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ABSTRACT 
 

This submission contains eight peer-reviewed publications exploring issues related to 

the delivery of sustainable built environments and long-term building performance. It 

is argued that in the context of the drive to deliver sustainable built environments, the 

current focus on near-term regulated energy and climate change mitigation may not 

deliver long-term building performance and could ultimately result in premature 

building obsolescence.  

The work examines the role of occupant behaviour and demonstrates that behaviour 

change campaigns as ‘operational enablers’ have the potential to reduce energy use 

and may have the potential to improve occupant satisfaction and wellbeing. The work 

also demonstrates that climate change may have a significant impact on long-term 

building performance with knock-on impacts on energy use, health, wellbeing and 

satisfaction. It is demonstrated that the current approach to dealing with climate 

change risk in the regulatory framework may not be fit-for-purpose. It is noted that in 

order to deliver long-term performance there is a need for resilience and adaptive 

capacity. Alternative risk-based approaches, for implementation at the design stage or 

the operational phase, which account for the potential impacts of climate change are 

suggested. It is further suggested that occupant behaviour change tools and 

techniques may have the potential to contribute to climate change adaptation by 

providing additional adaptive capacity.  

The work included utilised a mixed method research approach including case studies, 

participatory action research and future studies. These approaches were used to 

explore current practice, the role of occupant behaviour and how such behaviour could 

be altered. They were also used to explore probable/possible (forecast) future 

scenarios requiring potential adaptation, which were considered in terms of 

preferred/desired (backcast) performance. 

The research presents an explanatory model considering the potential for occupant 

behaviour and climate change to contribute to a growing building-performance gap 

over time and suggests measures to minimise this gap.  
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STRUCTURE OF SUBMISSION 
 

This submission is divided into five parts including the main body of the document and 

four supporting appendices.  

The first part of the work which makes up the main body of the text (Chapters One to 

Six) contains an exposition and literature review. This sets out a framework for the 

rationale, contribution and impact of the work along with a literature review that places 

the submitted work within the context of the wider field of research.  

Within this, Chapter One introduces the submission and provides a reflection on the 

author’s research journey leading up to the submission. This chapter also includes a 

discussion about the research theme and rationale, aims, objectives and research 

questions, impacts and contributions and a consideration of the theoretical 

underpinning that supports the research. Chapter Two provides a brief summary 

overview of the published works included in the submission (the publications 

themselves are included in Appendix A). Chapter Three provides a review of the 

literature, considering the work submitted within the wider research discussion. 

Chapter Four provides a discussion considering the impact, contribution and 

implications of the work. Chapter Five provides concluding statements, notes how the 

aims and objectives of the research have been met and considers areas for future 

research. 

Appendix A contains the submitted publications including listings of each paper’s 

impact statistics and citations (where available). 

Appendix B contains an assessment of the candidate’s contribution to each multi-

authored paper. A separate supporting document containing verification of the stated 

contributions from co-authors along with relevant contact details is provided for 

examiners. 

Appendix C lists a number of publications by the author that were not included in this 

submission. 

Appendix D provides a brief curriculum vitae from the candidate considering relevant 

scholarly activities.
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1 INTRODUCTION 
 

Having taken up my first academic post in 2010 following several years working in 

architectural practice and consultancy roles, I began to – building upon my previous 

industry-based research activities and academic studies – refine my research 

interests. From this I observed that although the delivery of sustainable built 

environments is widely discussed, this tended to focus largely, although not 

exclusively, on a narrow band of technical matters (although the scope has expanded 

in more recent years (Schweber and Leiringer, 2012)). As a result there remained a 

number of challenges to be overcome (such as those suggested by Häkkinen and 

Belloni, 2011; Rohracher, 2001; Schweber and Leiringer, 2012; Summerfield and 

Lowe, 2012) in order for sustainable built environments that consider social, economic 

and environmental matters and ultimately long-term building performance, to be 

realised.  

Following on from this observation I began to explore what other, less explored, factors 

may have an impact on sustainability in the built environment. Given that some 

measures focused on reducing regulated energy to mitigate climate change had 

resulted in unintended consequences, such as overheating and poor Indoor Air Quality 

[IAQ],(Al-Homoud, 2005; Dengel and Swainson, 2012), this led to thinking about 

building performance and how this may change over time. This in turn linked to the 

potential impacts of climate change. Furthermore, at this time, the ‘building 

performance gap’ was increasingly being considered in research with the role of 

occupant behaviour emerging as a contributory factor (Menezes et al., 2012b). 

Building upon this, the first of the publications included in this submission (Paper One) 

explored the role of occupant behaviour in the commercial office environment. The 

second paper included (Paper Two) explored the potential impact of climate change 

on long-term building performance. These two initial papers, both published in 2013 

(although associated research began in 2011 and 2012), formed a starting point for 

the wider body of research included in this submission.  
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This submission includes eight selected peer-reviewed publications representing a 

coherent body of work focusing on the delivery of long-term (beyond the first 25-30 

years of the building lifecycle) building performance. Within this, two key themes are 

considered, namely the role of occupant behaviour and how it can be harnessed and 

the potential impacts of climate change and how this can be taken into account in 

regulation, design and building management.  

Reflecting the journey made in developing the research that forms the basis for this 

submission the papers submitted are listed in chronological order in Figure 1 below, 

with the two key themes previously mentioned being explored in parallel. As previously 

noted Papers One and Two presented the starting point for the exploration of occupant 

behaviour and the potential impact of climate change themes respectively. Paper 

Three, focused on climate change impacts, then developed the process identified in 

Paper Two into a theoretical framework. Although Paper Five was published later than 

Paper Four the research took place earlier and further developed the behavioural 

theme in the work. The research for Paper Four then took place and was closely 

followed by Paper Six which built upon Paper Four and focused on the climate change 

impacts theme. Paper Seven as a follow up to Paper One then completed the 

behavioural based research before Paper Eight tied the two themes together and 

highlighted their overlaps and interrelationships.  

From this and the discussions that follow, my research journey can be observed as I 

developed my research focus and explored research ideas independently, turning 

them into publications, making an original contribution to knowledge and generating 

impact.  
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1.1 Key Terms 
 

For completeness some of the key terms used in this submission are considered here 

to clarify how they are used in the context of this work. Outside individual components, 

it is perhaps difficult to gauge timeframes in the built environment beyond specific 

buildings. Jones, Mulville and Brookes (2013) note that buildings are developed on the 

basis of 60-year-plus design life while in reality the actual service life may be much 

longer. Building upon this Kellenberger and Althaus (2009) note that many studies 

assume a lifespan of 75-80 years. Different elements of the building will have differing 

adaptive capacities and longevity. Duffy as quoted by Brand (1997) notes these as 

P1. Mulville, M., Jones, K. and Huebner, G. (2013). The potential for 
energy reduction in UK commercial offices through effective management 
and behaviour change. 

P2. Jones, K., Mulville, M. and Brookes, A. (2013). FM, risk and climate 
change adaptation. 

P3. Jones, K., Desai, A., Mulville, M. and Jones, A. (2015). Asset 
management using a hybrid backcasting/forecasting approach. 

P4. Mulville, M. and Stravoravdis, S. (2016). The impact of regulations on 
overheating risk in dwellings. 

P5. Mulville, M., Callaghan, N and Isaac, D. (2016). The impact of the 
ambient environment and building configuration on occupant productivity in 
open-plan commercial offices. 

P6. Mulville, M. and Stravoravdis, S. (2016). Regulating for climate change 
related overheating risk in dwellings. 

P7. Mulville, M., Jones, K., Huebner, G. and Powell-Greig, J. (2016). 
Energy saving occupant behaviours in offices: change strategies. 

P8. Mulville, M. and Stravoravdis, S. (2016). Delivering long-term building 
performance: a user-centred approach. 

Figure 1. Timeline of Publications (See Figure 2 for mapping of research themes) 
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‘layers of longevity’ and, building on Duffy’s ‘four S’s, Brand (1997) identifies six S’s 

(Site, Structure, Skin, Services, Space Plan and Stuff) or layers. Brand (1997) 

suggests that the structure should have a life of 30-300 years and these elements 

should last at least the lifetime of the building (BS 7543:2015). The ‘Skin’ is noted to 

have a service life in the region of 20 years with de Wilde, Tian and Augenbroe (2011) 

suggesting a service life of at least 25 years. Arguably individual elements of the skin 

or envelope, depending on the construction method, should have a significantly longer 

service life with shorter timeframes relating to aesthetic alterations, technology 

integrated or energy upgrades. This is supported by BS7543:2015 which suggests 

many elements of the building skin should deliver a service life in the region of 40-60 

years. Wilkinson and Reed (2006) suggest that non-domestic buildings require major 

refurbishments every 20-25, depending on the specific building and maintenance 

regime this could be extended to 30 years.. More minor interventions and 

refurbishments may correspond to the end of the service life of specific components 

(Services in the six S’s) and can be as little as 7-10 years (Brand, 1997; Schoen and 

Fellow, 2010). Over time the impact of minor interventions may compound contributing 

to the requirement for major refurbishment. The terms near-term and long-term are 

used throughout this work. In the context of the above discussion near-term refers to 

the first 20-30 years of the service life of the building, while long-term refers to the first 

major retrofit and beyond (30-100 years and beyond).  

Resilience and adaptation are also key terms used in this work, both are considered 

in the context of building performance and the potential impacts of climate change. 

Cox, Nielsen and Rode (2015) note that a building’s resilience is a measure of how 

well it continues to function after an event and adaptability is a factor of this. Addis and 

Schouten (2004) define adaptability in buildings as a building that has “been designed 

with thought of how it might be easily altered to prolong its life”. In the context of this 

work those definitions are broadly adopted. 

The work also makes the distinction between regulated and un-regulated energy. 

Regulated energy refers to energy use covered by the building regulations such as 

embedded heating, cooling, ventilation and lighting. Un-regulated energy refers to 

small power and plug-in equipment such as desktop computers, televisions, lamps 

and desk fans. 
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1.2 Research Theme and Rationale 
 

It is widely accepted that the built environment is responsible for a significant 

proportion of overall energy use and associated emissions (Department for 

Communities and Local Government, 2015). It is also widely acknowledged that the 

potential climate change implications of this may be significant (Intergovernmental 

Panel on Climate Change, 2014). As a result there has in recent years been a growing 

focus on sustainability in the built environment, particularly in relation to environmental 

impacts. This is being driven by increasingly stringent regulations focused on reducing 

heating, cooling and lighting loads (regulated energy) (Mulville and Stravoravdis, 

2016c) and increasingly ambitious environmental and energy standards such as 

Passive House, the Building Research Establishment Environmental Assessment 

Method [BREEAM] and Leadership in Energy and Environmental Design [LEED] 

(Cotterell and Dadeby, 2012; Lee, 2013). This, it can be argued, focuses largely, 

although not exclusively, on the mitigation of climate change and near-term regulated 

energy performance (Meacham, 2016; Mulville and Stravoravdis, 2016a).  

Furthermore, although consideration of sustainability in the built environment has 

intensified in recent years, there remains a focus on short-term thinking and ‘getting 

the job done’ (Duffy, 1990) particularly within industry. 

Despite the increasingly stringent regulations and ambitious environmental standards, 

it has been widely recognised that a significant building performance gap exists (for a 

review see van Dronkelaar et al., 2016). To date much of the research around this gap 

has focused on regulated energy (Menezes et al., 2012a; Sunikka-Blank and Galvin, 

2012; de Wilde, 2014), but the role of occupant behaviour has been recognised as a 

significant contributory factor to the gap with impacts beyond energy use (van 

Dronkelaar et al., 2016; Karjalainen, 2016). Although increasing in recent years, 

research in this area (relating to occupant behaviour) remains limited (Al-Homoud, 

2005; Dantsiou and Sunikka-Blank, 2015). Furthermore, it has been argued that the 

increasing drive towards energy efficiency (through higher levels of insulation and air 

tightness) has resulted in a number of unintended consequences. This could in some 

cases have negative impacts for occupants (Al-Homoud, 2005; Smith and Pitt, 2011) 

which could lead to significant performance-related issues that may be exacerbated 

by the impacts of climate change (Jones, Mulville and Brookes, 2013).  
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The potential impact of climate change on buildings has been explored in relation to a 

range of building types (although the focus is largely on domestic buildings) exploring 

a range of issues (for instance see Sanders and Phillipson (2010)), with many studies 

focusing on overheating risk (Jenkins et al., 2014b; McLeod, Hopfe and Kwan, 2013). 

However, a limited amount of research has been carried out in relation to how to first 

regulate for such impacts (Eisenberg, 2016; Meacham, 2016; Visscher, Laubscher 

and Chan, 2016) and secondly how to integrate climate change adaptation strategies 

into long-term built asset management planning (Desai and Jones, 2010).  

Where such issues exist (i.e. energy and the wider building performance gap, 

unintended consequences of energy reduction measures and uncertainty around the 

role of occupant behaviour) and the potential impacts of climate change present further 

uncertainty, there is an increased risk of premature building obsolescence (Jones, 

Mulville and Brookes, 2013). This presents a significant challenge in the face of the 

current drive for the delivery of sustainable built environments. 

 

 

1.3 Aims, Objectives and Research Questions 
 

Framed around the theory of building obsolescence, the aim of the research included 

in this submission was to examine the role of occupant behaviour and the potential 

Long-Term 
Building 

Performance 

Figure 2. Research Mapping (see Figure 1 for full paper titles) 

 

Model  

Future 
Research 

Climate Change Impacts 

 

Occupant Behaviour 

P1. The Potential for … 

P5. Impact of … 

P7. Energy Saving … 
P6. Regulating for … 

P4. The Impact of … 

P3. Asset … 

P2. FM, Risk and …. 

P8. Delivering Long … 
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impacts of climate change on long-term building performance (see Figure 2 for 

mapping of these issues against the papers included in this submission). 

This aim led to the development of the following objectives: 

1. To investigate, through a critical review of the literature, the potential impacts of 

climate change on, and the role of occupant behaviour in, building performance 

(across all papers); 

2. To develop tools and techniques that can harness occupant behaviour in order to 

improve building performance (Papers One, Five, Seven and Eight); 

3. To develop regulatory mechanisms and approaches to facilities/built asset 

management in relation to the potential impacts of climate change that can be 

used to improve resilience and increase adaptive capacity in buildings (Papers 

Two, Three, Four, Six and Eight) and;  

4. To develop a model that explains the role of occupant behaviour and the potential 

impacts of climate change on long-term building performance (Paper Eight).  

 

The body of work focuses on the core idea that although consideration of near-term 

regulated energy use to reduce environmental impacts is not without merit, this may 

not deliver a truly sustainable built environment and could result in premature building 

obsolescence. In order to avoid such premature building obsolescence, a focus on 

long-term building performance (over near-term regulated energy use alone) that 

delivers resilience and adaptive capacity while harnessing occupant behaviour is 

required. Within this, and related to the objectives noted above, some key questions 

emerge which the papers included in the submission seek to address (see Figure 2): 

 

 What is the role of occupant behaviour and how can occupant behaviour be 

harnessed to deliver better building performance both in energy and non-

energy terms?  

 

Papers One (Mulville, Jones and Huebner, 2013) and Seven (Mulville et al., 

2016) explored how occupant behaviour change strategies can be used to alter 

occupant behaviour, demonstrating what mechanisms are of benefit. Paper 

Five (Mulville, Callaghan and Isaac, 2016) built upon these by exploring the role 
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of occupant behaviour in occupant wellbeing and productivity. The paper 

suggests that similar behaviour change techniques, to those applied in Papers 

One and Seven, may be of benefit in addressing these factors. It is further 

suggested that harnessing occupant behaviour may help add resilience and 

adaptive capacity in relation to the potential impacts of climate change. 

 

 What steps can be taken to address the potential impacts of climate change on 

the building environment?  

 

Papers Two (Jones, Mulville and Brookes, 2013) and Three (Jones et al., 2015) 

explored how the potential impacts of climate change can be accounted for 

during the design and construction phase of the building and managed during 

the operational phase. The papers suggest a hybrid backcasting/forecasting 

approach to built asset adaptation planning. Building upon this Papers Four 

(Mulville and Stravoravdis, 2016c) and Six (Mulville and Stravoravdis, 2016b) 

explore the potential impacts of climate change on overheating risk in domestic 

dwellings. These papers demonstrate that the current approach may not be fit 

for purpose. A risk-based regulatory approach, again utilising adaptation 

planning, is suggested. 

 

 How can the above issues be addressed in order to deliver long-term building 

performance?  

 

Each paper included in the submission considers how such issues can be 

addressed in relation to the delivery of long-term building performance. Paper 

Eight (Mulville and Stravoravdis, 2016a) combines the preceding research (in 

Papers One to Seven) to demonstrate how occupant behaviour and the 

potential impacts of climate change could impact upon long-term performance 

and what steps can be taken to minimise the risk. 
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1.4 Summary of Impacts and Contributions 
 

Overall the body of work is about developing an approach to the delivery of 

sustainability in the built environment that goes beyond near-term regulated energy 

with a focus on long-term building performance. Within this, the work suggests that 

there is a need for building designs that take account of the potential impacts of climate 

change and enable and support preferred user behaviours to deliver resilience and 

building performance. The work considers how behaviour change techniques (within 

building management) can be used to benefit near-term and long-term building 

performance and how the potential impacts of climate change can be accounted for at 

both the design stage and during the operational phase.  

The research makes an original contribution to knowledge by addressing the research 

gap around the role of occupant behaviour and providing tools and techniques based 

on information, education and feedback to harness behaviour for better building 

performance. For instance, Paper One demonstrates that bi-weekly feedback 

provided electronically combined with information on the performance of others 

(targeting social norms) and whether or not their behaviour is generally accepted or 

not (using an injunctive norm) can reduce desk level energy consumption by up to 

20%. The research demonstrates that behaviour change techniques used in the 

domestic sector (which are more developed) may not be readily transferable to the 

non-domestic sector where workplace culture may take precedence over the 

importance of underlying environmental attitudes.  

Furthermore, the research makes an original contribution to knowledge by providing 

regulatory mechanisms and approaches to facilities/built asset management that can 

be used to increase the resilience and adaptive capacity of buildings in the face of 

predicted climate change. The research suggests that these tools and techniques 

should be incorporated into the regulatory framework and/or included in facilities and 

built asset management planning. This presents a shift in thinking for the regulatory 

framework from backwards looking (Eisenberg, 2016) to a risk-based forecasting role 

(in relation to the impacts of climate change).  

The regulatory mechanism focusing on overheating risk in dwellings (See Papers Four 

and Six) is original in that it combines the power and capability of complex dynamic 
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building simulation with an approach that is industry focused and minimises the 

resource and technical knowledge required. This is achieved by basing risk 

assessments on common dwelling typologies. The research provides a new hybrid 

backcasting/forecasting approach to climate change adaptation planning (See Papers 

Two and Three) for facilities and built asset managers aimed at maintaining resilience 

during the operational phase of the building life cycle. This is achieved through the use 

of participatory backcasting combined with forecasting to develop a climate change 

adaptation plan, including enabling works for future adaptations where necessary, 

which embeds resilience in the initial design. For example, enabling works for the case 

study building used in this research included the provision of larger duct risers during 

initial construction to allow for the installation of additional cooling capacity when 

needed in the future.  

Building upon this, and bringing the ideas of climate change impacts and the role of 

occupant behaviour together, the work suggests there is a need for an active approach 

to building management utilising behaviour change techniques to optimise building 

performance and to provide greater adaptive capacity. Overall the work presents a 

model of long-term building performance including occupant behaviour and behaviour 

change techniques and climate change planning and adaptation techniques that can 

minimise the long-term building performance gap and reduce the risk of premature 

building obsolescence.  

