actions were selected and awareness of the recommended actions to mitigate 
overheating was measured on a scale of 0 to 12 (nine recommended actions and three 
exacerbating items). For each of the nine actions, participants were asked if they had already 
implemented the action, and the reasons why they had done so: five options were offered 
(“It makes my home more comfortable”, “Some of my friends or neighbours have this”, “It 
makes my home look nicer”, “It helps to reduce overheating”, “It adds to the financial value 
of my home”), each rated on scales of 1 to 6 anchored at Strongly disagree (1) to Strongly 
agree (6). The mitigating actions were grouped into five categories for further analysis: 
insulation (walls, roof), ventilation (including night ventilation), shutters/awnings or 
overhangs to glazing, pale exterior façade, and planting (trees, grass, water features near the 
external walls). 
 

FINDINGS  
 
Table 1 summarises participant and property characteristics (n = 1007). 
 
Table 1 Sociodemographic and property-related variable: descriptive statistics 

Variable Category  

Gender Female  
Male 

50.8% 
49.2% 

Participant age Mean  
Range  

50.58 
18 - 85 

Income (personal monthly net) Less than £1,000 
£1,001 - £2,000 
£2,001 - £3,000 
£3,001 - £4,000 
Over £4,001 
Not given 

23.2% 
35.2% 
17.4% 
8.0% 
6.2% 
10.0% 

Home ownership Owner  
Tenant 
Other  

66.0% 
31.8% 
2.2% 

Property type Flat 
Mid-terrace 
Semi-detached 
Detached 
Other 

24.9% 
26.8% 
27.9% 
18.9% 
1.5% 
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Experience of Overheating 
 
Two thirds of the sample had experienced overheating on at least a few occasions (see Fig. 
1). A chronic problem in a proportion of flats was apparent with 11.6% of these respondents 
experiencing ‘frequent’ or ‘constant’ overheating. For other housing types, frequent or 
constant overheating was reported in an average of 4.8% of homes. The proportion of homes 
with occasional overheating is similar across the categories, ranging from 42.8% of flats to 
50.0% of detached homes. 

  
Fig. 1 Experience of Overheating 

 
 
Threat Appraisal 
 
Threat appraisal (perception of threat from overheating) was moderate to low (range 1 - 6, 
mean 2.71, std. dev. 1.21) with perception of the severity of impact of overheating lower than 
perception of the likelihood of occurrence (threat severity 2.6, std. dev. 1.19; threat risk mean 
2.83, std. dev. 1.49). Flat dwellers’ perception of threat was greater than that of house-
dwellers at a statistically significant level (flat dwellers mean threat appraisal 2.95, house-
dwellers mean 2.63, t = 3.45, df = 391, p < .01). Examining differences in perception of threat 
between owners and tenants, no significant difference was found either for overall threat 
appraisal or for the perception of risk but tenants perceived the potential severity of 
overheating to be greater (owners mean 2.53, tenants 2.74, t = 2.56, df = 650, p < .05).  
 
Regression analysis was conducted to examine factors associated with the perception of 
threat. Influencing factors included age (β = -.22, p < .001) and overheating experience (β = 
.54, p < .001; F(9,981) = 88.6, p < .001, Adj. R2 = .45). Income and level of education were not 
significant. That is, older people had lower perception of threat, while those who had more 
frequent experience of overheating had higher levels of threat appraisal.    
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Awareness of Mitigating Actions 
  
Awareness of mitigating actions was moderately low across the full sample (range 0 - 12, 
mean 4.92, std. dev. 2.92). ANOVA by property type showed significant difference in 
awareness (F(3, 987) = 10.98, p < .001) and post-hoc Bonferroni analysis found that the level 
of awareness of householders in detached properties to be significantly higher than that of 
those living in semi-detached and terraced houses and flats (all p < .01). We speculated that 
there may be a relationship between householders’ freedom to undertake particular types of 
actions and their level of awareness so we additionally examined levels of awareness of 
owners versus tenants. A significant difference was found in the expected direction (tenants 
mean 4.22, owners 5.26, t = 5.51, df = 688, p < .001). Thus there may be an interaction 
between awareness of what mitigating actions can be taken and the householder’s 
perception of what actions are feasible in their physical context.  
 
Regression analysis was conducted on awareness of mitigating actions. Sociodemographic 
variables of age (β = .29, p < .001), level of education (β = .16, p < .001 and Income were 
significant (β = -.06, p < .05). Property/occupant characteristics also contributed: age of 
property (β = .1, p < .01) and house type (β = .14, p < .001). Finally, experience of overheating 
was also significant (β = .12, p < .001; F(9.981) = 19.51, Adj. R2 = .15, p < .001). That is, older 
people and those with a higher level of education were likely to be more aware of the 
mitigating actions that could be taken. Lower income participants were also more likely to 
have greater awareness although this was only marginally significant. Occupants of older 
properties and people with more experience of overheating had greater awareness of 
mitigating actions. Residents of detached and semi-detached homes showed higher levels of 
awareness than those of terraced houses and flats.  

 
Actions Implemented 
 

Fig. 2 Mitigating Actions Taken, by Property Type  

 
Note: 43% flat dwellers marked an insulated loft as not applicable.  
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In terms of actions taken which can help to mitigate overheating, the proportion of flats in 
which mitigating action had been carried out was lower than that of terraced, semi-detached 
and detached houses on all measures except shutters and awnings. While the proportion of 
homes with shutters or awnings was very low (9.4% of the sample overall), 16.1% of flats had 
installed these measures compared to 9.7% of houses.  Figure 2 demonstrates a low rate of 
implementation of mitigating actions for those actions to the right-hand side of the chart 
which could be expected to be more convenient and cheaper to install.  

 
Motivations for Actions Taken  
Fig. 3 compares motivations for mitigating actions by action type (means and standard 
deviations are presented in the Appendix). For each measure, all motivations are different 
from motivation to mitigate overheating at a statistically significant level with the exception 
of comfort and aesthetics for a pale exterior.  

 
 
Fig. 3 Motivations for Mitigating Actions 

 
 

The strongest motivation for implementing insulation and ventilation measures was comfort, 
although alleviating overheating was also important for ventilation. Overheating was the 
strongest motivator for installing shutters and awnings, with comfort and adding financial 
value to the home also highly ranked. The strongest motivation for a pale external façade was 
aesthetic value with comfort and overheating also important, and aesthetics was the primary 
motivator for planting close to the property.  
 
Logistic regression was conducted to examine factors related to actions undertaken (see 
Table 2).  
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Table 2 Logistic regression of Mitigating Actions Taken 

 Insulation 
       B 

Ventilation 
        B 

Shutters/ 
awnings 
           B 

Planting 
      B 

Pale 
      B 

Occupant age .04*** .07*** -.02** .01* .02** 
Income - - .27*** .1* .15** 
House type .52*** .34** - .18** - 
Awareness of mitigating 
actions 

.1** .18*** - .22*** .17*** 

Overheating experience - .18* - - - 
      
Cox & Snell R2 .15 .19 .04 .12 .07 
Nagelkerke R2 .22 .32 .09 .16 .11 

Notes: n = 991. B = unstandardised coefficient. Only significant coefficients presented. - non-
significant; *** p<.001; ** p <.01; * p<.05.. Larger values of Cox and Snell R2, Nagelkerke R2 

indicate higher levels of variance explained by the model.  