Figure 3 suggests how the factors discussed above may interact with each other to 

influence long-term building performance. The figure highlights the potential 

importance of building management (including behaviour change techniques) and the 

Figure 3. Mapping of Variables  

 

X2 

Z1 

Y2 

X1 Y1 

Independent Variables Mediating Variables Dependent Variable 
X1  Occupant Behaviour Y1  Building Management Z1  Building Performance 
X2  Climate Change Y2  Design & Regulation  
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role of design and regulations as potential mediating factors influencing long-term 

building performance. 

The impact of the work is demonstrated in its inclusion in peer-reviewed publications, 

invited presentations, awards, citations and the discussions and interests it has raised 

in both the research community and in industry circles. More details regarding the 

overall impact of the work can be found in Chapter Four of this document and in the 

impact statistics and details of citations provided in Appendix A alongside the 

submitted papers. 

 

 

1.5 Methodological Approach 
 

A range of methodologies were applied to the research included in this submission. 

The details of the specific methods applied and their associated justifications are 

provided in the papers themselves. This section of the submission provides a 

summary of the theoretical underpinning that supports the choice of research 

methodologies across the body of work submitted.  

In broad terms, epistemological philosophies are dominated by positivism or 

constructivism (Krauss, 2005). The positivistic approach, which is common in the 

natural sciences, focuses on measurement and experimentation using numerical data 

and calculation (or quantitative data) (Creswell, 2009) to test how well theory fits 

against measured data. The constructivist approach, common in the social sciences, 

seeks to embed the researcher in the phenomenon being explored (such as the culture 

or organisation) using verbal or written data (qualitative) (Creswell, 2009) to seek 

understanding and often to generate theory to explain the observations. Mixed or 

multi-methods approaches aim to utilise a combination of approaches using, for 

instance, quantitative methods to test existing theory and qualitative methods to gain 

deeper insight and generate new theory. 

Dainty (2008) (although focusing largely on construction management), notes that the 

positivistic approach remains dominant in built environment research. This is 

supported by Schweber and Leiringer (2012) who found that three-quarters of 
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construction research and business and social science publications concerning 

buildings adopted a positivist approach. It has been argued that a positivistic approach 

in isolation may not be appropriate in a real world area of inquiry and an approach 

utilising methodological pluralism (or mixed methods) may allow for deeper insights to 

be gained (Dainty, 2008). This is supported by Robson (2011) who argues that, 

despite some criticisms, a mixed method approach to real world/applied research may 

be more reflective of reality and allow quantitative data to be supported by qualitative 

measures and vice versa. In this context, the research included in this submission 

takes an approach grounded in pragmatism utilising mixed methods and using both 

quantitative and qualitative approaches. Although the individual papers included within 

this submission are dominated by either quantitative or qualitative methods, and 

quantitative methods dominate overall, the methods adopted have been chosen as 

best fit for the particular studies. The inclusion of qualitative methods to supplement 

the quantitative adds depth to the overall body of work. Figure 4 sets out, in notional 

terms, where the research methods used in the various papers sit against the broad 

epistemological philosophies.  

It has been argued that built environment research occupies an applied field of inquiry 

(Knight and Turnbull, 2008), the papers that are included in this submission largely 

follow that tradition. As noted, in broad terms the papers take a mixed methods 

Action (Occupant surveys/ field based research) 

Constructivism 
(Theory generating) 

Positivism 
(Theory Testing) 

Detached (No participants) 

1 

7 

2 

3 

5 

4 

6 

Figure 4. Notional Mapping of Research Papers. Adapted from 

Kelly (2004) 

Adaptation Planning/ 
Action Research 

Occupant Behaviour/ 
Surveys 

Building Simulation/ 
Forecasting 

Environmental 
Monitoring/ Surveys 
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approach, using quantitative methods to establish empirical data and qualitative 

methods to establish deeper underlying meaning (and to generate theory) alongside 

the existing literature. 

Proverbs and Gameson (2008) argue that case studies are highly relevant in a project-

driven industry and it can be argued that such approaches provide real-world 

scenarios for an applied field of inquiry. Furthermore, case studies are well suited to 

exploring processes and behaviours and offer benefits in building theory (Amaratunga 

et al., 2002) while providing for in-depth investigation and analysis (Wedawatta, 

Ingirige and Amaratunga, 2011). Papers One (Mulville, Jones and Huebner, 2013) and 

Seven (Mulville et al., 2016) are based on a case study approach, where occupant 

surveys are combined with the provision of information, education and feedback along 

with measured energy data with the researchers engaging in detached observation 

(Proverbs and Gameson, 2008). This research is conducted in a comparative before 

and after scenario to explore the impact of the interventions made on occupant 

behaviour. Similarly Paper Five (Mulville, Callaghan and Isaac, 2016) used occupant 

surveys combined with measured data of ambient environmental conditions (although 

that study was not a comparative before and after survey) to assess occupant 

satisfaction and the role of ambient conditions. These mixed methods (or multi-

strategy approaches (Robson, 2011)) allowed for correlations between conditions and 

the impact on occupants to be considered against existing theories and used to inform 

the generation of new thinking.   

Papers Two (Jones, Mulville and Brookes, 2013) and Three (Jones et al., 2015) (again 

based on case studies) focused more on qualitative methods (although informed by 

quantitative measures) in a participatory action research project (using forecasting and 

backcasting principles). As noted by Robson (2011) participatory action research can 

work well with a flexible design and with case studies. This qualitative approach 

allowed for greater depth understanding to be gained and theory developed to align 

with those observations. For these papers the researchers, due to the nature of the 

study, were more directly involved in the process and themselves participants, 

whereas in the preceding papers the researchers were more detached. The direct 

involvement by the researcher has risks in terms of their influence and bias. However, 

as argued in the papers, efforts were made to ensure that the researchers did not 
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overly influence the proceedings, taking an observational role as far as was practicable 

and a reflective approach when conducting analysis. 

Papers Two (Jones, Mulville and Brookes, 2013) and Three (Jones et al., 2015) along 

with Four (Mulville and Stravoravdis, 2016c) and Six (Mulville and Stravoravdis, 

2016b) can be classified as scenario-based futures studies. Ratcliffe (2008), noting 

that all our knowledge is about the past while decisions are about the future, suggests 

that professions concerned with the built environment need a more informed and 

structured approach to the study of the future. It is suggested that more traditional 

approaches may be limited, and foresight, as a vision building process, and scenario 

learning to describe a future state, may be of benefit. Although such predictions involve 

uncertainty, given the long-lived nature of the built environment (Eisenberg, 2016) 

such a forecasting approach is necessary in order to consider the impacts of predicted 

change. Such ‘future studies’ have been used for policy planning in setting 

organisational strategies (Jones et al., 2015) and provide policy makers with views 

and alternatives for the future in order to inform decision making in the present 

(Ratcliffe, 2008).  

Papers Four (Mulville and Stravoravdis, 2016c) and Six (Mulville and Stravoravdis, 

2016b) use forecasting to consider probable/possible predictions which are then 

supplemented by adaptation planning which can be seen as backcasting (to deliver 

the desired/preferred outcome). To an extent the approach in these papers is similar 

to, and informed by, parts of the methods applied to Papers Two (Jones, Mulville and 

Brookes, 2013) and Three (Jones et al., 2015) . However, they differ in that they did 

not involve participants, thus removing the risk of bias due to the presence of the 

researcher. The approach taken used probabilistic modelling to predict the potential 

impact of climate change with the ultimate goal of informing the regulatory framework.  

Paper Eight (Mulville and Stravoravdis, 2016a) is a literature-based study collating and 

building upon the work of the preceding papers included in this submission. 
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2 OVERVIEW OF PAPERS 
 

For the purpose of clarity, a brief summary (provided in bullet point) for each of the 

eight papers included in the submission is provided below. The full papers are included 

in Appendix A along with impact statistics, a summary discussion regarding the 

impacts and contributions of the papers included in section 4.2. 

 

 

2.1 Paper One 
 

Mulville, M., Jones, K. and Huebner, G. (2013). The potential for energy reduction 

in UK commercial offices through effective management and behaviour change. 

Architectural Engineering and Design Management, Vol. 10, 1-2, pp. 79-90. 

 Utilised monitoring of energy use along with a behaviour change campaign 

utilising feedback, education/information and goal setting; 

 Demonstrated that up to 23% of energy use occurs outside of productive 

working hours; 

 Demonstrated that savings of up to 20% are possible; 

 Established that behaviour change offers significant potential for energy 

savings; 

 Suggested the use of automated mechanisms for measuring energy use and 

encouraging preferred/desired occupant behaviour; 

 Suggested that continuous monitoring and feedback are required in order to 

ensure that behavioural alterations become habitual and to encourage 

continuous improvement; 

 Among the first papers to consider such behaviour change campaigns in the 

non-domestic sector. 
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2.2 Paper Two 
 

Jones, K., Mulville, M. and Brookes, A. (2013). FM, risk and climate change 

adaptation. In: FM for a Sustainable Future, 12th EuroFM Research Symposium, 

Prague, Czech Republic, 22-24 May 2013. International Journal of Facilities 

Management, pp. 120-128. ISBN: 978-94-90694-02-9.  

 Explored the potential impacts of climate change on the life-time performance 

of a new £75m educational building; 

 Developed as a participatory action research project; 

 Highlighted that climate change risk assessments at the design stage are 

largely absent; 

 Considered the potential impacts of climate change on building performance 

and presents a climate change adaptation framework (combining risk 

assessment and future climate change scenarios – supported by forecasting 

and backcasting); 

 Suggested, depending on the level of risk, the use of adaptations that are 

implemented during the design stage, the use of preparatory/enabling works 

for future adaptations or consideration of future operational changes; 

 Provided a more realistic assessment of resilience and mechanisms to provide 

greater resilience through the delivery of greater adaptive capacity; 

 Presented a change to the traditional forecasting role of asset managers and 

suggested that the presence of facilities managers during the design stage may 

be key. 

 

 

2.3 Paper Three 
 

Jones, K., Desai, A., Mulville, M. and Jones, A. (2015). Asset management using a 

hybrid backcasting/forecasting approach. Facilities, Vol. 33, 11-12, pp. 701-715. 

 Built upon the work of Paper Two (as a participatory action research project) by 

explaining the supporting theory behind the findings of that earlier paper; 
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 Provided a framework for formulating long-term facilities and asset 

management plans for adaptation to climate change utilising a hybrid 

backcasting/forecasting approach; 

 Suggested a need to concentrate on preferred/desired (backcast) as opposed 

to possible/probable (forecast) scenarios to set performance criteria and end 

goals against which alternative adaptation solutions can be developed; 

 Frames the approach used as ‘participatory backcasting’ supported by 

forecasting; 

 Highlighted the need for life-cycle analysis tools to support backcasting (which 

to an extent is addressed in Papers Four and Six); 

 The paper was developed on the back of an associated paper (see Appendix 

A and C) that has been cited by a number of authors and received a ‘best paper’ 

award.  

 

 

2.4 Paper Four 
 

Mulville, M. and Stravoravdis, S. (2016). The impact of regulations on overheating 

risk in dwellings. Journal of Building Research and Information, Vol. 44, 5-6, pp. 520-

553. 

 Examined the potential for current regulatory approaches to reducing energy 

use to result in increased overheating risk related to climate change; 

 Took a future studies approach utilising dynamic building simulation and 

detailed probabilistic predictions to assess the potential impacts of climate 

change on overheating risk; 

 Demonstrated that the current approach to overheating risk assessment may 

not be fit for purpose with unrealistic adaptations and the use of historic climate 

data; 

 Demonstrated that buildings in cool climates may in the future suffer from 

significant overheating and this could have implications for health, wellbeing 

and energy use; 

 Suggested that the current drive to optimise buildings in cool climates for heat 

retention may be a significant contributory factor; 
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 Suggested that such issues could result in a shift to summer-time fuel poverty; 

 Suggested an alternative risk-based approach to overheating risk assessment 

embedded in the building regulations. 

 

 

2.5 Paper Five 
 

Mulville, M., Callaghan, N. and Isaac, D. (2016). The impact of the ambient 

environment and building configuration on occupancy productivity in open-plan 

commercial offices. Journal of Corporate Real Estate, Vol. 18, 3, pp. 180-193. 

 Examined how both building configuration and ambient environmental 

conditions along with occupant behaviour can impact on health, wellbeing and 

productivity;  

 Utilised the monitoring of ambient environmental conditions along with 

occupant surveys; 

 Demonstrated that occupant behaviour can have a significant impact on 

occupant satisfaction; 

 Suggested that there may be a hierarchy of importance in terms of ambient 

environmental conditions in relation to occupant satisfaction; 

 Demonstrated that there can be significant differences in health, wellbeing and 

productivity within individual buildings and that this may not always be linked to 

ambient environmental conditions; 

 Suggested the need for an active approach to building management including 

continuous monitoring, feedback and behaviour change campaigns; 

 Suggested that such approaches could be used both to improve occupant 

satisfaction (and health, wellbeing and productivity) and to reduce energy use. 

Since the initial publication of this paper there have been a number of developments 

in the use and application of wearable technologies. This includes increased 

miniaturisation and non-invasive monitoring with reducing costs (McCaul, Glennon 

and Diamond, 2017), increased use of clothing integration, developments in health 

monitoring and developments in the interpretation and interrogation of wearable 

sensor data output (King et al., 2017).  Such developments could be a significant 
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benefit to similar studies to this one, carried out in the future. This may allow for greater 

understanding of the impact of the ambient environment on occupants, the role of 

occupant behaviour in environmental satisfaction and occupants’ interactions with 

building controls to be developed. Furthermore, greater use of Post Occupancy 

Evaluation [POE] incorporating the methods used in this study and utilising wearable 

technologies may further benefit asset and facilities managers in maximising building 

performance.  

 

 

2.6 Paper Six 
 

Mulville, M. and Stravoravdis, S. (2016). Regulating for climate change related 

overheating risk in dwellings. In: Proceedings of the CIB World Building Congress 

2016: Creating Built Environments of New Opportunities Conference 30 May - 2 June 

2016, Tampere, Finland. ISBN: 978-952-15-3741-7 

 Built upon the work in Paper Four and suggests that the current focus on the 

point of handover could lead to premature building obsolescence due to climate 

change; 

 Developed an alternative, industry-focused, approach to considering 

overheating risk. This incorporated adaptation planning (linked to the 

backcasting/forecasting approach considered in Papers Three and Four), 

utilising the greater accuracy of dynamic simulation without requiring significant 

resources; 

 The adaptation planning approach suggested could ensure a pathway for the 

delivery of long-term performance (linked to backcasting); 

 The approach suggested aims to ensure that near-term efficiency does not 

result in an unacceptably high future overheating risk and that 

developers/designers take a low risk approach; 

 Highlighted that temperatures in bedrooms overnight are problematic and that 

the benefits of high thermal mass may need to be revisited along with greater 

consideration of the most appropriate overheating metrics; 
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 Arguably shifts regulations from a point of handover approach to a forecasting 

role. 

 

 

2.7 Paper Seven 
 

Mulville, M., Jones K., Huebner G. and Powell, J. (2016). Energy-saving occupant 

behaviours in offices: change strategies. Building Research and Information. 

http://dx.doi.org/10.1080/09613218.2016.1212299   

 Built upon the research in Paper One and demonstrates that a change in habit 

can be achieved without changes to pro-environmental attitude and perceived 

social norms; 

 Suggested that management campaigns and workplace culture and practice 

may be of importance and can be viewed as ‘facilitating conditions’ for 

behaviour change; 

 Demonstrated that the length of the baseline and monitoring period is of 

importance in order to ensure observed savings are realistic; 

 Demonstrated that in terms of the effectiveness of behaviour change, the 

commercial sector may be less elastic that the domestic; 

 Presented an altered version of the theory of planned behaviour; 

 Suggested that there is a need for a less passive approach to behaviour change 

and calls for an active approach to building management; 

 Suggested that such active management combined with efforts to improve 

health, wellbeing and productivity could help to reduce the building performance 

gap. 
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2.8 Paper Eight 
 

Mulville, M. and Stravoravdis, S. (2016). Delivering long-term building performance: 

a user-centred approach. In: Gorse, C. and Dastbaz, M. (Eds), International SEEDS 

Conference, 14-15 September 2016, Leeds Beckett University, UK, Sustainable 

Ecological Engineering Design for Society. ISBN: 978-0-9955690-1-0 

 This paper tied together the research included in the preceding papers; 

 Suggested that the current focus on climate change mitigation through energy 

efficiency risks ignoring the influence of occupants and climate change and 

could result in a building performance gap and premature obsolescence;  

 Argued that if sustainable built environments are to be delivered there is a need 

for a focus on long-term building performance (beyond the point of handover); 

 Presented a theoretical model of long-term building performance, addressing 

issues associated with occupant behaviour and climate change impacts; 

 Suggested a need for a user-focused approach to building design to support 

preferred/desired behaviour and risk-based adaptation planning to consider the 

potential impacts of climate change; 

 Also suggested the need for an active approach to building management 

incorporating feedback, information and goal-setting to reinforce the design 

intention. 

 

 

 

 

 

 

 

 

 

 



23 
 

3 LITERATURE REVIEW 
 

The term ‘obsolescence’ as referring to the process of becoming ‘obsolete’ is generally 

well understood. However, as noted by Thomsen and van der Flier (2011) although 

the terminology is clear in practical and even conceptual terms, obsolescence is not 

well understood or commonly used (Butt et al., 2015) within the built environment. In 

broad terms obsolescence is widely accepted to be related to the loss of building 

performance over time, although it should be noted that this relates to change and not 

necessarily age (Butt et al., 2015). This change can result in the beginning of the ‘end 

of service life’ phase of a building (Thomsen and van der Flier, 2011). In turn this can 

be related to issues associated with the building performance gap. Historically, 

obsolescence in the built environment referred largely to economic factors related to 

depreciation. However, more recently this has expanded to include a range of internal 

and external factors including technical, functional, social, locational issues and, within 

the context of the sustainability debate, environmental factors which can either be 

physical or behavioural in nature (Baum, 1991; Ross et al., 2016; Rodi et al., 2015; 

Thomsen and van der Flier, 2011). Butt et al. (2015) argue that climate change should 

be added to this list as a new element and additional driver of obsolescence with both 

direct (overheating, flooding, materials degradation) and indirect (regulation linked to 

climate change mitigation) consequences which could serve to accelerate 

obsolescence (see Figure 5). Arguably, a lack of focus on long-term building 

performance may result in premature building obsolescence. 
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Many of these factors are interrelated and overlap and, as argued by Thomsen and 

van der Flier (2011), although many of the factors remain physical in nature they are 

largely a function of human action or disregard (behaviour). In turn these 

interrelationships create a level of complexity that can be related back to the lack of 

practical and conceptual understanding of obsolescence in the built environment.  

The current drive for sustainable built environments is largely focused on 

technical/physical factors associated with near-term performance, regulated energy 

and climate change mitigation (Mulville and Stravoravdis, 2016a, 2016c). In turn, the 

regulatory framework, it can be argued, largely focuses on these aspects. However, it 

is widely recognised that a key aspect of obsolescence is change over time. Therefore 

a focus on near-term regulated energy alone could result in a number of unintended 

consequences particularly given the long-lived nature of the built environment 

(Eisenberg, 2016) and the potential impacts of climate change (Gething and Puckett, 

2013; Jones, Mulville and Brookes, 2013; Mulville and Stravoravdis, 2016c, 2016b; 

Waddicor et al., 2016). Furthermore, the potential for behavioural factors to have wider 

(beyond regulated energy) performance-based impacts has been increasingly 

Areas where Climate Change can be 
a primary contributor highlighted thus: 

Physical 

Behavioural 

External Internal 

Property 

Complexity 

Figure 5. Conceptual Model of Obsolescence.            

Adapted from Thomsen and van der Flier (2011) 
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recognised (van Dronkelaar et al., 2016; Ouf, Issa and Merkel, 2016; Mulville, 

Callaghan and Isaac, 2016).  

Both issues (physical and behavioural) have the potential to impact on long-term 

building performance and sustainability and thus building obsolescence, but research 

in this area remains limited. In addition, few studies set out what long-term building 

performance may look like in the context of sustainable built environments. Therefore, 

the review that follows focuses on physical factors related to the potential impacts of 

climate change on long-term performance and behavioural factors related to efficiency 

and user satisfaction. It is argued that, in order to deliver long-term performance, the 

role of occupant behaviour and the potential impacts of climate change should be 

considered (in addition to near-term, regulated energy efficiency). It is suggested that 

a user-centred approach that considers the potential impacts of climate change and 

an active approach to building management to ensure building performance is 

maintained and occupant behaviour optimised are required. Such approaches may 

help to deliver long-term building performance and to reduce the risk of premature 

building obsolescence.  

 

 

3.1 Sustainability in the Built Environment 
 

Holistic sustainability often points to social, economic and environmental factors over 

time. However, it has been argued (Cox, Nielsen and Rode, 2015) that sustainability 

in the built environment largely refers to reducing the environmental impact of 

buildings. This is reflected in the focus of the regulatory environment on reducing 

energy use and in the emergence and growing influence of environmental assessment 

methods (such as BREEAM, LEED and Passive House). This is not without merit and 

is linked to the significant proportion of greenhouse gas emissions directly or indirectly 

associated with the built environment (United Nations Environment Programme, 2009) 

which in turn have been linked to climate change (Solomon et al., 2007).  

Douglas (1996) argues that buildings have been traditionally designed and described 

‘synchronically’, as it exists in a single point in time. This is supported by Duffy (1990) 

highlighting that the focus is on ‘getting the job done’, i.e. the point of handover. 
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Although this point was made more than two decades ago, it can be argued that there 

remains a focus on the point of handover and near-term performance (Mulville and 

Stravoravdis, 2016a, 2016b, 2016c). In support of this, Cox, Nielsen and Rode (2015) 

note that most maintenance and operational strategies do not yet deal with 

sustainability and climate change holistically. Instead the majority remain focused on 

simple energy savings linked to cost reduction, reductions in environmental impacts 

compared to a baseline and compliance with minimum regulations (Cox, Nielsen and 

Rode, 2015). However, there have been a number of developments linked to 

sustainable buildings in recent years demonstrating return on investment beyond 

simple energy. Miller et al. (2009) for instance found productivity gains of 4.88% in 

LEED and Energy Star rated buildings, while The World Green Building Council (2014) 

highlight a body of research demonstrating 8-11% productivity gains from better IAQ. 

Furthermore, Kok and Jennen (2012) found that office buildings with a green energy 

label achieved a 6.5% higher rent than non-green buildings (based on 1100 rental 

transactions) while Eichholtz, Kok and Quigley (2012) found that, across a large data 

set, the rent and asset value gain from energy efficient commercial buildings was 

significant. Although there have been improvements, short-term thinking still 

dominates in industry. It has been argued that such short-term thinking risks ignoring 

long-term building performance (Mulville and Stravoravdis, 2016a, 2016b) and may 

ultimately not deliver the levels of energy efficiency now targeted. (The European 

Union has targeted a 27% improvement in energy efficiency by 2030.)1 

A number of potential unintended consequences associated with measures aimed at 

reducing near-term regulated energy linked to occupant health and wellbeing have 

been highlighted as have issues related to the potential impacts of climate change on 

such buildings (Al-Homoud, 2005; Dengel and Swainson, 2012; Jones et al., 2015; 

Jones, Mulville and Brookes, 2013; Mulville and Stravoravdis, 2016b; Toledo, Cropper 

and Wright, 2016). Building upon this Visscher, Laubscher and Chan (2016) suggest 

the need for an alternative approach to building regulations in the face of such potential 

climate change impacts. It has also been argued that as regulated energy is 

increasingly tightened, the proportional importance of unregulated energy will increase 

(Mulville, Jones and Huebner, 2013; Mulville et al., 2016) and a focus on regulated 

energy alone may not deliver the levels of efficiency required. In turn unregulated 

                                            
1 https://ec.europa.eu/energy/en/topics/energy-strategy/2030-energy-strategy 
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energy has been heavily linked to the impact of occupant behaviour which, in itself, is 

increasingly recognised as a significant contributory factor in the building performance 

gap (van Dronkelaar et al., 2016; Mulville, Jones and Huebner, 2013; Mulville et al., 

2016).  

Ackerly and Brager (2013) in a study considering the design of buildings for thermal 

comfort, identified three levels of climate change impact: 

 First, climate change mitigation goals create a drive to reduce the carbon 

impact of buildings (which can be observed in the current regulatory 

framework); 

 Second, a need for adaptation and resilience emerges so that buildings can 

respond to the impacts of climate change along with an ability to deliver 

performance in relation to more frequent Extreme Weather Events (EWEs) (as 

considered in Jones, Mulville and Brookes (2013), Jones et al. (2015) and 

others);  

 Third, in the face of rising indoor temperatures, occupants need to be active in 

their interaction with the environment and may need to tolerate a wider range 

of comfort temperatures.  

Accepting a wider range of comfort temperatures however presents a dilemma in 

building performance as it has been demonstrated that warmer temperatures reduce 

occupant productivity (Seppanen, Fisk and Lei, 2006). At the same time occupants 

must be given sufficient personal control to enable them to adapt (linking to the role of 

occupant behaviour as discussed in Mulville, Jones and Huebner (2013), Mulville, 

Callaghan and Isaac (2016), Mulville et al. (2016) and Mulville and Stravoravdis 

(2016a)). In this context, in addition to an initial energy-efficient design, a building 

needs to offer resilience and adaptive capacity and to support user interaction if long-

term building performance and sustainability is to be delivered.  
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3.2 Resilience & Adaptation 
 

Butt et al. (2015) note there is growing pressure to counter climate change related 

obsolescence risk through both mitigation and adaptation. However, the current 

debate around sustainability in the built environment remains largely focused on 

mitigation (Mulville and Stravoravdis, 2016a, 2016b). Adaptation planning has been 

considered in terms of infrastructure (such as water supply (Kingsborough, Borgomeo 

and Hall, 2016)), at an urban scale (related to heat (Kingsborough, Jenkins and Hall, 

2017)), in relation to communities (Stevenson, Baborska-Narozny and Chatterton, 

2016) and in relation to flood risk (Wedawatta and Ingirige, 2012). However, 

adaptation planning remains underdeveloped (Roders, 2015) including at the 

individual building scale. Butt et al. (2015) argue that in the context of climate change, 

there is a need for both mitigation and adaptation planning not only at a strategic level 

but also incorporated into the maintenance and refurbishment cycle of built assets. 

Arguably, the work of the author (Jones, Mulville and Brookes, 2013; Jones et al., 

2015; Mulville and Stravoravdis, 2016c, 2016b) begins to address the need for such 

approaches by providing risk-based tools and mechanisms. 

As noted by Cox, Nielsen and Rode (2015) the merging of sustainability as a mitigation 

option, and resilience as an adaptation option has been suggested and there is a 

growing focus on this area. This in turn begins to shift the debate towards long-term 

building performance with Cox, Nielsen and Rode (2015) reframing sustainability in 

the built environment by considering it within a risk framework. This builds on the work 

of Jones, Mulville and Brookes (2013) and Jones et al. (2015) who called for tools to 

support facilities managers in considering the impacts of climate change. Those 

studies attempted to quantify resilience using a risk framework and sought to develop 

adaptation strategies where a lack of resilience was identified. Cox, Nielsen and Rode 

(2015) citing Jones, Mulville and Brookes (2013) note that climate change is no longer 

just a political issue and is an emerging issue for facilities management, demonstrating 

that this is an area of growing importance.  

Cox, Nielsen and Rode (2015) note that a building’s resilience is a measure of how 

well it continues to function after an event (and as noted by Mulville and Stravoravdis 

(2016a) arguably during the event). In relation to this Bosher (2014) in a review of 

previous research concerning the concept of resilience, identifies four categories:  
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1. Resistance, robustness and aspirations;  

2. Recovery “bouncing back”;  

3. Planning, preparing and protecting and;  

4. Adaptive capacity.  

In this context, as noted in Mulville and Stravoravdis (2016a), adaptation becomes a 

key aspect of sustainability and long-term building performance in the face of climate 

change, with more adaptive capacity delivering greater resilience. 

Addis and Schouten (2004) define adaptability in buildings as a building that has “been 

designed with thought of how it might be easily altered to prolong its life”. As noted by 

Ross et al. (2016) there is value in adaptability as it is inherently difficult to predict the 

changes that result in the need for the given adaptation. Gosling et al. (2013) suggest 

the idea of ‘enablers’ for adaptability to improve resilience and reduce the risk of 

obsolescence, characterising them as design-based or process-based. Focusing on 

design-based enablers Ross et al. (2016) note accuracy of information, reserve 

capacity (such as for additional structural loading), separation of building systems 

based on rate of replacement and the creation of adjustable spaces as key factors. In 

process-based terms Gosling et al. (2013) identify three process-based enablers, 

namely flexibility in planning and in project processes, supply chain integration and 

supply chain flexibility (see Figure 6).  

 

Design-Based Enablers Process-Based Enablers Operational Enablers 
   

Accuracy of Information Supply Chain Integration  Active Building 
Management 

   
Reserve Capacity Supply Chain Flexibility Incorporating Behaviour 

Change 
   

Separation of Building 
Systems 

Flexibility in Planning and 
Project Processes  

 

   
   

Supports Future 
Technical Adaptations 

Allows for Planning of 
Future Adaptations 

Supports Occupant 
Based Adaptations 

   
 

Figure 6. Enablers for Adaptation, building on Gosling et al. (2013) 
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The identified enablers to an extent fit well with the suggestions of this author (Jones, 

Mulville and Brookes, 2013; Jones et al., 2015; Mulville and Stravoravdis, 2016b). In 

particular, the identified enablers reflect both the need to include climate change 

adaptation planning at the design stage and the need for flexible project planning that 

could further aid future adaptation. However, within these categories there is little 

recognition of the role of the building user which has been highlighted as an important 

factor (Mulville, Callaghan and Isaac, 2016; Mulville, Jones and Huebner, 2013; 

Mulville et al., 2016). This author would argue that in addition to the previously 

identified design-based and process-based enablers, ‘operational enablers’ may 

improve flexibility and thus improve resilience and adaptive capacity. Figure 6 which 

builds on the work of Gosling et al. (2013) highlights how ‘operational enablers’ could 

sit alongside design-based and process-based enablers. The operational enablers 

would focus on occupant behaviour change through an active approach to building 

management (as suggested in Mulville, Callaghan and Isaac (2016), Mulville et al. 

(2016) and Mulville and Stravoravdis (2016a)). Such operational enablers could 

maintain and/or improve energy efficiency (Mulville et al., 2016) and potentially 

occupant satisfaction and productivity overtime (Mulville, Callaghan and Isaac, 2016), 

thus having the potential to lengthen the operational life of the building and reduce the 

obsolescence risk (see Figure 6). As such, combining design-based, process-based 

and operational enablers can be linked to integrated design where operational 

management issues are considered during the initial design. In turn this presents an 

opportunity for the facilities manager to have a more integrated and overarching role 

including the design, construction and operational phases of the building. 

As noted by Brand (1997), “All buildings are predictions. All predictions are wrong”, so 

delivering long-term building performance will always be challenging when considering 

a range of unknowns. Jones, Mulville and Brookes, (2013) and Mulville and 

Stravoravdis (2016b, 2016c) suggest a role for regulation to embed a degree of 

resilience within the initial design. This is in turn supported by Roders (2015) who, 

while noting that greater regulation can have drawbacks such as limiting opportunities 

for innovation, suggests the need for governance strategies that increase anticipatory 

adaptations to climate change. However, Kingsborough, Borgomeo and Hall (2016) 

suggest that in order for adaptation planning to be successful, a flexible approach is 

required to allow implementation over time and adjustment as needed, and any 



31 
 

suggested regulations should take account of this. The use of such a flexible approach 

reduces the risk of maladaptation while supporting long-term planning and medium-

term decision making. If addressed on a risk basis over time (as suggested by Jones, 

Mulville and Brookes (2013) and Jones et al. (2015)) it may be possible to, by ensuring 

both the building and the user can adapt as and when needed, reduce the likelihood 

of the building becoming prematurely obsolete. 

 

 

3.3 Building Performance  
 

Building performance can have a wide range of meanings in a wide variety of contexts. 

In the broadest terms Douglas (1996) suggests that buildings have three key functions: 

1. The enclosure of space; 

2. To act as a climate barrier and/or modifier; 

3. To offer protection and privacy. 

From this a range of criteria emerge, Khalil, Kamaruzzaman and Baharum (2016) 

suggest that these can be categorised as technical (heat, insulation, fire), functional 

(functionality, applicability, adaptability), social (comfort, health, safety), economic 

(Life Cycle Costing [LCC], cash flow, market value) and environmental (energy use, 

materials use). Although some of these criteria may overlap, it can be argued that the 

current focus (related to the delivery of sustainable built environments) is on the 

technical aspects of environmental performance. Addressing all of these factors and 

criteria equally well may not be feasible at the scale of a single building. It has been 

argued (Voinov and Farley, 2007) that increased sustainability in one ‘system’ (or 

arguably increased performance in one area) may come at a cost in another. 

Gosling et al. (2013) identify ‘user fitness’ and ‘technical fitness’ as factors of building 

performance, where either or both of these factors are suboptimal there is need for 

adaptation. A time factor related to this will influence the risk of a building becoming 

obsolete. Where buildings have resilience and adaptive capacity they will have a short 

time horizon. Where the time horizon is long (or potentially infinite), indicating a lack 

of adaptive capacity, there is a risk of premature obsolescence. Thus buildings that 
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are primed for adaptation (as discussed in Jones, Mulville and Brookes, (2013), Jones 

et al. (2015) and Mulville and Stravoravdis (2016b, 2016c, 2016a)) have less risk of 

obsolescence. Gosling et al. (2013) go on to suggest the need for cost-benefit analysis 

tools that can measure adaptability. Arguably the work of this author (Jones, Mulville 

and Brookes, 2013; Jones et al., 2015) begins to address this need by presenting 

approaches that considered adaptive capacity in relation to predicted climate change 

impacts supported by cost-benefit analysis.   

The British Council for Offices [BCO] (cited in Sanderson and Edwards (2016) defines 

building performance as: 

“the way that a building supports occupiers’ differing aims and needs including 
driving quality and value, meeting sustainability objectives and providing 
environments that meet the needs of users, resulting in efficient and effective 
workplaces” (p. 32) 

The above definition can be linked to the idea of user and technical fitness noted by 

Gosling et al. (2013). However, in the context of the previous discussion, arguably the 

definition differs from the current drive for sustainability in the built environment in that 

it focuses on the user or occupant. As discussed in Mulville and Stravoravdis (2016a) 

this presents a number of challenges to built environment professionals as, although 

users are considered at the design stage, user behaviour is not often considered in 

depth beyond pre-set assumptions. 

 

 

3.4 The Building Performance Gap 
 

Perhaps unsurprisingly, given the range of contributory factors noted above, the idea 

of a building performance gap is widely recognised (van Dronkelaar et al., 2016; 

Menezes et al., 2012b; de Wilde, 2014). van Dronkelaar et al. (2016) identifies 

specification uncertainty, occupant behaviour and poor operating practices along with 

the impacts of early design decisions (and modelling uncertainty) as among the key 

contributors identifying a regulatory, static and dynamic performance gap. This is 

supported by Lewry and Hamilton (2017) who identify a compliance based gap linked 

to design/ modelling assumptions versus real usage and the impact of unregulated 



33 
 

energy, and an operational (or real/actual) gap linked to poor operational practices. It 

is argued that the compliance based gap can be reduced with more realistic modelling 

and this is a developing area of research (for a review see Yan et al. (2015)). However, 

the operational gap is larger in magnitude but less well understood and has been 

linked to management structure and governance, a lack of maintenance, data 

limitations and the limited availability of practical and affordable solutions.  

The factors identified  by van Dronkelaar et al. (2016) and (Lewry and Hamilton, 2017) 

can be linked to the occupant, behavioural and workplace culture factors (Mulville, 

Jones and Huebner, 2013; Mulville, Callaghan and Isaac, 2016; Mulville et al., 

2016)and climate change impacts (Jones, Mulville and Brookes, 2013; Jones et al., 

2015; Mulville and Stravoravdis, 2016c, 2016b) considered within this submission. In 

particular the research included in this submission provides practical solutions to help 

minimise the operational performance gap. 

Although much of the discussion around the ‘performance gap’ remains focused on 

energy use (and particularly regulated energy use) given the long-lived nature of the 

built environment (Eisenberg, 2016), climate change also has the potential to 

significantly impact on building performance over time (see for example Gething and 

Puckett, 2013; Jenkins et al., 2014b; Jones, Mulville and Brookes, 2013; Jones et al., 

2015; Mulville and Stravoravdis, 2016b, 2016c). In addition, Butt et al. (2015) note the 

potential for such climate change impacts to contribute to building obsolescence. 

Furthermore, as previously noted, the role of building occupants is increasingly 

recognised as a key aspect of building performance and a contributory factor to the 

building performance gap (Karjalainen, 2016; Mulville, Callaghan and Isaac, 2016; 

Mulville, Jones and Huebner, 2013; Mulville et al., 2016).  

As such, attempts to close the building performance gap need to consider both 

operational energy targets and the needs of occupants along with their interactions 

with the building. These considerations need to ensure that reductions in energy use 

do not have negative impacts on occupant health, wellbeing, satisfaction and 

productivity. Overtime occupant behaviour could become a key factor in climate 

change adaptation. For this to be achieved user centred designs with an active 

approach to building management are required.  
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Figure 7. Long-Term Building Performance Gap 

(Source: Mulville and Stravoravdis, 2016a, adapted from Jones et al., 2015) 

 

Given the potential impacts of climate change and the role of occupant behaviour, a 

wider performance gap may exist and may grow over time (Camilleri, Jaques and 

Isaacs, 2001; Mulville and Stravoravdis, 2016a). The potential performance gap is 

depicted in Figure 7. Although this diagram is conceptual in nature and, as such, a 

starting point to the performance gap discussion, it highlights the potential impact of 

the unintended consequences of current practices, climate change and the role of 

occupant behaviour. Arguably this widening building performance gap can be linked 

back to the current approach to sustainability in the built environment which, although 

not without merit, maintains a focus on near-term regulated energy.  

The work included in this submission (Mulville, Jones and Huebner, 2013; Mulville, 

Callaghan and Isaac, 2016; Mulville et al., 2016) argues that a greater understanding 

of occupant behaviour is required and that this would help to close the building 

performance gap. This is in turn supported by van Dronkelaar et al. (2016) who 

highlight the potential for a greater understanding of occupant behaviour to reduce 

energy use and the performance gap. Furthermore, Tetlow et al. (2014) suggest that 

the delivery of low carbon buildings should not be focused on technological aspects 

alone, with a focus on occupants’ interactions with controls and therefore behaviour 

also of importance. Such an approach would ensure that occupants’ behaviour is 
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aligned with the intended building operation and thus help to deliver health and 

wellbeing, efficiency and long-term performance. 

Potential climate change impacts on buildings include issues associated with 

overheating (Adekunle and Nikolopoulou, 2016; Dengel and Swainson, 2012) and 

increased flooding and materials degradation among others (Gething and Puckett, 

2013), with corresponding implications for occupant health and wellbeing. Mulville and 

Stravoravdis (2016b, 2016c) note that the current regulatory approach to overheating 

risk assessment may not be fit for purpose and that dwellings designed and delivered 

today may need significant adaptation if building performance is to be maintained. 

Those papers go on to suggest a regulatory approach to dealing with such risk. Jones, 

Mulville and Brookes (2013) and Jones et al. (2015) propose an approach to climate 

change adaptation planning to embed resilience and adaptive capacity in the initial 

building design, which in turn can be managed throughout the operational life of the 

building.  