Older occupants were slightly more likely to have completed wall and/or loft insulation, 
ventilation, planting and a pale exterior and marginally less likely to have installed shutters or 
awnings. More affluent householders were more likely to have installed shutters or awnings, 
painted the exterior a pale colour and have planting near the building. Surprisingly, these are 
actions that could be expected to be cheaper than installing insulation and improving 
ventilation. Insulation, ventilation and planting were more likely to have been done on 
detached and semi-detached properties than terraced and flats, and this could be a result of 
greater freedom of action in these properties. Awareness of mitigating actions was 
significantly related to all forms of action with the exception of installation of shutters and 
awnings. Frequency of experience of overheating was related to actions on ventilation only.  

 

DISCUSSION 
 
While earlier studies on overheating demonstrated problems across a range of property 
types, they have tended to be small in scale. The current large-scale study provides evidence 
that, in the opinion of householders in the south of England, weather-related overheating is 
already being experienced. Two thirds of respondents had experienced overheating on at 
least a few occasions, across all property types. This stands as an important reminder that, 
although flats are more vulnerable to overheating than other types of home, the issue of 
overheating is not limited to denser housing forms and that the frequency of overheating in 
all types of homes is likely to increase in line with global warming.  
 
The relatively low levels of threat appraisal demonstrate that there is much to be done in 
informing citizens of both the increasing threat of heatwaves and the potential severity of 
their impact. Flat dwellers showed a higher level of threat appraisal than house-dwellers, and 
this is important given the increased vulnerability of many flats to overheating problems. 
Worryingly, there was a negative relationship between threat appraisal and age, indicating a 
particular need to ensure that older people, amongst the more vulnerable groups, are 
educated on the threat.  
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Householders’ awareness of the actions that they could take to mitigate the effects of 
overheating was low and differed by housing type, with occupants of detached homes more 
aware than occupants of flats, terraced and semi-detached homes. We also found that 
homeowners had a higher level of awareness than tenants. It is possible that freedom to carry 
out changes to a property may interact with awareness: occupants of detached homes may 
have more space in which to plant trees for shade or soft landscaping, and may be subject to 
less stringent planning constraints with respect to fenestration for ventilation and pale, 
reflective external walls. Similarly, tenants may believe they have little power to make 
changes and so take no interest in changes which could minimise overheating in their home. 
Future qualitative research could investigate this proposition. Older and more educated 
participants had higher levels of awareness of mitigating actions, suggesting a need to target 
younger householders particularly in areas with low educational achievement.  
 
Although the majority of respondents reported having installed measures of insulation and 
ventilation, a low level of completion of additional mitigating actions was evident. Of 
particular concern, fewer actions had been taken by flat versus house dwellers, across all 
action categories. In contrast to expectation, actions that appear likely to be less costly and 
more convenient to complete (i.e. shutters or awnings, pale exterior, trees and planting) were 
less in evidence. A noticeable gap in actions undertaken is that of shutters or awnings, with 
only 9.4% of the sample having installed these measures. Building science research has argued 
that external shading is amongst the most effective passive building alterations to minimise 
overheating (Gupta and Gregg, 2012; Porritt et al., 2011): our findings show a significant gap 
between measures householders have implemented and research-based recommendations. 
The number of householders who had installed shutters, awnings or overhangs was relatively 
small (n= 95) but the findings indicate that, whereas awareness of mitigating actions was not 
related with this action, income was. We suggested that the relationship between income 
and implementation of shutters or awnings, planting near the property and a pale reflective 
external surface could reflect fashions or norms in more affluent areas. Future research 
should investigate these relationships further.  
 
The findings show that householders have a range of motivations for implementing changes 
to their properties. For alterations that may help to mitigate overheating, alternative 
motivations such as comfort and aesthetics can influence decisions. Although adding to the 
perceived financial value of their properties may be a motivator, for actions recommended to 
mitigate the effects of overheating, this was relevant only for provision of awnings and 
shutters.  

 

CONCLUSION 
 
Conducted in September 2016, the globally hottest year on record, the study aimed to 
address the research gap on householders’ awareness and preparedness to cope with 
weather-related overheating. A sample of 1,0007 householders in southern England 
completed an online survey on their experience of overheating, perception of threat, 
awareness of mitigating measures and extent of action on these measures. Two thirds of the 
sample had experienced overheating on at least a few occasions, across all housing types. 
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Perception of the threat of overheating, in particular the perception of the severity of the 
effects of overheating, was moderate to low. Awareness of actions to mitigate overheating 
was also low. While most homes had had work completed on insulation and ventilation, 
ancillary actions including planting and shade near, and a reflective pale finish on, the external 
walls had been implemented in less than one third of properties. The motivations for taking 
these measures varied by action type and included comfort and aesthetics. Householders in 
southern England are ill-prepared and poorly informed on the growing threat of overheating.  
 
The findings have implications for research and policy. Overheating is already being 
experienced in all types of housing: research on buildings and their occupants should ensure 
that terraced, semi-detached and detached homes are included alongside flats.  Older 
occupants merit a particular focus, to educate on the threat of overheating and its potential 
severity. Information campaigns are needed to inform householders of recommended actions 
they can take to make their home more resilient against overheating. Targeting flat dwellers 
and tenants is especially necessary. Given the gap between research evidence supporting 
shutters and awnings as an effective mitigation measure and lack of action by householders, 
building awareness on this action may be most effective. In seeking to educate and inform, a 
narrow focus on overheating will miss other means to encourage householders to make their 
homes more resilient to future heatwaves. Communications and campaigns which emphasise 
comfort and aesthetics can tap additional motivations. In particular, campaigns targeting 
energy efficiency through increased comfort may also improve resilience to overheating. 
Increasing the financial value of their properties is not the most important factor for 
householders deciding on home improvements and so policies which focus only on increasing 
financial value or on providing financial incentives will address only a minor aspect of 
householder motivations. To make homes in England more resilient to current and future 
overheating, initiatives designed to educate and inform, targeted strategically for older 
people, flat dwellers and tenants, are necessary and should draw on evidence for 
householder’s multiple motivations for undertaking home improvements.  
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APPENDIX  
 

Table A-1 Means and standard deviations of motivations for implementing or intending to implement 
actions which mitigate overheating 

 Comfort Neighbours Aesthetics Overheating Financial 
value 

Insulation 4.4 
[1.49] 
 

3.14 
[1.77] 

2.56 
[1.59] 

3.58 
[1.62] 

3.82 
[1.52] 

Ventilation 4.32 
[1.47] 
 

2.23 
[1.63] 