In order to reduce the risk of the building performance gap growing over time (as 

suggested in Figure 7), it is suggested that climate change adaptation planning and 

occupant behaviour are areas for further exploration.  

 

 

3.5 Occupant Behaviour 
 

Appel-Meulenbroek (2016) notes that it is increasingly recognised that occupant 

behaviour is an area of significant importance in terms of achieving successful 

outcomes in buildings. In this context Dantsiou and Sunikka-Blank (2015) note that, 

although limited, there is a growing body of academic work focusing on socio-technical 

issues (for example, see discussions in Summerfield and Lowe (2012)). Within this, 

the importance of a greater understanding of occupant behaviour to deliver energy 

savings and low carbon buildings has been highlighted (van Dronkelaar et al., 2016; 

Mulville, Jones and Huebner, 2013; Mulville et al., 2016; Tetlow et al., 2014; Tweed, 

2013), while it has also been suggested that behaviour is influential in occupant health, 

wellbeing and productivity (Haynes, 2007; Mulville, Callaghan and Isaac, 2016).  
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However, Karjalainen (2016) pointing to Mulville, Jones and Huebner (2013) as an 

example of the potential benefits, notes that there is a limited amount of research 

focused on behaviour in non-domestic buildings. This is supported by Dantsiou and 

Sunikka-Blank (2015) who suggest a knowledge gap exists around the behavioural 

processes involved, and Ouf, Issa and Merkel (2016) who suggest that the role of 

occupant behaviour is often overlooked. Ouf, Issa and Merkel (2016) go on to suggest 

that greater consideration of occupant behaviour could help to close (or at least 

reduce) the building performance gap. Hewitt et al. (2016) build upon this suggesting 

that a greater understanding of automatic and habitual behaviour can help building 

designers better respond to the occupants’ influence on building performance.  

In energy terms, much of the identified savings associated with behaviour change can 

be related to variations in energy use between occupants. Tetlow et al. (2015), citing 

Mulville, Jones and Huebner (2013) in relation to the importance of habitual behaviour, 

found that habit and therefore occupant behaviour accounted for 11% of the variation 

in workstation energy consumption. Furthermore, Martani et al. (2012) found (across 

two buildings) a 63% and 69% variation in electricity consumption due to occupant 

behaviour. Studies by Mulville et al. (2016) and Mulville, Jones and Huebner (2013), 

through the implementation campaigns linked to feedback, information and goal 

setting were able to reduce that variation and in turn deliver energy savings of close 

to 20% (desk level energy in this case). Given that, as previously noted, occupant 

behaviour may also be of importance in health, wellbeing and productivity, it can be 

argued that such behaviour change campaigns could be extended to also deliver 

improvements in those areas (Mulville, Callaghan and Isaac, 2016; Mulville and 

Stravoravdis, 2016a). 

Karjalainen (2016) points out that in the workplace a focus on building performance to 

deliver productivity may offer greater returns than a focus on energy use. In support 

of this it is widely recognised that employee cost can significantly outweigh energy and 

other building-related costs (CABE and BCO, 2005; Clements-Croome, 2000). 

Furthermore, there is a significant and growing body of evidence linking the physical 

environment, including ambient environmental issues, to occupant performance 

(Creagh et al., 2014). Clements-Croome and Kaluarachchi (2000) note that occupant 

performance (and by extension productivity) is dependent on healthy buildings. In turn, 

lack of productivity in buildings has been linked to absenteeism, arriving late, leaving 
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early, taking longer breaks and a general frustration with the work environment 

(Clements-Croome, 2015). Mulville, Callaghan and Isaac (2016) supplement this 

thinking by exploring the impact of the building environment on occupant health, 

wellbeing and by extension productivity. That paper highlighted that, in addition to 

ambient environmental conditions, occupant behaviour is a key factor in delivering 

such performance. In turn this is supported by Haynes (2007) who highlighted the 

importance of the behavioural environment (including interaction and distraction) in 

delivering productivity. Ultimately it may be a combination of the physical, 

environmental and behavioural factors that contributes to health, wellbeing and by 

extension productivity in buildings (see Figure 8).  

 

 

 

3.6 Drivers for Behaviour Change 
 

Tetlow et al. (2015) points out that the drivers for occupant behaviour are not being 

used to influence building design, with assumptions instead being made about the 

rational behaviour of occupants focused on attitude and conscious behaviour. 

However, as noted by Mulville, Jones and Huebner (2013); Mulville, Callaghan and 

Isaac (2016) and Mulville et al. (2016) and supported by Tetlow et al. (2015) this may 

be unrealistic. Arguably, these issues point toward the need for user-centred building 

design to aid preferred/desired behaviour supporting energy saving and productivity 

as suggested in Mulville and Stravoravdis (2016a). Building upon this, it has been 

suggested (Hewitt et al., 2016) that designers need to rethink building design and user 

technologies as users are unlikely to change habits. This can be linked back to the 

Occupier 
Work Pattern 

Physical 
Environment 

Behavioural 
Environment 

Office 
Productivity 

Figure 8. Theoretical Framework of Office 

Productivity (Adapted from Haynes, 2007) 
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potential benefits of behaviour change strategies such as those used in Mulville, Jones 

and Huebner (2013) and Mulville et al. (2016) and a need to consider how they could 

be embedded in building design and operation. This could perhaps be supported by 

building intelligence.  

Ackerly and Brager (2013) note the potential role of social and psychological factors 

in influencing occupant behaviours, while Hewitt et al. (2016) go on to suggest that 

values influence beliefs, which should influence personal norms and in turn guide 

behaviour. However, Mulville, Jones and Huebner (2013) and Mulville et al. (2016) 

note that in the non-domestic setting energy savings through behaviour change can 

be realised without any significant changes to environmental attitude. This is a key 

difference to the domestic setting and it may be that in the non-domestic setting 

workplace culture and the social norm this creates takes precedence over underlying 

environmental attitudes. The occupants attitude towards the given workplace culture 

may therefore be of importance. 

Azar and Al Ansari (2017) suggest that, in terms of the impact of pro-environmental 

messages, there may be a degree of transfer from the home to the workplace. 

However, the same study notes that the degree of transfer from the workplace to the 

home may be less successful. As noted by Dantsiou and Sunikka-Blank (2015) the 

more immediate presence of a financial incentive in the domestic setting and a greater 

level of personal control may be influential in this difference. In non-domestic settings, 

as noted by Mulville et al. (2016), the alignment of the wider workplace culture with the 

preferred behaviour may be important and can be linked to the active approach to 

building management suggested (Haynes (2007), Mulville, Callaghan and Isaac 

(2016), Mulville et al. (2016) and Mulville and Stravoravdis (2016a). Similarly, Azar 

and Al Ansari (2017) suggest that a ‘human in the loop’ approach may help support 

building performance. This active approach may include occupant behaviour change 

campaigns with feedback, information and goal-setting (human in the loop) (as 

suggested by Mulville et al. (2016) and Mulville, Jones and Huebner (2013)). In turn, 

this could be supported by an aligned workplace culture (Mulville et al., 2016) to deliver 

energy savings and improve health, wellbeing and productivity. 
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3.7 Technological vs. Behavioural Interventions 
 

There is an ongoing discussion around the merits of technological solutions versus an 

occupant behaviour focus (Bull et al., 2014). Karjalainen (2016) for instance, suggests 

a role for greater automation coupled with more realistic views of occupants’ 

behaviour. Such an approach would need a greater understanding of occupant 

behaviour in terms of interaction with the building and building controls (Mulville, Jones 

and Huebner, 2013; Mulville, Callaghan and Isaac, 2016; Mulville et al., 2016; Tetlow 

et al., 2014), which in turn can be linked to the importance of perceived personal 

control in user satisfaction (Danielsson and Bodin, 2009).  

Bull (2015) notes that Information and Communication Technologies [ICT] can both 

help and hinder energy saving behaviour suggesting that monitoring and control 

systems can drive up consumption. Furthermore, Tetlow et al. (2014) suggest that 

more automation could lead to a decrease in energy saving behaviour, perhaps by 

removing a degree of personal control. Ouf, Issa and Merkel (2016) in a study 

exploring energy use across a range of school buildings, found that newer schools 

used a greater amount of electricity than predicted (in comparison with older schools). 

The increased electricity usage was linked to greater automation in those, newer, 

buildings. However, it is suggested that simpler behavioural controls may offer benefits 

and there may still be a role for ICT within this (Bull, 2015). In this context Dantsiou 

and Sunikka-Blank (2015) note that technological infrastructure can have a significant 

impact on energy use practices. Dantsiou and Sunikka-Blank (2015) go on to explain 

that where systems and interfaces are difficult to understand, users are more likely to 

be passive in the system interaction. This in turn demonstrates why, in some 

circumstances, greater automation can have drawbacks.  The interface between 

controls and the user is key and a number of issues must be considered when thinking 

about this interface, including that:  

 Controls are designed by engineers but used by non-experts; 

 Complex control systems will be less well understood (van Dronkelaar et al., 

2016) and may reduce reliability; 

 A ‘passive’ (Dantsiou and Sunikka-Blank, 2015) approach from occupants can 

result in sub-optimal usage; 

 These issues contribute to the building performance gap; 
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 Localised controls coupled with wider automation and simpler interfaces (Bull, 

2015; O’Neill, 2010) may offer benefits (maintaining personal control). 

Bull et al. (2014) suggest that occupants are still seen as a hurdle to be overcome as 

opposed to a resource to be utilised. In this context perhaps an active approach to 

building management utilising automation to encourage active user behaviour (Wei et 

al., 2016) and feedback may offer benefits. Bull et al. (2014) and Bull (2015) suggest 

that the use of more interactive information (in place of simple feedback) may offer 

benefits. Building upon this, Ackerly and Brager (2013) conducted a study exploring 

the use of active window opening signalling to reduce energy use and improve 

comfort. They found that the most successful approach occurred when the signals 

were clearly visible and the supporting reasoning behind the signals easy to 

understand and linked to an explicit internal policy (perhaps linked to workplace culture 

noted by Mulville et al. (2016)). Those occupants who found value in the signals were 

more likely to be satisfied with personal control, pointing to potential benefits in such 

automation. Overall the study suggests that occupants need to be active participants 

in their work environment with opportunities to adapt their environment and access to 

personal control. Potentially similar approaches may help to reduce the detached, 

disconnected and disempowered feelings (Bull et al., 2014) building users may have 

in relation to building management.  

This more interactive approach could be linked to the active approach to workplace 

management suggested by the author (Mulville, Callaghan and Isaac, 2016; Mulville 

et al., 2016; Mulville and Stravoravdis, 2016a). In such a scenario, supported by 

automation, spaces could be actively monitored and feedback gathered which could 

inform occupant behaviour change campaigns to reduce energy use and improve 

health, wellbeing, satisfaction and productivity. As part of any behaviour change 

campaign, continuous reinforcement may be required (Darby et al., 2016) to ensure 

the behaviour becomes habitual and again automation may offer benefits in this 

context. Where greater levels of automation are to be used, this continuous 

reinforcement may also be necessary to ensure occupants can see a compelling 

reason to engage with the feedback and information available (Ackerly and Brager, 

2013). Although challenges remain in encouraging anticipation over reaction in relation 

to user interaction with controls, there is potential for a degree of automation to offer 

benefits.  
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As suggested by Ackerly and Brager (2013), it may be that coordination between 

engineering and occupant based solutions is needed. This can be linked back to the 

idea of intelligent buildings and how such intelligence could be utilised to support and 

not hinder preferred/desired behaviour and building performance. Within this Wei et 

al. (2016) suggest that encouraging the active behaviour (as opposed to passive) of 

occupants through building intelligence may be of benefit. Again this can be linked to 

the idea of an active approach to building management (Mulville, Callaghan and Isaac, 

2016; Mulville et al., 2016; Mulville and Stravoravdis, 2016a). In turn, such 

approaches, using greater building automation but coupling this with greater user 

interaction and information provision, could perhaps be used to deliver preferred 

behaviours without reducing perceived personal control.  

 

 

3.8 Climate Change Impacts 
 

The University College London [UCL] Lancet Commission on managing the health 

impacts of climate change called climate change “the biggest global health threat of 

the 21st century” (Costello et al., 2009). Furthermore, the 2015 Lancet Commission 

on Health and Climate Change (Watts et al., 2015) highlighted that, as noted by the 

World Health Organization [WHO], there could be an additional 250,000 deaths per 

year between 2030 and 2050 from the impacts of climate change. Climate change is 

predicted to have a number of direct impacts on buildings including overheating, 

materials degradation and increased flood risk (Adekunle and Nikolopoulou, 2016; 

Dengel and Swainson, 2012; Gething and Puckett, 2013) with corresponding impacts 

on occupant satisfaction and building performance. 

Although cold-related deaths may reduce due to the impacts of climate change, these 

will be outweighed by heat-related mortality which is expected to be a key contributor 

to overall excess mortality rates (Watts et al., 2015). This is supported by Waddicor et 

al. (2016) who highlight that for southern Europe any reduction in heating load in 

buildings is likely to be outweighed by increases to cooling demand. However, the 

same study notes that in more northern locations heat savings may outweigh cooling 

increases. There is also potential for human acclimatisation to rising temperatures 
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(Zaidi and Pelling, 2013) and wider urban-scale adaptation may reduce the risk too 

(Stone et al., 2014) (through reducing the Urban Heat Island [UHI] effect). As a result, 

actual overheating may be lower than predicted. However, given the seriousness of 

the issues noted above and the evidence included in this submission, the potential 

overheating risk remains (see for instance Jones, Mulville and Brookes (2013) and 

Mulville and Stravoravdis (2016b)). This may be particularly problematic in buildings 

that are unable to adapt, where adaptations prove costly (as suggested by Hills (2012)) 

or where occupants are vulnerable. In turn, this has significant implications for the built 

environment and long-term building performance.  

Toledo, Cropper and Wright (2016) note that government strategies to reduce heating 

demand have led to a number of unintended consequences including comfort, 

ventilation, air quality and overheating issues. This is particularly prevalent in ‘new’ 

and ‘energy efficient’ buildings. While, as noted above, occupants may be able to 

acclimatise to temperature change, they are not able to adapt to poor air quality 

(Clements-Croome, 2015). Eisenberg (2016) highlights that regulatory systems are 

reactive and therefore backward-looking in nature and that problems and hazards 

previously viewed as harmless, potentially such as the climate change related 

overheating risk, are often resisted long after they are recognised. Eisenberg (2016) 

goes on to highlight that with the long-lived nature of buildings they will need to perform 

in conditions that are different than those that exist today. As a result there is a need 

to address this at a regulatory and policy level. 

 

 

3.9 Managing Climate Change Impacts 
 

Toledo, Cropper and Wright (2016) found that climate change risks (specifically 

overheating risks) were associated with both design decisions and occupant 

behaviour. From the design perspective, climate change impacts need to be 

considered at the design stage to ensure that buildings are ‘fit for purpose’ at the end 

of their lifespan (Din and Brotas, 2016). In a culture of regulatory minimums 

representing standard practice, and in the context of the backward-looking nature of 

such regulations (Eisenberg, 2016), this is challenging. A limited amount of research 
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has considered the role of regulations in enabling buildings to deal with the impacts of 

climate change and to deliver long-term buildings performance. As noted by Meacham 

(2016), historically, issues of sustainability and climate change resiliency have been 

outside building regulations (although sustainability measures focused on mitigation 

are now more common). Furthermore, such issues are still seen as less important than 

minimum health and safety standards, and governance of potential climate impacts 

remains fragmented (Meacham, 2016).  

Several studies have explored the potential impacts of climate change on domestic 

buildings (for example see Dengel and Swainson (2012) and McLeod, Hopfe and 

Kwan (2013)). These, generally, consider the potential impact on a particular building 

type (i.e. timber frame, steel frame, refurbished building) and look forward at the 

potential impacts and adaptations. However, Visscher, Laubscher and Chan (2016) 

note that regulatory based solutions are needed if the potential climate change impacts 

identified are to be addressed and, as noted above, research in this area is limited. 

The papers included in this submission (Mulville and Stravoravdis, 2016b, 2016c) 

attempt to address that gap by providing risk-based regulations incorporating 

adaptation planning for dwellings. Significantly less research has been carried out into 

the impacts on non-domestic buildings, potentially due to the large variation in building 

types presenting a challenge in generalising the findings to a wider audience. The 

work included in this submission (Jones, Mulville and Brookes, 2013; Jones et al., 

2015) also aims to address that gap by exploring how the potential impacts of climate 

change can be managed throughout the buildings lifetime, with a focus on operational 

adaptation planning. 

Jenkins et al. (2013), in a study focused on overheating risk, presents an approach 

based on frequency curves which accounts for likelihood and risk and could be 

expanded on to consider potential user and technical adaptations (Jenkins et al., 

2014a). The main advantage of this proposal was the significant reduction in amount 

of building simulation required compared with other studies in this area. However, for 

that approach significant knowledge of the buildings’ characteristics is still required. 

Mulville and Stravoravdis (2016c) provided a similar approach to the proposal set out 

by Jenkins et al. (2013) but expanded on this by basing the assessment on set types, 

significantly reducing the specialist knowledge and simulation input required and thus 
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presenting an industry-focused solution. It is suggested that this approach could be 

embedded in the regulatory framework (Mulville and Stravoravdis, 2016b). 

Arguably, adaptation over time offers advantages in that it may avoid the risk of 

planning for future climates (which is inherently unpredictable) having a negative 

impact on near-term building performance. In that context Jones, Mulville and Brookes 

(2013) and Jones et al. (2015) suggested mechanisms concerned at the design stage 

to assess levels of risk associated with climate change impacts. Where risk levels are 

found to be a cause for concern, works would be carried out to enable or prime the 

building for future adaptations without actually implementing full adaptations until 

needed (for example, the provision of fixings for additional shading, additional riser 

space to cooling or modular heating/cooling systems). Those papers present a hybrid 

backcasting/forecasting methodology embedded in the design process but focused on 

long-term built asset management planning aimed at improving resilience and 

adaptive capacity.  

As noted previously, occupant behaviour can have a significant impact on building 

performance. In the context of potential climate change impacts, behaviour change 

may offer managerial-based adaptations beyond the more commonly considered 

technical and regulatory solutions (as noted in Jones, Mulville and Brook, (2013) and 

Jones et al. (2015)). In turn this would provide greater adaptive capacity to the potential 

impacts of climate change based on user behaviour.  

 

 

3.10 Delivering Long-Term Building Performance 
 

As noted there is a widely recognised building performance gap which to date has 

focused largely, although not exclusively, on near-term regulated energy. However, 

occupant behaviour both in relation to regulated and unregulated energy and wider 

building performance aspects (health, wellbeing, satisfaction and productivity) can be 

a significant contributory factor to the performance gap (van Dronkelaar et al., 2016). 

Furthermore, the potential impacts of climate change could impact upon this building 

performance gap over time (Mulville and Stravoravdis, 2016a). Ultimately, as depicted 

in Figure 7, where there is a lack of resilience and adaptive capacity and a lack of 
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understanding around the role of occupant behaviour, such issues could result in 

premature building obsolescence.   

The importance of user behaviour in delivering building performance has been 

increasingly recognised. However, there is a need for greater research in this area 

with a number of questions remaining (Dantsiou and Sunikka-Blank, 2015). There is 

a debate regarding the role of greater building automation versus behaviourally 

focused interventions in closing the building performance gap (Ackerly and Brager, 

2013; Karjalainen, 2016; Tetlow et al., 2014). Karjalainen (2016) argues that greater 

levels of automation may reduce energy usage, however as noted by Ouf, Issa and 

Merkel (2016) this may not always be the case. Greater automation can also serve to 

reduce personal control, which in turn has been linked to lower levels of occupant 

satisfaction and productivity (Danielsson and Bodin, 2009; Leaman and Bordass, 

1999). Ultimately, a combination of both may be required with a greater understanding 

of users’ interactions with the building to support the preferred/desired user behaviour 

(as suggested in Mulville and Stravoravdis (2016a)). In addition, an active approach 

to building management utilising monitoring, feedback, information and goal-setting 

may also have the potential to help close this gap (as discussed in Mulville, Callaghan 

and Isaac (2016), Mulville et al. (2016) and Mulville and Stravoravdis (2016a)). Within 

this, any user behaviour interventions need careful consideration, particularly in 

relation to the role of the wider building environment and attitude, habit and intention, 

in order to ensure they are successful. As noted in Mulville et al. (2016) in non-

domestic situations, workplace norms may be an important facilitating factor taking 

precedence over the underlying environmental attitude of occupants. While more 

widely the need for continuous reinforcement (Darby et al., 2016) linked to the need 

for active management remains. 