2.74 
[1.57] 

4.18 
[1.48] 

3.25 
[1.57] 

Shutters/awnings 4.12 
[1.43] 
 

3.6 
[1.64] 

4.07 
[1.42] 

4.27 
[1.34] 

4.12 
[1.42] 

Pale exterior 4.11 
[1.53] 
 

3.44 
[1.74] 

4. 22 
[1.5] 

4.15 
[1.47] 

3.63 
[1.6] 

Planting 3.74 
[1.56] 

3.15 
[1.66] 

4.27 
[1.49] 

3.65 
[1.57] 

3.4 
[1.59] 

Note: Mean and [std. dev]. Range 1 to 6 for all variables.  
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Abstract 

This paper examines the post occupancy performance of a building designed for 

health and wellbeing of occupants when set against internationally recognised indoor 

environment quality benchmarks. The Rose Bowl is Leeds Beckett University’s iconic 

building created to provide the best work and study environment. Indoor environment 

quality (IEQ) has been assessed within the building using a methodology based on 

thermal comfort, indoor air quality, noise, lighting and occupant satisfaction, as set 

out in the long established National Australian Built Environment Rating Scheme 

(NABERS) for Indoor Environments. This inaugural wellbeing rating scheme was 

launched in 2008 by the Australian Federal and State Governments and used widely 

by public, private and other country facilities. The Rose Bowl building has been 

evaluated against this mature scheme to determine how well it performs for staff and 

students. In addition to monitoring specific environmental parameters occupants of 

the building have been surveyed to examine their satisfaction with the indoor 

environment in use. Environmental assessments have been performed in offices, 

classrooms and the main lecture theatre. Results of the IEQ assessments are discussed 

in this paper. In addition, a summary of the feedback from staff and students working 

in the building is provided. The discussion looks at the IEQ results in conjunction with 

the occupant survey. Initial remedial actions taken by the Estates Services team are 

briefly presented. 

Indoor Environment Quality 

A lot of focus is placed on sustainability within buildings as can be seen in rating tools such as 

BREEAM and LEED, but these pay only small attention to the health and wellbeing of people 

that work in them. Indoor Environment Quality (IEQ) measurements provide a way to 

measure how satisfactory a building is against wellbeing benchmarks and from the viewpoint 

of occupants. 

The Rose Bowl building in Leeds is an iconic working and teaching centre which has been 

designed as a building that is concerned with sustainability and the wellbeing of people. This 

is the first study allowing the design aims to be tested against an established independent 

health and wellbeing rating assessment.  

There are a number of rating systems that examine IEQ for buildings. Commonly these have 

looked at wider issues concerned with sustainability and therefore have provided relatively 
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small weighting towards the health and wellbeing of occupants. Examples of rating tools that 

have included a small element of IEQ include BREEAM and LEED. The total weighting of IEQ 

within each of these is less than 15%.  

Rating schemes that take a harder independent look at IEQ include the NABERS and more 

recently, the USA based Delos-WELL scheme. The Delos-WELL scheme considers wellbeing 

more from a broad occupant level and as a relatively new product has not yet seen many 

ratings delivered around the world, with only one in the UK. However, there is increasing 

awareness and interest in this rating scheme.  

The National Australian Built Environment Rating Scheme (NABERS) was launched in 1998 

with an energy rating scheme and has developed over the last two decades to now include 

four core tools namely NABERS Energy, Water, Waste & Indoor Environment (IE).  

NABERS IE for offices has been used for approximately 10 years and is an established 

assessment process for measuring how office buildings in use are delivering satisfactory 

indoor environment quality for people in buildings and the concurrent satisfaction of its 

occupants. It has been used in many buildings in Australia and is increasingly being applied in 

other parts of the world given that internationally recognised benchmarks underpin the 

assessment procedure. A NABERS IE protocol, adapted for teaching and office spaces has 

been selected by Leeds Beckett University to evaluate the performance of one of its iconic 

buildings, the Rose Bowl. This building is based in the heart of the City and is located adjacent 

to a Grade II listed Civic Hall. Sustainability was an important part of the design concept for 

the 12,000m2 space and the project has gained a BREEAM Excellent score. An element of 

health and wellbeing is examined within BREEAM, however this is a relatively small 

consideration within the overall scheme and not based on actual IE performance. NABERS IE 

offered a comprehensive performance based assessment to measure how well the building 

performs for the people that work within the building. 

NABERS IE Research Methodology for The Rose Bowl 

There are five specific categories that are assessed for IEQ under the NABERS IE approach; 

indoor air quality (IAQ), thermal comfort, acoustic comfort, lighting comfort and occupant 

satisfaction through surveys. There are three levels of assessment available, namely: 

Base Building - designed for building owners and managers, who generally control and 
maintain the thermal services provided, air systems and building cleaning and the ability for 
the building to minimise external noise. 
 
Tenancy - designed to measure the indoor environment parameters directly controlled by 
the tenants such as the materials used in an office fit-out, lighting and internal noise. 
Whole Building - intended for organisations that both manage and occupy their office space. 
This rating type assesses the indoor environment parameters associated with both the 
tenancy and base building. 
Within each category there are specific parameters that are examined with internationally 

recognised guidelines underlining good performance for a building. As the Rose Bowl building 



706 
 
 

is both owned and managed by Leeds Beckett University the ‘whole building’ rating level was 

used and applied to both teaching and office environments.  

Only in the case of the ‘whole building’ rating do all parameters covered by NABERS IE need 

to be measured and this has been the approach in examining the Rose Bowl building. Table 1 

identifies all relevant parameters that have been used to review IEQ for staff and students 

that use the building. The testing regimes for each parameter are set out in brief in Table 2. 

The IEQ assessment of the Rose Bowl was performed on 17th February 2017. 

To evaluate air quality, acoustic and lighting comfort across the Rose Bowl building a NABERS 

prescribed minimum number of samples and ISO 17025 accredited measurement 

methodology was required (NABERS IE for offices). Measurements were made in all of the 

major types of spaces that were present. As such, measurements were performed in 

classrooms, lecture halls and offices. Rooms were selected that represented the whole 

building in terms of its overall use.  

The Rose Bowl has 5 floors and two measurements were undertaken on each floor. Ambient 

conditions on the day were recorded as a roof top measurement. Table 3 identifies the 

locations where samples were taken and the IEQ parameters measured at each.  

Following the IEQ assessment at the Rose Bowl, a staff and student online occupant survey 

was prepared and carried out. The survey was designed and delivered independently by the 

Centre for the Built Environment at Berkeley, USA, based upon established guidelines. The 

survey took place between 22nd March and 21st April. The report of the detailed findings was 

still being prepared by the time this paper was submitted, however preliminary results have 

been obtained. The overall response rate was approximately 40% of the building population. 

A final NABERS IE rating will be obtained by evaluating how well the Rose Bowl building 

performs in all areas compared to other buildings that have undergone the same process. The 

overall relative performance of the building will be the basis upon assigning a 1 star (poor 

indoor environment) to a 6 star (market leading indoor environment) rating. This evaluation 

was still ongoing at the time of submitting this paper. 