Over time, the potential impact of climate change may serve to increase the building 

performance gap (as suggested in Figure 7), especially where a focus on near-term 

regulated energy reduction remains. As demonstrated by Mulville and Stravoravdis 

(2016b, 2016c) the current regulatory framework may not be ‘fit for purpose’ in its 

approach to dealing with the potential impacts of climate change. To minimise the risk 

of climate change increasing the performance gap over time, buildings need to have 

resilience and adaptive capacity (which mirrors the view of sustainability suggested by 

Cox, Nielsen and Rode (2015)). At the design stage this could include a risk-based 
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approach to the potential impacts of climate change as part of the design process, 

possibly embedded into the regulatory framework and informed by built asset 

management plans (as considered in Jones, Mulville and Brookes (2013), Jones et al. 

(2015) and Mulville and Stravoravdis (2016b)). In turn this would provide the building 

with an ability to adapt over time. 

A greater understanding of occupants and an active approach to building management 

(as suggested in Mulville, Callaghan and Isaac (2016), Mulville et al. (2016) and 

Mulville and Stravoravdis (2016a)) could also help reduce the potential impacts of 

climate change. A greater understanding of occupants could ensure users are enabled 

to behave in an optimum manner, providing greater adaptive capacity for the building. 

Furthermore, an active approach to building management could include behaviour 

change campaigns (similar to those utilised in Mulville, Jones and Huebner (2013) and 

Mulville et al. (2016)) to improve wellbeing and productivity and to allow for user based 

adaptations to the impacts of climate change. These measures, as ‘operational 

enablers’, begin to address the need for managerial/behavioural as well as technical 

solutions to climate change adaptation (as suggested in Jones et al. (2015)). 

Ultimately, as suggested in Figure 9, the combination of such approaches may help to 

deliver long-term building performance, reducing the performance gap and the risk of 

premature obsolescence.  This can be achieved by reforming the regulatory 

framework and approaches to building/ operational management to give balance 

between the efficient use of resources and human needs for safety, health, comfort 

and wellbeing in productive and supportive environments. 
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Figure 9. Model of Building Performance 

(Source: Mulville and Stravoravdis, 2016a) 
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4 DISCUSSION  
 

As previously noted, there is a widely recognised building performance gap that could 

contribute to building obsolescence. To date most research relating to this gap has 

focused on near-term regulated energy usage. Although occupant behaviour is 

increasingly recognised as an influential factor in building performance, research in 

this area remains limited (although growing). Likewise, although the potential impacts 

of climate change have been explored, mechanisms to deal with such impacts using 

the regulatory framework and through operational management remain limited. The 

research included in this submission set out to explore the factors that are likely to 

influence long-term building performance. This focused on both occupant behaviour 

and the potential impact of climate change, and how such issues could contribute to 

the building performance gap. It is argued that if these issues are not considered, with 

a lack of resilience and adaptive capacity, there is a risk of the building performance 

gap increasing over time, ultimately resulting in premature building obsolescence. The 

research has produced tools and techniques in relation to harnessing occupant 

behaviour to improve building performance, and regulatory mechanisms and 

approaches to facilities/ built asset management in relation to improving resilience to 

the potential impacts of climate change. In addition the research has produced a model 

considering and explaining the impact of these factors on long-term building 

performance (see Figures 7 and 9). 

The research included in this submission utilised a mixed methods approach based 

on case studies, participatory action research and scenario-based futures studies. 

This allowed for the role of occupant behaviour (Mulville, Jones and Huebner, 2013; 

Mulville, Callaghan and Isaac, 2016; Mulville et al., 2016) and the role of regulations 

and approach of the design and facilities management team to the potential impacts 

of climate change (Jones, Mulville and Brookes, 2013; Jones et al., 2015; Mulville and 

Stravoravdis, 2016b, 2016c) to be explored. The futures studies approaches 

considered contributed to those case studies by generating predicted (forecast) or 

desired (backcast) future scenarios to be considered. In turn this allowed for risk-

based approaches to dealing with the associated predictions to be developed based 

on the resultant findings.  
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The research conducted and presented in the eight papers included in this submission 

has been able to demonstrate that occupant behaviour can have a significant impact 

on both building performance and occupant satisfaction. Furthermore, it is 

demonstrated that behaviour change strategies (utilising feedback, information and 

goal-setting) have the potential to alter occupant behaviour, reduce energy use and 

improve occupant satisfaction, thus adding resilience and adaptive capacity. It is 

argued that such tools and techniques could be extended to also improve occupant 

health and wellbeing, thus further impacting on building performance. It is also 

demonstrated that the current regulatory approach and operational management 

approach to considering the potential impacts of climate change may not be ‘fit for 

purpose’. New, more robust, regulatory and operational management approaches are 

presented that may help to ensure that the buildings designed and constructed today, 

do not become the ‘hard to treat’ buildings of the future. This could be achieved 

through the implementation of risk-based adaptation planning (and enabling works 

where necessary) at the design stage and throughout the operational life of the 

building, supported by the regulatory framework. It is argued that over time the role of 

occupant behaviour may become increasingly influential in these areas and if utilised 

could add to the overall adaptive capacity of buildings.  

Overall, the research argues that a greater understanding of occupants to 

enable/support desired behaviour, risk-based assessments of the potential impacts of 

climate change supported by the regulatory framework, and an active approach to 

building management are required in order to deliver long-term building performance 

(see Figure 9).  

 

 

4.1 Research and Practical Implications 
 

The research included in this submission builds upon the growing body of research 

concerning the role of occupant behaviour (for example see Haynes (2007), 

Karjalainen (2016) and Tetlow et al. (2015)) and the potential impacts of climate 

change and how to address such impacts (for example see Jenkins et al. (2014a), 

McLeod, Hopfe and Kwan (2013) and Sanders and Phillipson (2010)). Within these 
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areas the work submitted considers research gaps concerning the role of occupant 

behaviour in relation to building performance (as noted by Karjalainen (2016) and 

others), regulating for the potential impacts of climate change (Eisenberg, 2016; 

Meacham, 2016; Visscher, Laubscher and Chan, 2016) and integrating climate 

change adaptation strategies into long-term built asset management planning (Desai 

and Jones, 2010).  

The research included in this submission has implications for the regulatory framework 

in the built environment in that it has highlighted a number of deficiencies that need to 

be addressed in order to deliver long-term building performance. These issues are 

associated with the role of occupant behaviour and the users’ building interaction in 

relation to building performance and the potential impacts of climate change. For 

building designers the role of occupant behaviour, particularly when this is extended 

beyond regulated energy to health, wellbeing and productivity, presents a challenge 

as much of this is outside normal considerations. This also has implications for building 

owners and operators in encouraging preferred/desired occupant behaviour to deliver 

building performance (and resilience to climate change). The potential impacts of 

climate change present a challenge to building designers (and regulators) in 

accounting for often intangible and difficult-to-predict measures. However, as the work 

highlighted, if these issues are not addressed it could result in premature building 

obsolescence. As before, the impacts of climate change also have implications for 

building owners and managers in maintaining resilience and adaptive capacity over 

time and in optimising health, wellbeing and productivity.  

The work is of benefit to building designers, owners, occupants and operators in that 

it provides mechanisms to improve energy efficiency and user satisfaction through 

behaviour change techniques that could also be used to improve occupant health and 

wellbeing. Within this the research demonstrates that there is a role for workplace 

culture and active management in delivering building performance. The behaviour 

change tools and techniques presented could, arguably, also be used to provide 

occupant-based adaptive capacity to the potential impacts of climate change. The 

work is also of benefit to building designers, facilities managers and operators in that 

it provides mechanisms to ensure the unpredictable potential impacts of climate 

change can be accounted for at the design stage and managed throughout the 

operational life of the building. More widely, the research has the potential to offer 
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societal benefits by reducing the environmental impact of the built environment while 

improving productivity and overall occupant wellbeing.  

 

 

4.2 Impacts and Contributions 
 

The impact and contribution of the research included in this submission is discussed 

in this section. Further details including citations and impact-related statistics are 

provided in Appendix A of the submission alongside the submitted papers themselves. 

All of the papers included in this submission have been published in peer-reviewed 

publications. In turn these publications have resulted in a number of citations, invited 

presentations and have generated discussion and interest in both research and 

industry circles. The nature of the work has also meant that it has had direct impacts 

on a number of buildings and businesses. This includes additional adaptive capacity 

for the case study building used in Papers Two and duffy four s,s', a greater 

understanding of occupant satisfaction for the business in Paper Five and a greater 

understanding of the role of occupant behaviour in building performance for the 

business in Papers One and Seven. 

In socio-economic terms the body of research included in this submission has impact 

in that it demonstrates how greater resource efficiencies and energy savings can be 

achieved at relatively low costs (Papers One and Seven), thus reducing the 

environmental impact of the built environment. The approaches detailed in the 

research can be used to deliver greater levels of health, wellbeing and productivity 

thus offering societal benefits (health and wellbeing) and wider economic benefits 

(productivity). This is achieved through a focus on occupant behaviour (Papers One, 

Five and Seven) and in delivering buildings with greater levels of resilience and 

adaptive capacity (Papers Two, Three, Four and Six). User centred buildings that 

support energy conscious behaviour can offer benefits beyond the workplace. 

Furthermore, reducing the risk of premature building obsolescence gives greater 

justification to the magnitude of the human resource and embodied energy associated 

with the design and construction process, thus increasing overall productivity and 

sustainability. 
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Paper One (Mulville, Jones and Huebner, 2013), was included in a special edition of 

the journal Architectural Engineering and Design Management that considered ‘the 

impact of the building occupant on energy consumption’. The paper was one of the 

first of its type applied in a non-domestic setting and since its initial publication it has 

received a wide range of citations (see Appendix A for details). Authors citing the work 

have used the paper to highlight the importance of occupant behaviour in energy use, 

the degree of energy wastage outside office hours and the potential for associated 

savings when equipment is not in use. Paper Seven (Mulville et al., 2016), which is 

related to Paper One and built upon its findings, has received significant attention 

since its publication with a high ‘altmetric’ score (see impacts statistics in Appendix A) 

placing it in the top 25% of all research outputs scored. These papers made an original 

contribution to knowledge by demonstrating how occupant behaviour change tools 

and techniques can and should be used to improve building performance. The role of 

workplace culture is identified as an important facilitating condition which may be more 

important than underlying environmental attitude. This is a key difference from 

behaviour in the domestic sector (research around occupant behaviour in the domestic 

sector is more developed than the non-domestic sector).  

Papers Two and Three (Jones, Mulville and Brookes, 2013; Jones et al., 2015) had 

immediate impact upon the design and delivery of a new £75m educational building 

with a number of alterations adopted during the design stage to improve long-term 

adaptive capacity. Paper Three was based on an earlier conference paper (not 

included in this submission – see Appendix C). That paper won a ‘best paper award’ 

at the International Council for Building [CIB] Facilities Management Conference in 

2014 and was thus invited for publication in Facilities (Paper Three). These papers 

made a contribution to knowledge by demonstrating how the potential impacts of 

climate change can be considered during the design stage and managed during the 

operation phase of the building’s life. The papers present a new hybrid 

backcasting/forecasting approach to built asset management planning. 

Paper Four (Mulville and Stravoravdis, 2016b) was published in a special edition of 

Building Research and Information and has been widely shared and disseminated. 

The paper received the ‘Merit Award’ from the Chartered Institute of Building’s [CIOB] 

International Innovation and Research Awards 2016. The paper has also received 

significant attention with a high ‘altmetric’ score placing it in the top 5% of all research 
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outputs scored A working group meeting on the subject was held at the CIB World 

Building Congress [WBC] (This author followed up the work with a paper presented at 

the WBC (Paper Six (Mulville and Stravoravdis, 2016b)). The presentation associated 

with Paper Six (Mulville and Stravoravdis, 2016c) was well received, with further 

engagement from industry representatives. The research contained in these two 

papers formed the basis of evidence submitted by the Chartered Institute of 

Architectural Technologists [CIAT] to the recent public consultation on the proposed 

changed to the Standard Assessment Procedure [SAP]. These papers made an 

original contribution to knowledge by demonstrating that the current approach to 

overheating risk assessments in the built environment may not be fit for purpose. The 

papers note that this could result in the buildings we design and deliver today 

becoming the ‘hard to treat’ buildings of the future. The papers suggest an alternative 

risk-based adaptation planning approach (linking to Papers Two and Three) to 

overheating risk assessments embedded in the regulatory framework.  

Paper Five (Mulville, Callaghan and Isaac, 2016) was published in a special edition of 

the Journal of Corporate Real Estate with the author securing a competitive funding 

grant to enable the research to take place. The author has provided the business which 

participated with a report on the project and is currently discussing follow-up 

interventions in the building. In the short term, the research has impacted upon the 

business as they have focused their workplace adjustments on its findings. This paper 

made an original contribution to knowledge by demonstrating that both ambient 

environmental conditions and occupant behaviour are important in terms of user 

satisfaction. The paper suggests the need for an active approach to building 

management incorporating monitoring and feedback in relation to occupant behaviour 

and ambient environmental conditions in order to maximise building performance. 

Linking with the other research by the author, it is suggested that occupant behaviour 

change tools and techniques can be used in order to deliver greater levels of user 

satisfaction. 

Paper Eight (Mulville and Stravoravdis, 2016a) which aimed to tie together many of 

the ideas discussed in the other papers included in this research formed the basis for 

a presentation at the SEEDS International Conference (September 2016). The 

reviewers were generally positive and supportive about the paper noting that it was “a 

very interesting paper, well written in the main and covering an interesting topic in a 
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thought provoking way” and that the “paper covers an important topic and the idea 

behind Figure 2 is interesting and has far-reaching consequences”. The same ‘Figure 

2’ is included in this submission as Figure 9. The paper provides an explanatory model 

considering how occupant behaviour and climate change may impact upon long-term 

building performance (see Figure 7). The research goes on to suggest what measures 

may be put in place to begin to address these issues (see Figure 9). These 

suggestions include: 

 A user centered design supporting personal control; 

 Risk based climate change adaptation planning embedded in the regulatory 

framework and as part of built asset management plans and; 

 An active approach to building management incorporating a continuous loop of 

information, feedback and monitoring coupled with occupant behaviour change 

strategies. 

 

 

4.3 Limitations 
 

The body of work included in this submission should be considered in the context of a 

number of limitations. Each paper presented includes its own discussion of specific 

limitations. For completeness, limitations related to the overall body of work submitted 

are considered below. 

As noted, much of the research included in this submission utilised a case-study 

approach which allowed, in most cases, quantitative data to reinforce qualitative data. 

In most examples, single longitudinal case studies, as opposed to cross-sectional 

cases, were utilised and this may raise questions of reliability. However, the case 

studies used to a greater or lesser extent can be considered to be ‘typical’ and 

therefore representative of the wider stock, thus allowing for generalisations to be 

made. Furthermore, the multiple case studies used across the body of work in this 

submission include a degree of overlap and thus add to overall reliability. However, 

additional cross-sectional case studies may add further reliability. 

The body of research set out to explore long-term building performance and the risk 

of obsolescence. The work focused particularly on two key contributory factors (the 
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potential impacts of climate change and the role of occupants’ behaviour). It should be 

recognised however, that building performance and obsolescence are complex and 

there are contributory elements that do not easily fit under those key factors. This 

includes the role of the wider economic environment and the drive, in a commercially 

focused industry, to deliver buildings that maximise short-term returns on investment. 

This is particularly challenging where ‘sustainability’ measures, in traditional terms at 

least, often offer intangible benefits that do not easily fit valuation methods. Although 

research into these measures has been developing in recent years, they are beyond 

the scope of the research included in this submission. Likewise, social and locational 

factors that may contribute to obsolescence are beyond the scope of this research.  
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5 CONCLUSIONS AND FUTURE WORK 
 

The focus of the research included in this submission was on delivering long-term 

building performance and reducing the risk of premature building obsolescence by 

addressing issues surrounding occupant behaviour and the potential impacts of 

climate change. Within this the research set out to address a number of objectives, 

namely:  

1. To investigate, through a critical review of the literature, the potential 

impacts of climate change on, and the role of occupant behaviour in, 

building performance (across all papers); 

2. To develop tools and techniques that can harness occupant behaviour in 

order to improve building performance (Papers One, Five, Seven and Eight); 

3. To develop regulatory mechanisms and approaches to facilities/built asset 

management in relation to the potential impacts of climate change that can 

be used to improve resilience and increase adaptive capacity in buildings 

(Papers Two, Three, Four, Six and Eight) and;  

4. To develop a model that explains the role of occupant behaviour and the 

potential impacts of climate change on long-term building performance 

(Paper Eight).  

The following paragraphs set out how these objectives have been met. Objective one 

has been met by combining the literature review and exposition included in this 

submission and the literature reviews from the submitted papers. This has 

demonstrated that climate change has the potential to have a significant impact on 

long-term building performance (Adekunle and Nikolopoulou, 2016; Dengel and 

Swainson, 2012; Gething and Puckett, 2013). In particular, overheating risk is 

highlighted as a challenge where buildings are being optimised for heat retention to 

reduce near-term energy usage (Mulville and Stravoravdis, 2016c). Although there is 

a developing body of research around the climate change impacts on buildings, 

research gaps relating to regulating for such impacts (Eisenberg, 2016) and climate 

change adaptation planning are identified (Desai and Jones, 2010). Furthermore, it is 

noted that the role of occupant behaviour in building performance is increasingly 
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recognised, with users interactions with controls, a lack of perceived behavioural 

control and a passive/ reactionary approach to building interaction highlighted 

(Dantsiou and Sunikka-Blank, 2015; van Dronkelaar et al., 2016; Karjalainen, 2016). 

However a research gap, particularly in the non-domestic sector (Dantsiou and 

Sunikka-Blank, 2015; Karjalainen, 2016; Tetlow et al., 2014), is identified.  

Objective two is met by Papers One, Five, Seven and Eight. These papers highlight 

that a significant variation in energy usage can exist between occupants in similar 

buildings undertaking similar tasks and note how this can contribute to the 

performance gap and building obsolescence. It is demonstrated that up to 23% of 

energy use occurs outside of occupied or productive hours, reducing efficiency and 

productivity. Furthermore, it is demonstrated that occupant behaviour can be a 

significant factor in perceived environmental comfort and wellbeing, with statistically 

significant differences found between occupants within individual buildings. In turn this 

has an impact on productivity. The research provides occupant behaviour change 

tools and techniques that can be used to improve building performance. These are 

based on the use of feedback, education and goal setting and it is demonstrated that 

such an approach can result in energy savings of up to 20%. It is suggested that such 

techniques can be extended to benefit health, wellbeing and productivity. Furthermore, 

it is demonstrated that such behaviour change can be achieved without changes to 

underlying environmental attitude and perceived social norms, instead it is argued that 

workplace culture as a ‘facilitating condition’ is an important factor in such behaviour 

change. To take account of this finding an altered version of the theory of planned 

behaviour is presented. Overall, the papers argue that to achieve such behaviour 

change and ensure it has longevity, user centred design (for instance intuitive and 

accessible controls to support perceived personal control) and an active approach to 

building management is required, with active management incorporating occupant 

behaviour change campaigns.    