Results of IEQ Measurements 

Table 4 summarises the findings from the IEQ assessment across different rooms in the Rose 

Bowl building. The approach taken provides a simple overview of whether each tested 

parameter met the criteria for what passes for a satisfactory environment, Table 1.  

There were no IAQ problems in relation to air speed, %RH, CO, O3, PM10, and TVOCs. 

The shaded areas in Table 4 quickly reveal the IEQ parameters where issues have been 

discovered. These include elevated temperatures, concentrations of CO2, concentration of 

the fine particulates (PM2.5), concentration of Formaldehyde, noise levels and non-ideal light 

uniformity.  

Figures 1 - 6 show the extent to which threshold limits were breached for each of the 6 

parameters where measurements highlighted that there was an issue.  



707 
 
 

Discussion and Recommendations 

Elevated temperature measurements: 

Temperature was found to be elevated in 2 out of 5 classrooms (40%), 1 out of 3 offices (33%) 

and the canteen area (Table 4). In total this represents 40% of the internal rooms that were 

sampled on the day. Figure 1 shows that ambient temperature measured on the day at roof 

level was under 14oC. It is possible that heat gains to the building is not being adequately dealt 

with by the HVAC system.  The HVAC system should be designed to ensure comfortable 

temperature conditions of between 21-24oC.  

The impact of higher than desirable temperature may create unsatisfactory conditions for 

staff and students using the Rose Bowl building. There is evidence that this is the case from 

preliminary results of the occupant satisfaction survey, Figures 7-10.  

Figure 7 shows that of all occupants that responded to the question concerning how satisfied 

they were with the temperature of their work place a total of 40 individuals (approx. 33%) 

were either somewhat satisfied-satisfied-very satisfied. This compares to 64 individuals 

(approx. 52%) who were either somewhat dissatisfied-dissatisfied-very dissatisfied. 

Furthermore, Figure 8 reveals that 72 respondents (approx. 58%) felt that unsatisfactory 

temperatures in the work place interfered to varying extents with their ability to do their job.  

Figures 9 & 10 suggest that those individuals that found temperature conditions 

unsatisfactory broadly felt the places that they worked/studied were too hot during the 

summer and too cold in the winter, respectively. 

Reduced ventilation performance: 

Concentration of CO2 in a room is a good proxy for the performance of the ventilation system. 

The comfort guidelines stipulate that adequate ventilation performance is generally reached 

if CO2 concentrations remain below 1000ppm (Table 1). Concentration of CO2 was found to 

exceed this threshold in only 1 of the 5 classrooms (20%) and nowhere else. Fresh air supply 

to classroom 525 (on the 5th level) should be increased to reduce emissions from the high of 

1094ppm to below 1000ppm.  

When ventilation rates are not sufficient conditions in a room may become uncomfortable as 

air quality deteriorates from an occupant satisfaction point of view. Preliminary results from 

the occupant satisfaction survey indicates that there is some concern about air quality within 

the building, Figures 11-13. 

Figure 11 shows that of all occupants that responded to the question concerning how satisfied 

they were with air quality of their work place a total of 50 individuals (approx. 42%) were 

either somewhat satisfied-satisfied-very satisfied. This compares to 45 individuals (approx. 

38%) who were either somewhat dissatisfied-dissatisfied-very dissatisfied. Nearly 20% of all 

occupants that responded to the survey were neither satisfied or dissatisfied with air quality 

of their work place. The majority of occupants were to varying extents unperturbed by the air 

quality of their work place.  
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Figure 12 indicates that only 24 people (20%) felt that air quality at the work place could 

enhance to varying degrees, their ability to do their job. However, 46 people (approx.38%) 

felt that air quality at the work place could interfere to varying degrees, with their ability to 

do their job.  The extent to which air quality is deemed a problem by the dissatisfied group is 

shown in Figure 13. 

Elevated particulate measurements: 

Concentration of the fine particulates (PM2.5) was high within the Rose Bowl building only in 

the canteen area (Table 4). The canteen is located on the ground floor in an area that is near 

busy roads and may also contain cooking aerosols.  A main entrance to the building is in close 

proximity to the open planned canteen.  

Staff and students using the canteen will only do so for relatively short periods in a day so 

overall exposure will be limited. Even so filtration used in fresh air supply to the area should 

be examined.   

Elevated formaldehyde measurements: 

Concentrations of formaldehyde were above the health guideline value of 100 ug/m3 in 50% 

of the locations where it was measured. Table 4 indicates that this was the case in 1 of 2 

offices and in the only lecture room were a measurement was taken.  

Figure 4 shows that the exceedance in relation to the health guideline threshold is significant 

(258ug/m3 was measured in Lecture room 241 and 137ug/m3 measured in office 148). Given 

the nature of this pollutant and its potential impact on health, steps have been taken to 

reduce it. Ventilation in Lecture 241 has been enhanced by increasing the variable speed 

drives operating fans serving the room by 10%. The ventilation performance of office 148 has 

been re-checked to ensure that it is operating as intended.  

A re-visit to the Rose Bowl has taken place to measure formaldehyde. Samples are currently 

being analysed and results were not available before this paper was submitted. The high 

formaldehyde concentration measured in the one lecture hall has been discussed to review 

whether this was as a result of specific materials used for the type of zone in question. 

Consequently, during the revisit to examine formaldehyde concentrations in the Rose Bowl 

building two additional lecture rooms were monitored. The results of this investigation will 

not be known before this paper is submitted, but will be presented.  

Elevated noise measurements: 

Noise level, understandably for an educational purpose, was found to be outside the 

comfortable office range of 35 – 45dB in 1 of 5 classrooms (20%), the Lecture room and 

canteen (Table 4). In all, noise levels were higher than the office comfort criteria in 30% of the 

spaces where it was measured.  

Figure 5 shows the extent to which noise measurements exceeded the office comfort range 

in each of the 3 locations. Highest noise loads were measured in the canteen area. This is an 
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area within the Rose Bowl that people are least likely to be concerned about noise levels. 

Lecture and seminar areas are expected to have adequate and intelligible speech levels. 

Inappropriate, unintelligible or elevated noise levels in the lecture theatre during lectures 

may be uncomfortable for staff and students. Similarly experiencing noise levels in classrooms 

where this is not part of the intended study experience, has the potential to be a nuisance to 

staff and students. 

Figures 14 and 15 provide some evidence that noise levels are having an impact on staff and 

students.  

Figure 14 shows that of all occupants that responded to the question concerning how satisfied 

they were with the acoustic quality of their work place a total of 54 individuals (approx. 46%) 

were either somewhat satisfied-satisfied-very satisfied. This compares to 34 individuals 

(approx. 37%) who were either somewhat dissatisfied-dissatisfied-very dissatisfied. Nearly 

17% of all occupants that responded to the survey were neither satisfied or dissatisfied with 

acoustic quality of their work place. The majority of occupants were to varying extents 

unperturbed by the acoustic quality of their work place. 