Objective three is met by Papers Two, Three, Four, Six and Eight. These papers 

demonstrate the potential impact of climate change on long-term building performance 

and how this could contribute to premature building obsolescence. They highlight that 

the current regulatory approach to climate change overheating risk assessment is not 

‘fit for purpose’ with the use of historic climatic data and unrealistic user adaptations. 

Within this there remains a focus on near-term performance which optimises the 
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building for heat retention, this could, over time, result in a switch from winter to 

summer time fuel poverty.  The research also demonstrated that, beyond overheating 

risk assessments which are not fit for purpose, climate change risk assessments at 

the design stage are largely absent. The research provides a regulatory based 

overheating risk assessment that addresses the shortcomings previously noted. This 

utilises the depth of analysis possible using dynamic building simulation while 

providing an approach that is readily accessible by industry. The research also 

provides a hybrid forecasting/ backcasting approach to long-term facilities and asset 

management planning. Initiated at the design stage this can be used to deliver greater 

resilience and adaptive capacity in the face of the predicted impacts of climate change. 

It is argued that the facilities manager is key in delivering successful climate change 

adaptation planning and in ensuring whole of life thinking is applied. The research calls 

for a user centred approach to design to ensure user based adaptive capacity can be 

delivered (utilising the behaviour change techniques previously noted). In addition, an 

active approach to building management incorporating continuous monitoring and 

feedback (along with occupant behaviour change) to ensure that required adaptations 

can be identified and implemented before building performance is reduced, is 

recommended. 

Objective four is met by Paper Eight and supported by the preceding research in 

Papers One to Seven. It is argued that the potential impacts of climate change and the 

role of occupant behaviour could lead to premature building obsolescence. The current 

focus on near-term regulated energy is highlighted as a key contributory factor in this 

and it is argued that consideration of long-term performance and whole of life thinking 

is required. The research argues that a user centred approach to building design to 

support preferred/ desired user behaviour coupled with a risk based climate change 

adaption planning (implemented through the regulatory framework and as part of built 

asset management planning), to increase resilience and adaptive capacity, is required. 

It is also argued that an active approach to building management incorporating 

monitoring, feedback, information and goal setting and supported by the wider 

workplace culture, is required to monitor performance over time and reinforce the 

design intention. Such an approach (user centred design and an active approach to 

building management) can help to close the building performance gap and reduce the 

risk of premature building obsolescence. 
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Ultimately, based on the findings of this research, the body of work included in this 

submission calls for the key stakeholders involved in the design, management and 

operation of buildings to take action. The relevant stakeholders and actions include: 

 Regulators: Adopt overheating risk assessments that take account of predicted 

climate change impacts and encourage/ incentivise the use of risk based 

climate change adaptation planning tools in built asset management planning; 

 Designers: Take a user centred approach to building design particularly in 

relation to the control to user interface. Allow for design, process and 

operational based enablers at the design stage to deliver greater levels of 

resilience and adaptive capacity. Take an integrated, lifetime design approach 

embedding the facilities manager in the design process; 

 Owners/Facilities Managers: Engage in an active approach to building 

management to reinforce personal control and support occupants’ health and 

wellbeing while increasing resource efficiency by utilising information/ 

education, feedback, monitoring and behaviour change techniques in a 

continuous feedback loop. Implement a workplace culture that is supportive of 

the preferred occupant behaviours; 

 Occupants: Supported and enabled by user centred design, active building 

management and the relevant workplace culture engage with the building, 

controls and workplace environment in an active and anticipatory manner (this 

can only be achieved once the preceding steps noted have been taken). 

 

 

5.1 Future Work 
 

The research included within this submission points towards a number of possible 

directions for further future research. Each paper presented in this submission 

includes its own discussion regarding future research needs. For completeness, a 

summary of the future research needs related to the overall body of work submitted is 

provided below. 



60 
 

The behaviour change research included could be expanded to test how effective such 

approaches are in changing occupant behaviour in relation to their own health and 

wellbeing and interaction with building systems and controls. If the active approach to 

building management suggested were to be adopted with a focus on building 

performance and user satisfaction (not just energy use), the further development of 

such behaviour change techniques may be important. Furthermore, such techniques 

may benefit from a degree of automation of feedback, education and information, 

along with continuous reinforcement, and this presents an interesting avenue for 

further research. More specifically, in relation to the potential of overheating related to 

climate change, there is a need for a greater understanding of the likely user 

adaptations and behaviour during warm periods. This could explore window opening 

behaviour (and other user adaptations) particularly in urban areas where noise, 

pollution and security may have a mediating effect. This could link back to the wider 

active approach to building management suggested and may have implications for 

building intelligence through encouraging anticipatory behaviour.  

Further research in relation to the likelihood of building occupants naturally 

acclimatising to a generally warming climate over time would also be of benefit. Such 

research may face a number of practical and ethical barriers such as the requirement 

for longitudinal studies that explore the impacts of incremental increases in internal 

temperatures and the potential health impacts of these. An alternative approach to 

such research may be required, perhaps based on the experience of occupants of 

similar buildings across differing climates. More generally, the potential for user 

behaviour and user-focused adaptations along with managerial interventions to 

increase building resilience and adaptive capacity present an interesting and 

underdeveloped area of inquiry. Further research in these areas could supplement the 

more commonly considered technical adaptations. 

The approaches set out in this research in relation to climate change adaptation and 

adaptation planning either through the regulatory framework or built asset 

management planning would benefit from further exploration. The regulatory 

approaches suggested could be explored in practice or tested qualitatively to 

understand the likely industry reaction and approach, should such mechanisms be put 

in place. The adaptation planning mechanisms focused on facilities and built asset 

management plans would benefit from further research that seeks to develop 
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additional tools and techniques to support such approaches. These areas could also 

be further explored to test the theory generated against a wider range of building types. 
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The potential for energy reduction in UK commercial offices through
effective management and behaviour change

Mark Mulville*, Keith Jones and Gesche Huebner†

Department of Property and Construction Management, School of Architecture, Design and Construction,
University of Greenwich, Mansion Site, Bexley Road, London SE9 2PQ, UK

General office equipment can be responsible for a significant proportion of overall electrical
energy consumption in UK offices and this is predicted to rise significantly over the coming
years [Webber, C. A., Roberson, J. A., Brown, R. E., Payne, C. T., Nordman, B., &
Koomey, J. G. (2001). Field surveys of office equipment operating patterns. Berkley: CA:
Lawrence Berkley National Laboratory]. As a significant contributor to overall energy use,
this equipment has a corresponding cost and carbon impact. The legally binding
requirements of the climate change act [Department of Energy and Climate Change. (2008).
The climate change act. London: The Ministry of Justice] present a need to address the
impact of office equipment, especially within the less-efficient existing building stock. In
this study the range of energy consumption patterns observed across workstations in two
typical UK, air-conditioned office spaces covering 90 desks and the potential effect of using
feedback to encourage energy reduction through behaviour change are explored. The project
monitored energy consumption over a four-month baseline period. Taking into account
technical, behavioural and environmental influences this baseline established that a
significant variation in consumption patterns exists between workstations providing the
same function, in comparable locations and over the same period of time. Following the
establishment of the baseline data further monitoring took place to assess the effect of
behaviour change interventions through the provision of comparative feedback. The core
driver behind the variation in consumption identified was found to be occupant behaviour
over technical and environmental considerations. The study establishes that it is possible to
reduce energy use, carbon emissions and cost associated with desk-level electricity
consumption by up to 20% through behaviour change in typical UK office spaces. Further
savings are possible through energy management and procurement policy, but behaviour
change offers significant initial reductions for limited investment.

Keywords: energy; small power; office; CO2; unregulated energy; feedback; behaviour change

Introduction

The impact and pattern of usage relating to regulated energy within the building stock are gener-
ally well understood. Consumption patterns associated with unregulated energy such as small
power and desktop equipment are less well understood. Junnila (2007) notes that the existing lit-
erature on energy efficiency in office buildings does not provide good data for estimating energy
reduction potential through occupant behaviour change. Furthermore as discussed by Menezes,
Cripps, Bouchlaghem, and Buswell (2012) this lack of understanding of unregulated energy
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use can be identified as a contributory factor to the ‘performance gap’ between predicted/design
and actual/in-use energy performance. In UK office spaces this performance gap has in some
cases resulted in in-use carbon emissions 2–3 times that of the original design estimate
(Bordass, Cohen, & Field, 2004). The UK target of a 34% reduction in CO2 emissions over
1990 levels by 2020 (The Climate Change Act, 2008) has resulted in the construction industry
introducing increasingly stringent energy performance regulations. As building regulations and
other statutory mechanisms drive down the consumption associated with regulated energy, an
understanding of unregulated energy becomes increasingly important. Information and communi-
cation technology (ICT) can be responsible for 20% or more (Chartered Institution of Building
Services Engineers [CIBSE], 2004) of overall electrical energy consumption in a typical office
space. Improvements in the energy efficiency of IT equipment have reduced consumption of indi-
vidual units. Conversely increased processing power and range of equipment utilised has resulted
in predictions that small power will continue to have a significant impact (Jenkins, Singh, &
Eames, 2009) and that energy consumption associated with office eqiupment will continue to
grow globally in the near future (Vereecken et al., 2010; Webber et al., 2001).

As noted by Junnila (2007) few studies have focused on quantifying the end-user influence on
energy consumption; furthermore most energy managers believe end users’ influence to be
minimal (Lukas, 2000, cited in Junnila, 2007, p. 331). However it has previously been established
that energy use of desktop equipment is highly influenced by occupant behaviour and is flexible in
nature (Zhang, Siebers, & Aickelin, 2011). This view is supported by a study by Kawamoto,
Shimoda, and Mizuno (2003) which estimated that for an average working day the actual in-
use utilisation of desktop equipment may commonly be as low as 43%. Additionally many
office workers do not power down equipment at the end of the working day (Berl & de Meer,
2011) and even fewer unplug equipment that may still draw power when turned off. A US
field survey of office equipment operating patterns (Webber et al., 2001) found that only 44%
of computers and 32% of monitors were turned off at night; a similar UK-based study (Zhang
et al., 2011) found that 60% of occupants do not power down at night time, with 31% powering
down just occasionally and only 9% powering down regularly. Comparison of these two studies
would seem to suggest that organisational or cultural background may have an influence on the
rate of power down and reinforces the view that small power consumption patterns are generally
not fully understood but offer significant potential for savings.

The flexible nature of desktop energy consumption supports the view that there is significant
potential for energy reduction through behaviour change. Ward (2008) identifies increasing IT
usage in commercial offices as one of the main barriers to reducing energy use; however if occu-
pant behaviour were better understood it may be possible to overcome such barriers while allow-
ing for the increased use of IT equipment. There is evidence that the use of behaviour change
mechanisms can significantly reduce overall energy consumption in commercial buildings. It
has been estimated that workstation energy use can account for 73–88% of total office equipment
energy use and that a combination of behaviour change, energy management and procurement
policy could contribute to a 60–80% reduction in this (Junnila, 2007). With this in mind a
focus on desk-level equipment would appear valid when considering energy reduction from
general office equipment. Carrico and Riemer (2011), in a study considering university-based
office spaces in the USA, note that energy use reductions of up to 15% should be possible
through the implementation of behaviour change measures alone, by using group-level feedback
and peer education.

Jenkins et al. (2009) predict that offices spaces in London and the south of the UK are likely to
increasingly tend towards being cooling dominated. As, in most UK offices, internal heat gains
are the main contributing factor to cooling loads, the reduction in consumption associated with
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desktop equipment and corresponding heat gains could offer an indirect benefit by decreasing the
corresponding cooling load (Jenkins, Liu, & Peacock, 2007).

This study considers energy consumption patterns across 90 desks in two air-conditioned
offices spaces in South-East England. The variation in consumption patterns identified is con-
sidered and analysed, and a series of behaviour change interventions are made with the goal of
reducing consumption associated with desktop equipment by at least 20%.

Methodology

Over the course of an unoccupied weekend 90 workstations (each workstation consists of a single
screen, desktop computer or laptop and docking station, with two desk-level plugs) were fitted
with energy-monitoring devices. The devices look like standard extension leads with four plug
locations. Computers, screens, a desk-level plug and any other desktop devices present were
plugged into the monitoring device. The device was installed so that it became the most accessible
plug point for the occupant at each workstation. There were other plug locations available (from
which the monitoring device itself is plugged) but these were out of sight and hidden within cable
trays on the underside of the desk. This approach ensured all small power consumed at desk level
could be monitored. The device used takes an hourly reading, which is then wirelessly transmitted
to be stored on a central server in the office of the monitor provider; data can then be downloaded
remotely for analysis. The device itself was tested and found to draw 0.8 W which was accounted
for in the discussions to follow.

The initial baseline monitoring period began and ended on the same day in both locations,
lasting from 17 June 2011 to 26 September 2011 (100 days). Following the conclusion of the
baseline period a series of field surveys were conducted to identify which pieces of equipment
were plugged into which monitor and to ensure that only monitors with a full profile (monitoring
at least the screen and computer at the location) were taken forward for analysis. Additionally,
field surveys were able to identify where additional equipment such as mobile phone chargers,
other personal ICT devices, desk fans, desk lamps and heaters had been plugged in. Of the
additional small power devices identified the most prevalent was mobile phone chargers with
21% of all workstations having chargers plugged in during the survey (many without a mobile
phone connected).

Using the baseline data it was possible to establish total, daily and hourly consumption pat-
terns at both site-wide and individual workstation levels. Allowance was made for absence from
the workplace through filtering the data to only cover days when the location was occupied.
Further corrections were made to ensure readings from individual workstations were not
skewed due to longer working hours. This was achieved through establishing an out-of-hours
baseline power density (the average power density at the desk location when not in use) and
an operational power density (the average power density at the desk during operating hours).
From this it was possible to ensure feedback provided made allowance for extended working
hours without unduly penalising the workstation occupant. This was achieved by applying
average working and non-working hours based on site-wide data as opposed to individual
usage, thus allowing like-for-like comparison. The baseline analysis identified a small number
of unexpected peaks in energy use; based on the timing and frequency of the peaks they were
attributed to the cleaning cycle at each location (Figures 1 and 2).

Once the baseline data were analysed they were compared to widely accepted industry bench-
marks to understand the impact of small power within the benchmarks. For office location A it
was possible to compare this back to overall electricity consumption for the site and produce
per m² comparisons. It was not possible to indentify the same data for office location B as the
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Figure 2. Daily profile location B.

Figure 1. Daily profile location A.

82 M. Mulville et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
G

re
en

w
ic

h]
 a

t 0
3:

31
 2

2 
M

ay
 2

01
4 

80



data could not be disaggregated; therefore any such comparisons are based only on the data from
office location A.

As the aim of the study was to understand variation in energy consumption and the influence
of occupant behaviour, it was important to take account of ongoing changes within the office
structure (turnover of staff, change of location) so that a clear picture of behaviour could be estab-
lished. Working with the management team at both locations, in addition to the follow-up field
surveys, it was possible to ensure that only desks where the individual could be followed were
included in the monitoring. This reduced the number of desks considered for post-intervention
analysis.

Following the baseline period a number of interventions were made prior to and during the
follow-up monitoring period. Interventions began in early March 2012 and continued until the
end of June. Two types of feedback interventions were used in conjunction with goal-setting.
Comparative feedback interventions considering the consumption of an individual or a group
in relation to an average have been successful in reducing energy consumption in households,
as has historic feedback (Abrahamse, Steg, Vlek, & Rothengatter, 2005). The basic idea of com-
parative feedback is to evoke a feeling of competition, social comparison or social pressure which
then leads to changed behaviour to correspond more closely to the norm. In order to prevent a pull
towards the mean performance in those who already show the desired behaviour (in this case,
below-average energy use), an appraisal of the behaviour is employed, often in the form of a nega-
tive or positive smiley face. The first intervention consisted of providing regular historic (approxi-
mately every fortnight) feedback on energy consumption at an office-based level. This was
combined with goal-setting; hence, at the beginning of the intervention, a reduction of 20%
was calculated and given as a target. The second intervention was conducted with individual-
level feedback to half of the occupants within an office and group-based feedback to the other
half. Consumption was split up into a day and night-time component in order to highlight the
wastage associated with leaving equipment on standby overnight.

Comparing the data generated from the follow-up monitoring period it was possible to
quantify the impact and longevity of the interventions made.

Benchmark comparison

There is a wide range of industry benchmarks relating to regulated energy, unregulated energy,
small power loads, occupant density and other related metrics. These are supported and sup-
plemented by academic research and field studies. An understanding of these benchmarks can
help to gauge the overall impact of workstation energy use patterns, in relation to the overall
energy use framework. The figures discussed below feed into the floor- and desk-level analysis
which follows.

Technical Memorandum 46 (TM46) (CIBSE, 2008) provides widely recognised energy
benchmarks for UK buildings; however the 95 kWh/m²/year for typical electrical energy con-
sumption in UK offices identified within TM46 includes only regulated energy use. Therefore
it is necessary to look to the Energy consumption guide 19 (ECG19) (Department of the Environ-
ment, Transport and the Regions [DETR], 2003) which identifies a regulated electrical energy
usage of 145 kWh/m²/year in air-conditioned offices with an additional 63 kWh/m2/year
allowed for unregulated energy of which 31 kWh/m²/year is attributed to office equipment. If,
as identified by Junnila (2007), 73–88% of this relates to desktop equipment, office equipment
would typically be expected to consume 22–27 kWh/m2/year. The Chartered Institution of Build-
ing Services Engineers (CIBSE) guide F (CIBSE, 2004) further supplements this discussion by
identifying office equipment as being responsible for 20% of overall electrical energy consump-
tion with two-thirds of this attributed to desktop equipment. Applying this to the ECG19
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benchmark, desktop energy usage can be calculated as 27.45 kWh/m2/year, aligning well with the
findings of Junnila (2007). Good practice guide 11 (Department of the Environment, 1997) would
seem to contradict these predictions with a much more significant proportion of electrical energy
use in air-conditioned offices assigned to small power. Given the publication was produced in
1996 and ICT equipment and building performance have moved on significantly over this
period it has been discounted for this study.

Based on the above benchmark data, workstation energy consumption in the region of
22–27.45 kWh/m2/year would seem to be a credible prediction for the offices under investigation.

Floor-level analysis

The two office spaces under consideration in this study largely utilise laptop computers with
docking stations and LCD screens; occasionally a desktop lamp, desktop fan, fan heater or
mobile phone charger was also plugged in. Over the initial four-month monitoring period
average energy consumption per day at each workstation and for each site was established as
an indicator of the overall consumption pattern. When the average daily consumption is con-
sidered it can be seen that both sites are comparable and have similar daily profiles (Figures 1
and 2). Across all desks the average daily consumption for the initial four-month monitoring
period at office A is 236 Wh/desk/day (for an average working day of 8.37 h, normalised to 8
h = 225 Wh) while at office B this is 307 Wh (for an average working day of 10.4 h, normalised
to 8 h = 236 Wh). There is a significant deviation from the mean consumption (Figures 3 and 4)
which indicates a range of behavioural and equipment-related factors affecting consumption pat-
terns. The standard deviation for average daily consumption at office A was 147 Wh/day and at
office B standard deviation was 143 Wh/day1 indicating high but similar levels of variation.
Therefore it can be said that two-thirds of desks at office A consume between 89 and 383 Wh/
day and at office B this is between 162 and 448 Wh/day.