Figure 15 indicates that only 19 people (17%) felt that acoustic quality at the work place could 

enhance to varying degrees, their ability to do their job. However, 59 people (approx.51%) 

felt that acoustic quality at the work place could interfere to varying degrees, with their ability 

to do their job. Noise levels and intelligibility should be examined further to clarify 

dissatisfaction responses. 

Unbalanced light uniformity measurements: 

Lighting comfort in a room is best if the relative amount of light that falls on the horizontal 

plane (tables etc.) is not more than 3 times higher than the amount of light that falls on the 

vertical plane (computer screens etc.), Table 1. This is the measure of light uniformity. If the 

value exceeds 3 then eye strain can result as individuals switch between looking up from their 

desks to directly what is in front of them. This is particularly important in areas without 

external views through windows. 

Light uniformity ratios exceeded the threshold limit in 3 out of 5 classrooms (60%) though 

nowhere else where measurements were taken (Table 4). The extent to which this was the 

case is shown in Figure 6.  

It is important to note that in some classrooms blinds were partially deployed and VDU 

screens were in use at the front of lessons. These will have had an impact on light distribution 

which may have been intended.  

Overall satisfaction and staff productivity 

Occupants of the Rose Bowl were asked about their overall attitude to their building and what 

if any impact it might have on their own productivity, Figures 16 and 17. 
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Figure 16 shows that of all occupants that responded to the question concerning how satisfied 

they were with their building overall a total of 58 individuals (approx. 51%) were either 

somewhat satisfied-satisfied-very satisfied. This compares to 44 individuals (approx. 39%) 

who were either somewhat dissatisfied-dissatisfied-very dissatisfied. A remaining 12 

individuals (approx. 10%) were neither satisfied or dissatisfied.  

Figure 17 shows that of all occupants that responded to the question concerning to what 

extent their productivity might be increased as a result of environmental conditions in their 

building, 23 individuals (approx. 20%) believed that their productivity could be improved by 

between 5-20%. This compares to 47 individuals (approx. 42%) who believed their 

productivity could be decreased by between 5-20%, if environmental conditions were not as 

they could be. Some 48 individuals (approx. 38%) felt that their productivity would be neither 

increased or decreased by environmental conditions within the Rose Bowl. 

When reviewed together Figures 16 and 17 reveal that a majority of individuals that took part 

in the occupant survey were at least somewhat satisfied with the Rose Bowl building where 

they work. However, there is also a large minority of individuals who are at least somewhat 

dissatisfied with their building. Whilst only 20% of individuals that took part and responded 

to the survey felt that by improving environmental conditions in the building their 

productivity could be increased, more than 40% felt that poor environmental building 

conditions would decrease their productivity. In short, this implies that by not creating an 

ideal working environment occupant productivity can be disproportionately reduced. The 

importance of this finding is that the office or academic performance is being adversely 

affected by the indoor environment. It is well established that the value of occupant output 

greatly exceeds the value of energy and maintenance costs combined (WGBC). 

Conclusions  

This paper reveals that through the NABERS IE rating process for the Rose Bowl building, 

important indoor environment quality issues can be highlighted that can be shown to 

influence people’s workplace attitude and their performance.  

Although the building project scored BREEAM Excellent indicating that it addressed pre-

occupancy sustainability issues well, a post occupancy detailed assessment of the internal 

environment from the point of view of health and comfort of its occupants, has revealed 

problems that need to be addressed. Chief amongst them is the issue of temperature related 

comfort in teaching spaces which is contributing significantly to the dissatisfaction scores 

attributed to the building. A significant health concern was the elevated formaldehyde levels, 

which is being further investigated. 

The early conclusions reached are being addressed by the University Estates Services team. 

Ventilation has been boosted in rooms to deal with specific potential health issues as well as 

to deal with thermal comfort. Further work is being undertaken to understand and correct 

other IEQ concerns. The main aspiration is to ensure that the Rose Bowl building is returned 

to being amongst the best places to work and study internationally. 
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List of tables 

Table 1: IEQ parameters and internationally recognised thresholds 

IAQ Parameter Cited Threshold Reference  

Air speed < 0.2 m/s NABERS 

Temperature 21-24°C ASHRAE 55 

Relative humidity 30-70% ASHRAE 55 

Carbon dioxide (CO2) 1000ppm ASHRAE 62 

Carbon monoxide (CO) 9ppm  WHO / LEED V4 / WELL / NABERS  

Ozone (O3) 0.08ppm LEED V4 / NEPM 

Particulates - PM10  0.05mg/m3  LEED V4 / WELL / NABERS  

fine particulates - PM2.5 0.015mg/m3  LEED V4 / WELL  

Total Volatile Organic Compounds 

(TVOC) 

500µg/m3 

250µg/m3 for 1 compound 

LEED V4 / WELL / NABERS 

NABERS / NHMRC 

Formaldehyde 40µg/m3 (27ppb) 

100µg/m3 (80ppb) 

LEED V4 / WELL 

WHO / NABERS 

Acoustic Comfort 35-45db NABERS 

Lighting 320 lux horizontal, h (min) 

160 lux vertical, v (min) 

Uniformity ratio, h/v <3 

AS1680 
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Table 2:  summary of testing methodology behind each IEQ parameter 

IAQ Parameter Instrumentation / 
Method  

Duration Laboratory 
Method  

Air speed, Temp., 

RH, CO2, CO, O3 

GrayWolf Advanced 

Sense Pro 

5 minute data log -  measurements taken 

AM and PM during typical office hours 
Field 

PM10 and PM2.5 GrayWolf Particulate 

Monitor 3016 

5 minute sample -  measurements taken 

AM and PM during typical office hours 

Field 

TVOC# Active (pumped) 

sampling onto 

activated carbon tube  

Approx. 2 hours @ 0.3L/min  EPA 

Compendium 

Method TO17 

Formaldehyde# Active (pumped) 

sampling onto DNPH 

Treated Silica 

Approx. 2 hours @ 0.2-0.5L/min  Compendium 

Method 

TO11A 

Acoustic comfort Cirrus Class 1 Optimus 

Integrating Sound 

Level Meter 

5 minutes, roaming Field 

Lighting Testo 545 1 minute Field 

Notes 

#Sample tubes were sent to an independent laboratory for analysis of total VOC and Formaldehyde 

Table 3:  sampling locations within the Rose Bowl 

Location Floor IEQ parameters measured at each location 

 
 Air 

speed 
temp RH CO2 CO O3 PM2.5 PM10 TVOC Form. dB lux 

Ambient - Roof 6 y y y y y y y y n# n# n# n# 

Classroom 513 5 Y Y Y Y Y Y Y Y Y Y Y Y 

Classroom 525 5 Y Y Y Y Y Y Y Y n# n# Y Y 

Office 404 4 Y Y Y Y Y Y Y Y Y Y Y Y 

Office 421 4 Y Y Y Y Y Y Y Y n# n# Y Y 

Classroom 320 3 Y Y Y Y Y Y Y Y n# n# Y Y 

Classroom 307 3 Y Y Y Y Y Y Y Y n# n# Y Y 

Lecture 241 2 Y Y Y Y Y Y n@ n@ Y Y Y n@ 

Classroom 208 2 Y Y Y Y Y Y Y Y n# n# n@ n@ 

Office 148 1 Y Y Y Y Y Y Y Y Y Y Y Y 

Canteen area 1 y y y y y y Y Y n# n# Y n# 

Notes 

# not required    @loss of power 
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Table 4:  summary of pass/fail results of IEQ assessments across the Rose Bowl 

Location Pass () / Fail (x) – in relation to threshold values in table 1 

 
Air 

speed 
temp RH CO2 CO O3 PM2.5 PM10 TVOC Form. dB lux 

Ambient# - Roof 
n/a n/a n/a n/a n/

a 
n/a n/a n/a - - - - 

Classroom 513            x 

Classroom 525    x     - - x x 

Office 404             

Office 421  x       - -   

Classroom 320  x       - -   

Classroom 307  x       - -  x 

Lecture 241       - -  x x - 

Classroom 208  x       - - - - 

Office 148          x   

Canteen area  x     x  - - x - 

Notes 

# The ambient measurements taken on the roof of the building are not are not applicable in relation to assessing the quality of the indoor 

working environment. 
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Figure 7: no. of responses to the question, ‘how 

satisfied are you with the temp of your workplace” 
 

Figure 8: no. of responses to the general question 
does thermal comfort enhance/interfere with ability 

to perform job 

  
Figure 9: no. of responses to the general question 

of how staff feel in warm/hot weather 
Figure 10: no. of responses to the general question 

of how staff feel in cool/cold weather 

 

  
Figure 11: no. of responses to the question, ‘how 

satisfied are you with the air quality of your 
workplace” 

 

Figure 12: no. of responses to the general question 
does air quality enhance/interfere with ability to 

perform job 

 

 

Figure 13: no. of responses from those who were 
dissatisfied with air quality who rated ’stuffy/stale 

atmosphere’ as being a problem 
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Figure 14: no. of responses to the question, ‘how 

satisfied are you with acoustic quality in your 
workplace” 

 

Figure 15: no. of responses to the general question 
does acoustic quality enhance/interfere with ability 

to perform job 

 

  
Figure 16: no. of responses to the question, ‘how 

satisfied are you with the building overall” 
 

Figure 17: no of responses to the general question 
on how individual productivity is affected by 

building environmental conditions  
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ABSTRACT 
 

Overheating in low energy buildings is becoming a growing concern around the world. 
The effects of climate change on global weather patterns are leading to long hot 
summers and warmer winters. The energy used in buildings is widely recognised as a 
major contributor to CO2 emissions that cause global warming. In order to reduce 
these emissions, we must make our buildings more energy efficient. This can lead to 
an increase in levels of insulation and airtightness, which can cause internal 
temperatures to rise. This places the most vulnerable in society at risk of serious health 
impacts. Current estimates suggest that future climate scenarios would make the 2003 
European heat wave a regular occurrence by 2070. Passivhaus is a popular choice 
among designers and developers looking to reduce energy costs and environmental 
impacts. Therefore, designers must look to future climate scenarios or we could be 
faced with a spike in heat related health impacts from buildings being designed now. 
The aim of this paper is to present a proposal to study factors influencing overheating 
in the UK’s first large scale Passivhaus retrofit. 

 

INTRODUCTION 
 

Literature Review 
 
In recent years, the issue of overheating in dwellings has been gaining momentum in Europe 
and beyond. The impacts of global warming and climate change are affecting weather patterns 
around the world leading to long periods of hot weather in the summer and warmer winters 
(IPCC, 2014). In order to reduce global CO2 emissions, we must also improve the energy 
efficiency of our buildings which leads to higher levels of insulation and increased airtightness. 
Furthermore, large glazed windows required for solar gain, also increase overheating risk in 
low energy homes (Passivhaus Trust, 2016). The combination of these factors affects the 
internal environment, causing temperatures to rise and this, together with inadequate 
ventilation leads to discomfort for the occupants and potentially serious health risks for the 
most vulnerable in society (Zero Carbon Hub, 2014). 
 
The 2003 heat wave cost the lives of some 35,000 people across Europe and in London 
temperatures of 27°C were experienced for 12 successive days (Zero Carbon Hub, 2014). 
Therefore, the problem designers’ face is to provide energy efficient dwellings that consider 
future climate scenarios and which provide adequate levels of comfort in summer and winter, 
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without the occupants being too hot or cold. The aim of this paper is to present a proposal to 
study factors influencing overheating in the UK’s first large scale Passivhaus retrofit, using 
quantitative data from temperature, humidity and CO2 sensors installed in seven flats and 
qualitative data from semi-structured interviews. The intention is that the results will 
influence future design of large-scale low energy buildings to mitigate the effects of 
overheating. 
 
The study focuses on a retrofit of 2 duplex maisonette blocks (one block of 12 and one block 
of 20) to the EnerPHit standard from the Passive House Institute (Passive House Institute, 
2015). The client was One Manchester who provides social housing in East and South 
Manchester. The project, simply called ‘Erneley Close, Passivhaus’, is located on the border of 
Gorton and Longsight, Manchester and the city has one of the highest areas of deprivation in 
the country (DCLG, 2010). The primary drivers for the project were reducing energy costs for 
the tenants, improving the thermal efficiency of the buildings as part of the wider Decent 
Homes programme and reducing carbon emissions in the context of the local, national and 
global climate change agenda. 
 
This paper will begin with looking at how we define overheating, moving on to the various 
thermal comfort standards. Evidence of overheating in dwellings will be presented followed 
by an explanation of the health impacts. Next, overheating in low energy buildings and 
Passivhaus will be discussed before looking at occupant behaviour. Finally, the research 
methodology will be presented along with the early results of the data analysis.  
 
Overheating definition 
 
Providing a clear definition of overheating is difficult as the factors which influence it are 
constantly changing, e.g. weather and human behaviour. This makes it difficult to be confident 
that models are reliable, as we make assumptions about human activity and some factors may 
only materialise in certain locations, e.g. urban heat island effect. Furthermore, building 
occupants will each have a different view on what is ‘too hot’. According to the Department 
for Communities and Local Government (DCLG, 2012a), the majority of research projects have 
used outdoor rather than indoor temperature and therefore it has not been possible to say 
with any degree of certainty what temperature actually constitutes as overheating. The 
Chartered Institute of Building Services Engineers (CIBSE) (2006) proposed a definition of 
overheating as ‘one in which the temperature exceeded 28°C for more than 1% of working 
hours’. Additionally, the building regulations provide no guidance on a maximum internal 
temperature, although CIBSE recommends 25°C as ‘warm’, 28°C as ‘hot’ and 35°C as the 
temperature at which there is a serious risk to health (NHBC, 2012). DCLG (2012a), state that 
‘there are around 2,000 heat related deaths in a typical UK year’ and predictions for future 
climate scenarios suggest that this could be as high as 5,000 per year by 2080. In TM52 (CIBSE, 
2013) a CIBSE taskforce recognised that a new approach was necessary. 
 