In order to take account of the variation in the duration of a typical working day and equip-
ment performance, it is necessary to consider the power density, both during working and non-
working hours. The average power density during working hours at office A was 25.2 W while

Figure 3. Power density and energy consumption location A.
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at office B this was slightly lower at 22.2 W (Figures 3 and 4). As with the average daily energy
consumption there was a significant variation in the power density at each desk over the baseline
period, with a standard deviation of 14.7 and 10.32 W at offices A and B, respectively. This
reflects the range of laptops, computers and screens in use and the presence of printers, phone
chargers and other small power items in various locations. The power density identified is signifi-
cantly smaller than the typical benchmark of 160 W per desk space predicted for energy use in
Offices (DETR, 2003). Working on the basis of an average occupant density of 12 m2/person
(Gibson & Bamidele, 2010) these power loads equate to desk-level power of 2.1 W/m2 and
1.85 W/m2, respectively. Assuming that this equates to two-thirds of overall small power
(Energy efficiency in buildings, 2004) this in turn equates to a small power load of 3.15 and
2.775 W/m2/year at locations A and B, respectively. This compares favourably to the findings
of Dunn and Knight (2005) who found small power loads of 17.5 W/m2 in air-conditioned UK
office spaces. These figures equate to overall daytime workstation energy consumption of just
13.4 and 11.8 kWh/m2/year based on the same occupancy density as before and an 80% attend-
ance rate. These figures demonstrate that in comparison to industry-accepted benchmarks, the
locations used for the study already perform above expectation. The performance above bench-
mark norms of the office equipment can be attributed to the low energy procurement policy
already in place at the two sites under consideration, where laptop computers have been favoured
over traditional desktops. Not only is the typical power usage of laptops significantly less than that
of typical desktop personal computers (20 versus 200 W, on site measurement) but the power-
down rate of laptops tends to be in excess of that of personal computers (Kawamoto et al.,
2003), reducing the corresponding overnight wastage.

To establish where increased energy consumption or power density at a workstation can be
related to equipment being left on outside of office hours it is necessary to consider the power
density outside of normal working hours (when equipment not in use but may be on) at each
location. This was established by taking a reading for each desk at midnight over the initial base-
line period. From this it can be seen that the overnight power density for office A was 1.72 W,
equating to just under 7% of the average power density; for office B the overnight power
density was 5.4 W, equating to just over 24%3 of the average (Figures 1 and 2). Taking into
account the average length of a working day in each location and despite the relatively strong per-
formance of the sites in comparison to benchmarks, up to 23% of the overall energy consumption
at desk level can be attributed to non-working hours. This indicates that there is a significant

Figure 4. Power density and energy consumption location B.
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out-of-hours consumption when productivity is at its lowest; it also supports the theory that it is
possible to achieve energy and corresponding CO2 and cost reductions through behaviour change.

Desk-level analysis

As the device used to monitor the energy consumption at desk level itself draws 0.8 W it can be
said that anything above this reading overnight is likely to relate to power being drawn from an
additional piece of equipment. Given that a typical laptop will draw 10–60 W (measured) and that
this is likely to reduce by 22–51% when idle (Cartledge, 2008) and that a typical 17″ LCD screen
draws 40 W (measured) reducing by a similar amount when idle it is possible by using the base-
line data to estimate when workstations are powered down overnight and when they are not.
Desktop lamps, heaters and mobile phone chargers were also found to be present during field
surveys. Given the number of variables involved in equipment and equipment specification it
was not possible to fully confirm from the data alone which specific devices if any were left
drawing power out of hours.

The data, based on readings taken at midnight for each desk at office location A, demonstrate
that during occupied days all desks have devices left plugged in, and often turned on, with reading
in excess of 0.8 W (0.8 W drawn from the monitoring device) being recorded regularly. One desk
at office location B in the baseline study regularly powered down all equipment. As screens (3 W,
measured), laptops (2 W, measured), mobile phone charges (0.3 W measured) and other devices
have been known to continue to draw small amounts of power when plugged in but turned off,
a larger base load above that drawn by the monitoring device was set at 3 W (equating to
26 14;kWh/year). Thus, 3 W was used to identify where power down has not occurred outside
office hours. From this it was found that during the baseline monitoring period 72% of
workstations at location A and 70% at location B powered down overnight. The identified
power-down rate is significantly less than that found by Kawamoto et al. (2003) which observed
power-down rates as high as 80–97% in Japanese offices spaces. Conversely a similar US-based
study found power-down rates of just 36% (Roberson et al., 2006). Coupled with the initial find-
ings of this study, bringing UK power-down rates in line with those observed in the Japanese
study could offer significant savings; however there is a risk that without interventions more
energy could be wasted as demonstrated in the US study. Furthermore the power-down rate ident-
ified reinforces the view that despite the use of efficient equipment at the sites under consideration
savings due to behaviour change are still possible.

As can be seen from Figure 4, office location B has two workstations where daily energy con-
sumption falls significantly outside the mean. Desks 23 & 24 feature significantly increased
power densities of 91.8 and 88.7 W, respectively, as compared to the site-wide average of just
22.2 W. Following the field survey, desks 23 & 24 were found to have standard arrangements
with the addition of mobile phone chargers. Comparing the power densities at these desks for
working and non-working hours it was found that the workstation equipment was running 24 h
a day, indicating the system power management was not enabled. Excluding these two desk
locations from the analysis has a significant impact, reducing average daily consumption by
24% to 236.9 Wh (previously 307 Wh), thus bringing it closer to the average daily consumption
at location A (236 Wh). This correction is carried forward into the remaining analysis.

There is a valid argument that not all deviation from mean energy consumption can be attrib-
uted solely to behavioural issues. The specification, performance, age and configuration of the
equipment being used can have a significant effect on the potential to reduce energy consumption.
With this in mind, the daily consumption patterns of the top and bottom five consumers at each
location were analysed (Figures 1 and 2). At location A it would appear that power management is
enabled at all workstations under consideration as a significant overnight reduction is observed

86 M. Mulville et al.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
G

re
en

w
ic

h]
 a

t 0
3:

31
 2

2 
M

ay
 2

01
4 

84



throughout. At location B three workstations do not appear to have power management enabled as
minimal or no reduction is observed overnight. Average power density overnight compared to the
average during working hours for the five lowest energy users was found to reduce by 96 and 90%
at locations A and B, respectively. Conversely the top five energy consumptions reduced by 87%
and 43% at locations A and B, respectively. The overall average reduction at location Awas 90%
and location B 82.1%. The lower reduction rate at location B can be attributed to the lack of power
management in three locations. Given that older equipment with higher power densities are likely
to also have less potential for energy saving in sleep or idle mode, it is difficult without further
studies to fully assign the variation in observed energy consumption to equipment or behaviour.
However as will be seen later in the study significant reductions can be achieved without changing
workstation equipment and configurations.

Impact of interventions

Following the conclusion of the monitoring period it was found that overall reductions in line with
the 20% target had been achieved. There were however significant fluctuations in the observed
savings, albeit with an overall downward trend. At both locations energy use initially increased
before steadily decreasing; this was somewhat unexpected, although it could be interpreted as an
initial reluctance to implement change. This is similar to the findings of the report by Cox,
Higgins, Gloster, and Foley (2012) on low-carbon behaviours in the workplace which found a
reluctance to implement change in some cases. The focus of this paper however is not to consider
the psychology behind why the interventions have an impact, but to consider the potential mag-
nitude of that impact. The behavioural aspects of why the interventions have an impact are con-
sidered in a separate paper.

Overall the average power density during working hours at occupied desks reduced by 11% at
location A and 7% at location B. The power-down rate at location A increased to 79% from 72%
while at location B the power-down rate increased to 83% from 70%; these rates compare favour-
ably with the findings of Kawamoto et al. (2003) who observed power-down rates of 80–97% in
air-conditioned Japanese office buildings, although further improvements may still be possible.
Furthermore it would appear that 46% of users at location A and 56% of users at location B
have removed additional items overnight (mobile chargers, fans, heaters, etc.) and potentially
unplugged computers and screen as readings of below 0.8 W (monitoring device draws 0.8 W)
were observed on a regular basis.

The increased power-down rate and corresponding energy reduction equates to an overall
reduction in night-time power density of 5–10% over the follow-up monitoring period at both
locations. Applying the relevant working and non-working hours at both locations overall
reductions in daily desk-level energy consumption equate to 17.9% at location A and 20% at
location B. The increased overall reduction observed at location B over location A can be attrib-
uted to the 13% increase in the night-time power-down rate.

Looking more closely at the consumption of the five highest energy users at both locations it
can be seen that considerable savings have been made with 34.2 and 33.9% reduction at locations
A and B, respectively. In contrast the five lowest energy consumers at each location have made
little or no energy savings and indeed at location A an overall increase is observed (27%), thus
indicating a push to the middle. Given the locations under consideration already perform well
in comparison to industry benchmarks a lack of energy savings at the lower end should not be
surprising. However the push towards the middle at location A (although from a low base) is a
cause for concern and further investigation beyond the scope of this paper is required to fully
understand the causes of this statistic. It could be speculated that this increase is as a result of
the lower energy user’s feedback demonstrating above-average performance, resulting in less
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focus on energy savings. The large standard deviation demonstrates that there is a wide variation
in the levels of energy reduction achieved across the locations considered. This lack of consist-
ency could indicate a tendency to revert back to previous habits; thus behaviour is still fluid.
This would appear to support the findings of Cox et al.’s (2012) study on workplace initiatives
for low-carbon behaviour which found that persistence is needed to ensure behaviours become
habit. However there is a danger of communication fatigue within this when a backlash
against the preferred behaviour can be experienced. This can be hampered by high turnover
rates or changes within the office structure; such changes did occur at the locations under con-
sideration in this study and this perhaps could help to explain the level of variation observed.

Discussion

This paper has been able to demonstrate that simple interventions can result in relatively signifi-
cant energy and corresponding carbon savings. This positions the paper in line with the findings
of Carrico and Riemer (2011) and Junnila (2007), where in the USA and Nordic countries,
respectively, it was demonstrated that minor interventions resulted in similar savings. The
reduction in energy consumption observed4 equates to carbon savings in the order of
603 kgCO2/year. In the context of a single building these savings are minor (relates to just 90
desks in this case); however if scaled up to the regional or national level and given the limited
investment required it can be argued that the carbon savings are significant. In the context of exist-
ing buildings, where the cost of carbon savings through reductions in regulated energy can be
expensive, the approach outlined can potentially offer carbon reduction of unregulated energy
on a cost-effective basis.

As noted by Cox et al. (2012) in the report on workplace initiatives for low-carbon behaviours
with studies of this type there is a risk of behaviour reverting to the previous norm if mechanisms
cannot be found to encourage a longer-term habitual change. Ensuring the longevity of the
savings achieved needs further research; however there is potential for the integration of auto-
mated mechanisms for measuring desk-level consumption, encouraging savings and flagging
above-average usage.

To achieve such longevity, more constant monitoring and feedback are required. Such moni-
toring and feedback should aim to encourage energy-saving habits and a culture of continuous
improvement through behaviour change aligned with energy-focused building management
and procurement processes. This approach could be incorporated into the Building Management
System, allowing Facilities Managers to understand energy consumption at the desk level and to
measure how interventions impact upon usage patterns. Alternatively it may be possible to
develop desktop applications that inform the user of their impact and energy consumption directly
over a longer period. These applications could be used as a reminder of usage and to reinforce the
preferred behaviour. While the monitoring and feedback mechanisms are important, procurement
also has a part to play. As discussed previously, laptop computers generally use less power than
traditional desktops and have been observed to result in increased overnight power-down rates
(Kawamoto et al., 2003). Automatic shutdown software programmes are commercially available
and, as demonstrated by James (2010), can contribute to energy-use reductions as part of a wider
savings strategy targeting unregulated energy use.

Conclusions

This study has been able to demonstrate that there is a significant variation in desk-level energy
consumption within typical office spaces. It has found that even in offices with relatively efficient
equipment exceeding predicted benchmark performance, there is still significant potential for
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further reductions through behaviour-changing interventions. Up to 23% of energy usage associ-
ated with workstation equipment may occur outside of productive working hours. Additionally
there is potential for significant wastage throughout the working day depending on work patterns.
Power management and equipment procurement policy do offer energy savings; however even
simple interventions such as an awareness of being monitored can have an impact on end user
behaviour and corresponding energy use if carefully applied.

The challenge going forward is to find mechanisms that ensure the observed energy savings
are maintained over time and that there is no creep back towards previous performance. To
achieve this, the behaviours that resulted in energy savings need to become habitual.

Notes
1. Exclude extreme cases at desks 23 and 24; see desk-level analysis and Figure 2 (381 W including 23 and

24).
2. Excludes extreme cases at desks 23 and 24; see desk-level analysis and Figure 2 (17.8 including 23 and

24).
3. Ten per cent when extreme cases of desks 23 and 24 are excluded.
4. Based on a grid carbon intensity of 443 g/kWh (Department of Energy and Climate Change, 2012).
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Abstract
Purpose – The purpose of this paper is to present an alternative approach to facilities and built asset
management adaptation planning to climate change based on a hybrid backcasting/forecasting model.
Backcasting envisions a future state and examines alternative “pathways of approach” by looking
backwards from the future state to the present day. Each pathway is examined in turn to identify
interventions required for that pathway to achieve the future state. Each pathway is reviewed using
forecasting tools and the most appropriate is selected. This paper describes the application of this
approach to the integration of climate change adaptation plans into facilities and built asset
management.

Design/methodology/approach – The researchers worked with various stakeholders as part of a
participatory research team to identify climate change adaptations that may be required to ensure the
continued performance of a new educational building over its life cycle. The team identified 2020, 2040
and 2080 year end-goals and assessed alternative pathways of approach. The most appropriate
pathways were integrated into the facilities and built asset management plan.

Findings – The paper outlines a conceptual framework for formulating long term facilities and built
asset management strategies to address adaptation to climate change.

Research limitations/implications – The conceptual framework is validated by a single research
case study, and further examples are needed to ensure validity of the approach in different facilities
management contexts.

Originality/value – This is the first paper to explore backcasting principles as part of facilities and
built asset management planning.

Keywords Backcasting, Forecasting, Adaptation, Climate change, Building refurbishment,
Built asset management

Paper type Research paper

1. Introduction
The impacts that climate change could have on built assets is well documented
(Camilleri et al., 2001; Sanders and Phillipson, 2003; Liso et al., 2003; Levermore et al.,
2004), as is the suitability of alternative adaptation strategies to address these impacts

The work reported in this paper was part funded by the Technology Strategy Board as part of a
design for future climate change project.
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(Garvin et al., 2005; Hacker et al., 2005; DCLG, 2010; Tillsona et al., 2013). What is less
clear from literature is how adaptation strategies can be integrated into long-term built
asset management planning (Desai and Jones, 2010). Desai and Jones (2010) argued that
the uncertainty associated with climate change; the long-term nature of future climate
projections; and the short-term operational demands placed on buildings make it
difficult for facilities managers to prioritise climate change adaptations over other
interventions that have a more immediate benefit. However, failure to address climate
change in a timely fashion could rendermany buildings prematurely obsolete. Desai and
Jones (2010) further argue that current forecasting tools used by facilities managers to
set built asset management plans could exacerbate potential future problems by
restricting the scope of possible long term “futures” to an extrapolation of current
experiences and performance trajectories. Such an approach limits the inclusion of step
change scenarios thatmay be required to address the impacts that future climate change
could have on many buildings.

This paper presents an alternative theoretical approach to developing long-term
“futures” based on backcasting, supported by forecast modelling which is used to
identify potential adaptations that may be required to improve a building’s resilience to
future climate change, specifically increased flooding and overheating. The focus of the
paper is a new £75 m educational building which, at the time of this research project,
was at the detailed design stage. The buildingwill occupy a 0.65-hectare brownfield site
located within a world heritage site. The building will be bounded by transport
infrastructure on two sides and residential/commercial buildings on two sides. The
building will have an internal area of 15,267 m2. The building will house Academic
Departments, a University Library and provide a series of shop fronts onto the main
street. The building has been designed to achieve building research establishment
environmental assessment methodology (BREEAM) excellence […]. The paper reviews
the theory of backcasting against the backdrop of the building described above and
outlines the participatory research approach that was used to develop a 70-year climate
change adaptation strategy for the building. In turn, the paper presents a theoretical
model by which the learning from the project could be applied more generally as a part
of the strategic built asset management process. The paper concludes that backcasting
could provide the theoretical base to support the step change in thinking about built
asset management performance that is required to address future climate change. The
paper also identifies the need for new life cycle analysis tools to support a backcasting
approach.

2. State-of-the-art
Future studies have been used for policy planning; in depicting economic and market
trends; and for setting organisational strategies. In this context Chatterjee and Gordon
(2006) identified a “futures” spectrum and described a range of approaches to deal with
uncertainty and ambiguity at one end of the spectrum (e.g. behavioural simulations,
scenario planning andmodelling etc.) and certainty at the other end of the spectrum (e.g.
forecasting, exploration etc.). Based on this, Miola (2008) (citing Banister and Stead,
2004) mapped the different types of scenario to distinct the future studies (Table I).

“Probable” and “Possible” future studies are viewed as forecasting approacheswhich
use predictive and exploratory scenarios based on quantitative data generated from
surveys, past and current trendmonitoring and explanatorymodelling to develop views

F
33,11/12

702

D
ow

nl
oa

de
d 

by
 U

N
IV

ER
SI

TY
 O

F 
G

R
EE

N
W

IC
H

 A
t 0

7:
22

 0
7 

A
ug

us
t 2

01
5 

(P
T)

104



of the future. These approaches require a stable and framed system and manageable
time frames. “Preferable/Desired” future studies are viewed as backcasting approaches
which use visionary and prospective scenarios based on a mix of quantitative and
qualitative data generated through workshops, focus groups and Delphi techniques to
develop views of the future. These approaches are more tolerant of unstable and
unframed systems and of long time scales. In all future studies, the future views provide
the criteria against which success or failure of alternative solutions can be evaluated.

The term backcast is widely attributed to Robinson (1982, 1990), who defined it as a
normative method in which a desired long-term end-point is set and then used as the
reference point to “look back” to the current day position to identify the various stages
at which actions are required to achieve a successful journey from the current day
position to the preferred future position. In a review of backcasting Dreborg (1996)
concluded that the approach was most applicable to situations where:

• the problem being addressed is complex and a change in the existing trend is
required;

• time frames are long and deliberate choices (interventions) need to be made;

• dominant trends are part of problem; and

• the problem scope is wide and externalities are crucial.

The application of “backwards-looking-analysis” was pioneered in exploring energy
policy in the USA (Lovins, 1976), and it continues to be applied to a variety of energy
challenges today, including developing plans for 100 per cent renewables within
countries (ICARB, 2014). Backcasting has also been used in the Transition Town
movements (Hodgson andHopkins, 2010) as a participatory tool whereworkshops, built
around visioning exercises and a “Transition Timeline”, allowed individuals to
envisage particular future events over a 20-year timeline; in environmentally
sustainable transport (Geurs and vanWee, 2004) and water infrastructure (Gleick et al.,
1995) projects; and for sustainable employment planning (Koves et al., 2013). Also, Quist
(2007) reviewed a number of case studies that used backcasting methods in food and
land use studies and concluded that the backcasting approach was useful in developing
a shared vision of the future from which follow-up or spin off activities could be
generated.

In addition to policy studies, backcasting has also been applied in commercial
settings. Nike, Ikea and Interface used the Natural Step[1] to inform their medium- to
long-term business strategies. However, in this application, rather than imagining a
single future (which they argued was too difficult to achieve among a large number of
people with different perspectives) the Natural Step generates a set of principles that

Table I.
Future studies and
respective scenarios

Future studies Questions Scenario

Probable What is likely to happen Precautionary/predictive scenarios
Possible What might happen Explorative/projective scenario
Preferable/desired What would we prefer to happen Visionary/normative prospective scenario

Source: adapted from Miola (2008)
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define a sustainable future space. Backcasting is then applied to identify alternative
pathways of approach to arrive at the desired future space.

Finally, although most research studies have treated backcasting and forecasting as
separate, distinct approaches, Hojer and Mattsson (2000) suggest that they can be
combined in situationswhere forecasting alone suggests the future end-point is unlikely
to be reached. In this case, backcasting provides the futures vision and pathways, while
forecasting is used to quantify the ability of interventions to bring about the desired
future.