Thermal comfort standards 
 
Modern indoor comfort standards can be traced back to the 1970s and these were widely 
accepted as the industry standard until the turn of the century. The industry began to realise 
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that the previous standards were not appropriate and proposed a revised approach called BS 
EN 15251, using the ‘adaptive thermal comfort’ model where the building occupants adapt to 
the internal environment by removing clothing and opening windows, etc. (BSI, 2007). 
 
The following table shows the current UK standards and guidance for UK buildings: 
 
Table 1, Overheating Standards 
 

 
 
(Source: Passivhaus Trust, 2016) 
 
Liu and Colley (2015) suggest that the CIBSE method does not account for climate change 
predictions and they proposed a new design standard called ‘Hot Summer Year’ which uses 
data gathered from UK climate projections and Physiological Equivalent temperature (PET). 
This would appear to be a logical approach as the current estimates of heat wave patterns 
would make the 2003 heat wave ‘a one in two-year event by 2050. In 2070 those deadly 
conditions of 2003 will be considered an unusually cool summer.’ (Holdren, 2008 quoted in 
Nicol et al., 2012). 
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Evidence of overheating 
 
As previously stated, the majority of research has concentrated on outdoor temperature and 
as of 2012 there was limited data regarding measured indoor temperatures. Beizaee et al. 
(2013) studied internal summer temperatures in English dwellings. They gathered quantitative 
and qualitative data from 207 homes recording lounge and bedroom temperatures and using 
BS EN 15251, found that night time bedroom temperatures were high enough to cause alarm 
on the basis that standards of insulation are continually improving. 
 
The Good Homes Alliance (GHA) report (Taylor, 2014) identified that 30% of cases of 
overheating was in new build flats and care homes constructed after the year 2000.  
Contributory factors were found to include insufficient ventilation and large glazed areas, 
Senior Policy Advisor James Hulme from the House Builders Association claimed that the high 
levels of airtightness specified by Part L of the Building Regulations was causing new build 
properties to overheat (Pitt and Lane, 2014). Ascione et al., (2015) studied a new build multi 
storey building in Berlin and found that overheating events had been recorded from excess 
solar gain from large windows. Using the Energy Performance of Buildings Directive (EPBD) 
Recast approach and BS EN 15251, they proposed white external curtains as a low intervention 
to mitigate overheating. 
 
In the US, Phillips and Levin (2015) raised concerns about overheating in low energy homes in 
the California area and that ‘the major drivers and research gaps were related to human 
behaviour, pollutant sources and integrated design’. 
 
There is limited data available for new build flats built to the Passivhaus standard in the UK 
and none for multi residential large scale retrofit. However, Sameni et al., (2015) carried out 
an investigation on 25 social housing flats built to the Passive House Standard over 3 cooling 
seasons. The properties were assessed using PH criteria and it was found that two thirds of 
the flats were at risk of overheating. Significantly, they also found that the overheating was a 
result of human behaviour and not the building. They proposed that the adaptive thermal 
comfort model is used as a different method when assessing overheating as it considers the 
vulnerability of occupants and outside air temperature. They concluded that ‘the results have 
implications for the evaluation of overheating risk but also how vulnerable tenants are 
housed’ (Sameni et al., 2015). 
 
Health & Wellbeing 
 
Overheating in dwellings can cause serious health problems for building occupants and 
growing population coupled with urbanisation and loss of green space will require us to 
consider future mitigation strategies (Santamouris and Kolokotsa, 2014). Heat illness places a 
significant drain on NHS resources and research has shown that Doctor and Accident & 
Emergency appointments rose for the most vulnerable in society in one particular UK 
emergency department during the mild heat wave of 2013 (Smith et al., 2016). Overheating 
events are particularly more dangerous for older people who spend most of their time 
indoors. Van Loenhout et al., (2016) found that the link between heat related health problems 
and internal temperature is most prevalent in the living room and bedroom. They concluded 
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by recommending that this should be considered when investigating how to mitigate heat 
illness in older people. 
  
Low Energy Buildings 
 
Low energy buildings will play an important role in reducing energy demand and CO2 

emissions. However, there is an increasing amount of literature that shows low energy homes 
are prone to overheating events, which will become much worse in future climate scenarios 
(Rodrigues et al., 2012). Furthermore, McLeod et al. (2013), carried out an investigation into 
overheating risk in homes built to the Passivhaus standard. Simulation modelling was carried 
out using weather data and the findings suggested that by 2015, internal temperatures could 
go beyond 25°C for 5 to 10% annually. 
 
Building geometry can also increase or decrease cooling demand. Lavafpour and Sharples, 
(2014) suggest that the large, south facing glazed areas often employed in Passivhaus design 
to utilise solar gain can lead to overheating. They propose that ‘inclined south facing façade 
geometries’ could mitigate overheating, although this would be difficult to achieve with 
retrofit. 
 
Morton (2015) proposed modelling the variety of Passivhaus standards with a selection of 
future climate scenarios, explaining that this may enable us to better understand what will 
happen and which measures could mitigate overheating and which are most appropriate. It is 
worth noting that Morton suggests ‘care must be taken with multi residential buildings’ where 
individual results may not be representative of the building as a whole. 
 
Foster et al. (2016) collected temperature, humidity and CO2 data from five Scottish 
Passivhaus dwellings and found problems with overheating. They suggest that further 
research is required regarding the internal environment, occupant health and wellbeing to fill 
a knowledge gap in this area. Material science could also play an important role in mitigating 
overheating. Mavrogianni et al. (2011) suggested that knowledge of how insulation performs 
post retrofit is necessary to distinguish which buildings are at risk of overheating. 
 
Katunski and Lopusniak (2012) proposed that by modelling shading structure solutions 
tailored to particular building characteristics and accounting for local factors, it is possible to 
provide an optimised shading structure which fully utilises solar energy all year round. Taylor 
et al. (2014) argue that most simulation studies use a limited set of weather data or 
concentrate on outdoor temperatures. They suggest that overheating risk analysis must factor 
in regional weather data. 
 
The development of urban and green areas leads to higher temperatures and the heat island 
effect. Cities need to take a strategic approach to counteract future climate scenarios by using 
the latest in materials technology e.g. phase change materials to mitigate the impact of solar 
radiation (Santamouris and Kolokotsa, 2014). 
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Occupant Behaviour 
 
Aside from the variety of factors which can influence overheating, such as building orientation, 
insulation levels (Mavrogianni et al. 2011), inadequate ventilation, weather and climate, little 
research has been carried out regarding the relationship between human behaviour and 
overheating.  In the document ‘Investigation into Overheating in Homes – Analysis of Gaps 
and Recommendations’ DCLG (2012b) state that there are five main gaps and 
recommendations in research as follows: - 
 

1)  A good understanding of the relationship between health and indoor temperatures. 
 
2) A good understanding of the impact of behaviour on this relationship and the 
interaction with building characteristics. This should include a better understanding of 
how much impact behaviour has in its different forms has on overheating and how it 
can be influenced. 
 
3) Validated models for individual dwellings to understand how buildings modify 
external environmental conditions for a range of occupancy patterns and behaviours. 
 
4) Validated dwelling models to understand the variation of internal conditions – 
impact of orientation, location within a building, local factors & regional climatic 
factors. 
 
5) Validated dwelling model to understand the impact of a range of interventions to 
reduce overheating risks – technical & behavioural   
 
(DCLG, 2012b p. 7.) 
 

They go further and suggest that more evidence is needed with regards to human behaviour 
in dwellings and the role of building occupants is pivotal in determining the conditions for 
overheating to exist. Additionally, this has previously been modelled by assuming what 
activities occupants perform rather than what the actual ‘in use’ conditions are in reality. 
 
In the document Next Steps in Defining Overheating, The Zero Carbon Hub (2016) proposed 
to seek the guidance of professionals from throughout the construction sector to provide a 
definition of overheating and consider the future overheating potential of buildings. The aim 
was to provide a platform for policy development on overheating with research being aimed 
at this area (Zero Carbon Hub, 2016). However, it is worth noting that the research will be 
aimed at new rather than existing dwellings, which still account for a large portion of the UK 
housing stock. 
 
Research suggests that occupants of low energy dwellings are no more content or discontent 
with the internal thermal environment than they are with traditional homes, although space 
heat demand in low energy buildings may lead to them being less satisfied (Zalejska-Jonsson, 
2012). Furthermore, building occupants are instrumental in controlling temperatures in low 
energy dwellings (Jones et al., 2016). It is possible to model future room temperature patterns 
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by monitoring the internal environment and analysing the data to warn occupants when there 
is a risk of an overheating event is likely to happen (Oraipoulus et al., 2015). 
 
The heat output of appliances is crucial in low energy buildings and even more so in Passivhaus 
where up to 90% of the heat within the dwelling can be recovered via Mechanical Ventilation 
Heat Recovery (MVHR) units (Zehnder, no date). Ruellan et al., (2016) carried out thermal 
modelling of domestic appliances and concluded that dynamic thermal modelling of 
appliances is required to simulate more precisely the energy produced in low energy buildings. 

 
METHODOLOGY 
 
Research design 
 
The research methodology being used on this project is ‘Grounded Theory’ (Glaser and 
Strauss, 1967). Birks (2010) considers Grounded Theory Method (GTM) ‘one of the most 
popular research designs in the world’. It involves a process of generating theory from 
research as opposed to testing existing theories. The researcher collects data and categorises 
it into groups, before examining it to see if it fits into any of the groups (Davies and Hughes, 
2014). The emerging theory is therefore firmly ‘grounded’ in the data with a thorough 
examination of the data producing the optimum results. This research aligns with the GTM 
inductive approach by collecting data and generating a theory from that data. Buildings can 
overheat, so a deductive approach would assume that Passivhaus could be subject to 
overheating. However, as the research building in this study is the first of its kind in the UK, 
we are unable to test existing theories about large scale Passivhaus retrofits in this country. 
 
The method for collecting the data is a mixed methods approach. This is a fairly new method 
in the social and human sciences. It involves gathering quantitative and qualitative data with 
the general consensus being that this approach will allow us to understand the research area 
more comprehensively rather than using either method on its own (Cresswell, 2014). The 
intended outcome is that this will provide sufficient data saturation from all available data 
sources. 
 
The method for qualitative data collection is two semi-structured interviews with the 
occupant(s) of each property. The first round of interviews identified the issue of summer 
overheating and the second round will investigate this area in more detail. The semi-
structured interview gives the interviewer the flexibility to ‘probe’ the beliefs of the 
participant in order to develop their response and explore new areas which may not have 
been previously considered by the researcher (Gray, 2014). Brinkmann & Kvale (2015, p. 3) 
explain that ‘the qualitative research interview attempts to understand the world from the 
subject’s point of view’.   
 
Three quantitative data collection methods will be utilised in this study.  The first was collected 
from monitoring instruments installed in each property over a 14 month period. Temperature 
and humidity sensors were installed in the lounge, main bedroom and hallway and a CO2 

sensor was also placed in the lounge. The sensors were positioned away from direct sunlight 
which would affect the readings. Energy data is available via an online metering and billing 
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platform and this will provide evidence of gas used in kWh and consumer expenditure. Finally, 
an appliance audit will be taken for each property. 
 
The researcher played a key role as Contract Administrator in the construction and Project 
Manager on the post-construction research project with the University of Salford. The 
researcher’s involvement in the project as Contract Administrator is important to note as this 
element provides a different perspective and useful insight into the project before, during and 
after construction. This knowledge is invaluable and rare due to the unique nature of the 
project and has no doubt had a positive impact gathering qualitative data in diary form and 
observations over the two-year construction phase. It is important to note that this project is 
separate from the one carried out by the University of Salford but this study will use the 
quantitative data collected on the other project to support this research study. 
 
Initial data analysis and further research 
 
The results from the first of two planned semi-structured interviews indicated that summer 
overheating was a concern for most of the occupants and this became the driver for the 
research. Initial examination of the quantitative temperature data supports this but not to the 
extent that one would expect. The preliminary data analysis focussed on the 19th of July 2016 
which was the hottest day of the year and the highest outdoor air temperature was around 
29°C. Four out of the seven flats showed daytime internal temperatures of around 27°C. The 
other 3 flats were around 26°C and these flats were either unoccupied in the day or had the 
windows open. Although these temperatures are not what one would expect when 
investigating overheating, they are important in the context of future climate scenarios and 
also when considering night time temperatures. 
 
Although there are many factors which can influence overheating, it is recommended that this 
study should investigate if human behaviour affects overheating in large scale Passivhaus 
retrofits. As the project is the first of its kind in the UK this makes the research unique to the 
industry. The research will also investigate any variations across the blocks, e.g. why do some 
flats overheat when others do not. 
 
The next stage will involve producing an appliance audit for each dwelling to investigate if 
there is a link between appliances and summer overheating. Further interviews will take place 
in the summer of 2017 and an interview guide is being prepared which will focus on 
overheating. An approach is being considered which may involve the interviews taking place 
on a ‘hot’ day. This will enable the researcher to observe the participants while the events are 
taking place, which may provide a clearer insight. 
 
The quantitative data will be used to corroborate the theory from the qualitative data.  If the 
factors are not a result of human behaviour, then they could be a building performance or 
design issue or indeed factors associated with both. The Passivhaus Institute would need to 
consider future climate scenarios within PHPP to allow designers to integrate or future proof 
measures to mitigate overheating at an early stage. 
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