The author’s contend that the backcasting approaches reviewed above map well to
the problems associated with integrating climate change into future facilities and built
asset management decision-making models where:

• climate change scenarios are complex and subject to uncertainty;

• facilities and built asset management time scales are long, typically 30-70 years;

• short-term thinking tends to dominate over long-term objectives; and

• potential solutions involve multiple stakeholders and external agencies.

Further, because of the wide range of stakeholders involved in developing and
delivering long-term facilities/built asset management plans, the authors suggest that a
modified version of backcasting, participatory backcasting, can be used to develop
long-term future visions and transition pathways with a version of forecasting used to
quantify the impact of alternative interventions to deliver the desired end goal. This
approach mirrors closely the five-stage model, suggested by Quist and Vergragt (2006):

(1) Stage 1: Strategic problem orientation.

(2) Stage 2: Specification of external variables.

(3) Stage 3: Construction of future visions or scenarios.

(4) Stage 4: Backcasting: backwards-looking analyses.

(5) Stage 5: Elaboration and defining follow-up and an action agenda.

This approach is reviewed in the remainder of this paper.

3. Research methodology
3.1 Research project
The subject of the research project was a £75m (capital cost) new educational building.
As part of the initial design, the client requested their Facilities Management
Department to work with the design team to undertake a review of the potential impact
that climate change could have on the building and develop a long-term facilities and
built asset management strategy to ensure that the building continued to perform at an
acceptable level over a 70-year period. Researchers from the Sustainable Built
Environment Research Group were part of the Client Organisation and acted in an
observational capacity during project team meetings (although the authors did
comment on specific issues at the request of other teammembers). The data presented in
this paper is the result of a post-project process review undertaken by the authors after
the completion of the building design phase.
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3.2 Participatory research process
The research project commenced in October 2010 and was completed in June 2011. The
project team comprised representatives from the Architects; Building Services
Engineers; Structural Engineers; Quantity Surveyors; the Client (represented by the
Facilities Management Department); and members of the Sustainable Built
Environment Research Group as observers. In addition, specialist input to the project
was provided by a climate change expert who developed the climate impactmodels. The
project team met formally on four occasions. Each of these meetings was in the form of
a one-dayworkshop. Betweenworkshops, members of the teamworked in small groups
to develop, test and refine their inputs. The first meeting established the focus for the
project; developed a set of questions for the partners to investigate; agreed procedures
for data gathering/analysis; and outlined a set of deliverables for the second meeting,
which was mainly concerned with an assessment of the antecedent climate threats and
the identification of future climate change risks.

At the second meeting the project team received a climate change risk report that
identified current and expected risks aligned to the predicted first and second refit of the
building (2020 and 2040) and design life (2080) (these dates were chosen to alignwith the
timeframes of the UKClimate Projections [UKCP09] projections for the 2020s, 2050s and
2080s, although the first refit is early in the buildings life, projections for the 2020s
indicate the potential for a significant temperature rise which could have an adverse
impact on the building). The risk reports were generated using the UKCP09 (median
prediction emissions scenarios) to produce likely weather scenarios and associated
building impacts on: internal comfort and building facade; external comfort; structural
stability; infrastructure; water supply; drainage and flooding; landscaping; and the
construction process. Although awide range of extremeweather events were examined,
on review, the client side stakeholders decided to focus primarily on issues of thermal
performance, where 3.8-4.8°C rise in annual mean temperature above the control period
was predicted by 2080 and pluvial flooding,where an increased riskwas identified to the
building’s basement areas and attenuation tank capacity.

Once theweather data had been presented, the facilitiesmanagementmembers of the
project team developed performance specifications, in terms of operational expectations
of the building for 2020, 2040 and 2080, for each of the impacts identified above. The
design side stakeholders analysed how their design solutions would perform against
each specification. By way of example, for internal comfort and building facade four
questions were asked:

Q1. Would rooms overheat in the future?

Q2. What would be the impact on the annual energy loads?

Q3. Can the existing chiller specification cope with any increased load?

Q4. How will solar gain change in the future?

The results of these analyses were presented to the whole project team at the third
workshop. Similar analyses were presented for the other impact areas. As this project
was solely concerned with the impact of climate change, no account was taken of other
future scenarios (e.g. economic, political etc.).

The third workshop examined the design implications of the questions outlined
above. The performance specifications provided the “operational targets” (end-points)
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from which costed adaptation solutions were “backcast” to ensure that the building
would meet its targets over its life cycle. This process identified 42 possible adaptation
measures of which 25 were tagged as “do now”, “2020”, “2040” or “2080”. Each
adaptation measure was evaluated against the following principles:

• Measures that required structural alteration were recommended to be undertaken
immediately irrespective of their actual required implementation date.

• Measures that required changes to system or component capacity were only to be
implemented when required, but consequential structural and space planning
issues were implemented as mentioned in 1 above.

• Each measure was considered in terms of its impact on the current design and
modifications introduced to facilitate a future retrofit.

• Those measures that were identified, but for which the UKCP09 weather data
provided no firm direction, were assessed on their merits. This particularly
applied to the risk of flooding, where preparationwas undertaken even though the
likelihood of future events was uncertain.

At the final workshop, each of the detailed adaptations were considered and either
adopted or rejected by the client team. Of the 25 detailed adaptations developed through
this process, eight were adopted immediately and included in the final detailed design.
The remainder formed part of the future facilities and built asset management plan.
Further details of the technical andmanagerial interventions proposed and adopted, and
the reasoning behind these decisions can be found in the technical paper reviewing
climate change adaptation associated with this case study by Jones et al. (2013). The full
list of adaptation measures proposed can be seen in Table II.

4. Integrating adaptation into built asset management
Following completion of the building design phase, the research team analysed the
activities of the project team to identify the generic decision-making process that had
been used in assessing climate change risk. From this review, a generic six-stage
approach to the integration of climate change adaptations into facilities and built asset
management was identified.

4.1 Stage 1: set end goal
The first task undertaken by the project team was to establish the desired outcomes
(in terms of building performance criteria) that any adaptation solution would need
to satisfy. This process involved reviewing corporate documents and long-term
strategic plans to establish the future context within which the building would have
to operate. The outcomes were then expressed as a facilities management problem
orientation statement. The statement said that any adaptation strategy should seek
to ensure that:

[…] the performance of the new built facility in terms of its future resilience to climate change,
and ability to fulfil mitigation targets, should be achievedwithout compromising user comfort

and future operational demands.

This in essence was the project’s strategic end-goal.
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4.2 Stage 2: set performance targets
Once the future building expectations had been articulated, the project team established
specific performance criteria against which alternate adaptation options could be
evaluated. In the case of this project, the key criteria were future CO2 reduction,
energy-efficiency improvements and resilience of the building to the impacts of flooding
(identified as a consequence of increased storm intensity and the inability of the local

Table II.
Adaptation measures
and implementation

schedule

Risk Adaptation/comment

Implementation

Now 2020 2040 2080

Overheating Alter the current glazing system to allow for openable

windows to be easily installed in future [T]a
• •

Install additional chillers on the roof [T]a • •

Future thermal design modifications should be based

on an adaptive comfort model [M]

• • •

Allow for an increase in plant and riser space [T]a •

Introduce a ‘siesta’. Behavioural adaptations were seen

as beneficial and could limit the predicted thermal

issues. However, it would impact on the usability of

the building. [M]b

• • •

Reduced heating

load

Replace boilers with an increased number of smaller

sized units [T]a
•

Insufficient

comfortable external

areas

Allow all building users to access the roof areas [M]c •

Introduce shading to external spaces [T]c

Introduce external water features [T]c

Infrastructure failure

(electric)

Add access control to the standby generator [T]c •

Infrastructure failure

(gas)

Include for an electric back-up form of heating (GSHP)

[T]c
•

Increase hot water storage [T]c •

Infrastructure failure

(water)

Increase the cold water storage [T]c •

Infrastructure failure

(drainage)

Increase size of attenuation tank [T]b •

Increase in storm

activity

Increase capacity of rainwater pipes and drainage [T]a •

Increase roof capacity to store rainwater [T]b

Permanent flood protection measures to basement

areas [T]c
•

Include adaptable door frames for door dams [T]c

Increase the height of the retaining walls [T]c

Failure of drainage

system

Connect drainage system to the BMS [T]c •

Increase in

groundwater level

Provide adequate build-up above the tank to avoid

flotation [T]c
•

Increase in water

costs

Introduce waterless urinals [T]b •

Add a rainwater recycling system [T]b

Waste from

refurbishments

Upgrade facade systems with recyclable materials [T]a •

Insufficient cycle

storage spaces

Increase the cycle store capacity [M]c

Notes: [T]: Technical intervention, [M]: Management/behavioural intervention; a Implementation of preparatory work as

part of the immediate build to allow for a planned future upgrade (date noted is the date of the future adaptation – unless future

date required is unclear in which case “do now” is noted i.e. the date of the preparatory work); b Future change to the

building; cAdaptation implemented as part of the original build; the dots represent the time period in which the adaptation

should take place
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drainage system to cope with the expected volume of water). Wherever possible,
quantitative performance targets were set (e.g. future overheating thresholds) against
which adaptations to future climate change projections could be evaluated. Where this
was not possible (e.g. behavioural responses to overheating), qualitative performance
targets were set as a guide to future expectations. This stage expressed the strategic
end-goal as a series of performance targets.

4.3 Stage 3: develop future scenarios
Setting the expected “end-point” or “target” of future adaptations provided a focus for
the development of alternative pathways that could be taken to achieve the end-point. A
range of future pathways (technical and operational) was identified that could form the
basis of alternative adaptation pathways. As a starting point, the project team
established the business as usual scenario as a reference point for envisioning
alternative scenario pathways based on reflection and shared knowledge of the
organisation. Five further scenario pathways were then developed:

(1) Scenario 1 (business as usual pathway): For this base scenario, the energy load
because of heating and cooling was presumed to increase while the energy
supply source remained the same (i.e. energy supplied using a mix of gas and
electricity). The resulting CO2 levels would be offset by buying carbon credits to
ensure the organisation hits expectedUKgovernment targets for their sector. No
additional adaptation measures for flooding resilience were considered with the
consequences of any future flooding event being dealt with through existing
disaster recovery and business continuity plans.

(2) Scenario 2 (management pathway): Considering the UK Government drive
for renewable energy, this scenario envisioned new procurement contracts
for renewable energy supply. The scenario also envisaged new workplace
strategies to encourage energy efficient behaviour (e.g. incentives and
acknowledgements for energy efficient departments and employees). A new
disaster recovery plan using a flood warning system to trigger a flood
management strategy was also envisaged.

(3) Scenario 3 (design pathway): This vision outlined the use of landscaping and
natural ventilation systems to reduce cooling loads in the event of an
increase in overheating in the future. Building users would also be
encouraged to make use of external spaces, particularly the roof gardens.
The landscape would be designed using sustainable urban drainage systems
(SUDS) principles, and this would also make the site more resilient to flood
events.

(4) Scenario 4 (technical pathway): This scenario assumed a range of technical
adaptations would be retrofitted to the building as and when they were
needed. The difference between this approach and a traditional
refurbishment model is that the building would be designed with specific
retrofit upgrades in mind. This would include initial preparatory works
being undertaken during the original construction phase to allow
subsequent retrofit in the future. Measures for flood resistance such as
floodgates are put in place; the electrical sockets are placed above the flood
level; and the basement would have resilient fixtures and fittings. No critical
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services would be placed at the basement level and flood kits would be
provided for after flood cleaning processes.

(5) Scenario 5 (combined technical/management pathway): This scenario
outlined the use of a combination of technical (e.g. additional air condition
units or portable fans during overheating events) and management (e.g. staff
encouraged to adopt a casual dress code and make use of outdoor spaces
during breaks) adaptations similar to those described above.

These scenarios are shown conceptually in Figure 1. Although the scenarios were
not developed against any specific backcasting approach, they do demonstrate the
application of backcasting principles. Figure 1 shows the gap between the required
performance and expected performance of the building over time. The dotted line
represents “a time in the near future”, where the actual performance of the building
under a “business as usual scenario” is below the optimum that would be desired
(the top line). The assumption in the diagram is that this underperformance is due in
part to the then current impacts of climate change. The bottom line represents the
improvements in performance over time that could be expected from application of
existing facilities and built asset management plans. The top line represents the
required performance as derived from the envisioning scenarios to address the
impact of climate change (the desired end-goal). The space between the two lines
represents the future adaptation space. The lines within the adaptation space
represent alternative adaptation pathways that were backcast (the arrows) from the
future end-goal. Design and technology adaptations are assumed to be lagging
solutions; management and behavioural adaptations are assumed to be leading
solutions. At this point, the model is explanatory and not intended to identify the
most the appropriate adaptation route for a building.

Figure 1.
Explanatory model
of the backcasting

approach
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4.4 Stage 4: evaluate adaptation options
To work out the operational and financial feasibility of alternative adaptations, a
building simulation modelling exercise was undertaken (a forecasting approach). Each
adaptation was considered against the eight principle design criteria: internal comfort
and building facade; external comfort; structural stability; infrastructure; water supply;
drainage and flooding; landscaping; and the construction process. Each scenario was
then considered against the 2020, 2040 and 2080 time frames. The feasibility studies
identified 42 possible adaptations, the majority of which were technical in nature. The
fact that technical adaptations dominated discussions was not surprising as the
majority of the project team were engineers and architects who were familiar with
undertaking technical assessments. Indeed, the lack of an approach for evaluating the
behavioural andmanagerial strategies for climate change adaptationwas one of the key
findings to emerge from this part of the study.

4.5 Stage 5: identify adaptation path
The project team reviewed the adaptation options identified in Stage 4 to identify when
in the building time line each would need to be enacted. Although a full-life cycle cost
analysis was beyond the scope of the project, an initial assessment of the cost, based on
the cost of the proposed adaptation at current rates, and benefits that each adaptation
would have on the building’s performance (or severity of the impact of not implementing
the adaptation) over time was considered. The adaptations were allocated to one of the
three categories; immediate implementation of the adaptation solution as part of the
original build; implementation of preparatory work as part of the immediate build to
allow for a planned future upgrade; or future operational changes to the building
(Table II). An example of an immediate implementation was the inclusion of a backup
generator to run essential services in the event of a flood. Although the building was not
currently at risk of flooding, the future flood risk assessment had identified a potential
risk to the critical power infrastructure that supplies the building. This risk, while
unquantifiable during the project, was nevertheless considered serious enough for the
facilities management team to advise the client of the need to build in a contingency
against this possibility as part of the initial design solution. An example of preparatory
work was to increase the plant and riser space within the building to accommodate
future increase in chiller capacity for cooling (circa 2020) and support a change to a
modular-based boiler installation to allow for a reduction in installed heating capacity as
demand reduces from 2040 onwards. Examples of operational changes were adopting a
relaxed dress code (staff) and not programming classes for the middle of the day to
encourage behavioural adaptations to the thermal environmentwithin the building. The
changes were expected from 2020 onwards.

4.6 Stage 6: implementation
Those adaptations identified for immediate implementation, or where preparatorywork
was required at the design stage to support their later implementation, were included as
changes to the original building design. These changes were estimated to cost the client
an additional 0.4 per cent of total project cost. Those adaptations that were potentially
required in the future were programmed into the building’s long-term built asset
management plan. The cost of these changes was estimated at 2.2 per cent of total
project cost.
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Although the above process is based on the analysis of only one building project, the
authors believe that it could form the basis of integrating adaptation (to climate change)
planning into built asset management.

5. Discussion and practical implications
The project described in this paper did not set out to explicitly test the application of
backcasting and forecasting to built asset adaptation planning. Indeed, the project
reported was not ostensibly a research project but was a real life-building project in
which the author’s primary role was as observers to the design phase. This said, the
authors did provide input to the project team on request andwere involved in discussion
with the client’s facilities management team outside of the formal projects meetings. As
such, the findings presented in this paper represent a post-project analysis in which
backcasting and forecasting were identified as the theoretical approach that best
described the actions of the project team as they sought to integrate adaptation to
climate change into the design and built asset management process. Based on the post
project analysis, an explanatory model (Figure 2) summarising the general approach to
the application of a hybrid backcasting/forecasting approach to facilities and built asset
management was developed.

In applying the hybrid backcasting/forecasting model to the integration of climate
change adaptation into the built asset management process facilities managers need to
concern themselveswith preferred/desired (rather than the probable/possible) scenarios
to set the end goal (Figure 2: Stage 1) and performance criteria (Figure 2: Stage 2) against
which alternative adaptation solutions can be evaluated. These views need to detach
themselves from existing trajectories (building and operational) and be responsive to

Figure 2.
Integration of

backcasting and
forecasting applied to

facilities and built
asset management
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long-term timescales and inconsistent data. In practical terms, these need to be
developed through collaborative exercises that reflect the views of the diverse
stakeholder groups that are involved in a building’s future and need to use approaches
that can accommodate conflicting opinions (e.g. focus groups, workshops, Delphi
Groups etc.). In essence, they need to establish a future scenario space rather than a
single end point.

Once the future vision is established, alterative pathways of approach need to be
identified (Figures 1 and 2: Stage 3) that reflect the strategic aspirations of the
organisation. At this stage, the pathways of approach should be considered a
management tool to focus discussion about the implications of alternative adaptation
strategies (e.g. technical, managerial, behavioural or combined intervention) rather than
a planning tool in which detailed adaptation solutions are programmed into built asset
management plans. In essence, the alternative pathways provide the strategic guidance
which will inform future evaluations.

The approach described above maps well to the participatory backcasting approach
reviewed previously. However, to integrate adaptation solutions into built asset
management plans, a forecasting approach is also required.

With the end goal set and alternative pathways of approach identified, individual
adaptation solutions can be developed and evaluated against the performance criteria
set in Stage 2. The design and evaluation of each adaptation option (Figure 2 Stage 4)
needs to identify the time in the future that the adaptation might be needed (or establish
a mechanism to monitor building performance over time) and consider the cost and
benefit of each option in achieving the required improvement in performance. Those
adaption options that are considered cost effective are then programmed into the built
asset management plans (Figure 2: Stage 5).

Implementation (Figure 2: Stage 6) should occur as and when the building
performance falls below the threshold associated with the chosen adaptation pathway
(Figure 2: Stage 3). Any preparatory work required to accommodate the future
adaptation should be included in the original design.

6. Conclusions
This paper outlined a hybrid approach which integrated backcasting and
forecasting principles into the development of building adaptation plans to address
future climate change. The hybrid approach emerged from a participatory research
project of a £75m new educational building. The processes developed by the project
team confirmed the applicability of a hybrid backcasting/forecasting approach to
developing and integrating adaptation to future climate change into facilities and
built asset management strategies.

Backcasting can provide facilities managers with a vehicle to envision future
scenarios based on the complex and uncertain data associated with climate change
predictions and identify alternative solution pathways by looking backwards from
the future end-goal to the present day. Because such solution paths are not
constrained by short-term thinking or current dominating trends, they can address
a much wider range of possible solutions, including management strategies, as well
as technical interventions, than would normally be associated with the traditional
building centric approach to facilities and built asset management planning.
Although in this project the adaptation solutions developed tended to be biased
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towards technical retrofit solutions, this most likely reflected the balance of the
project team, and the lack of an accepted approach for quantifying the cost benefit of
management strategies for climate change adaptation, rather than an inherent
weakness in the backcasting approach.

Forecasting tools still have a role to play in adaptation planning, as they provide
the models that allow the alternative solution paths can be quantified and evaluated.
This was particularly true for this project where cost/benefit analyses were needed
to justify changes to the initial design to accommodate potential future retrofit.

Although thehybridbackcasting/forecastingapproach toadaptationplanningdescribed
in this paper does provide the facilities manager with a new way of integrating climate
change adaptations into facilities and built assetmanagement planning, there are a number
of issues that need to be addressed before the full benefits of the approach can be realised.
Themost pressing area for research is the development of a range of life cycle analysis tools
that can realistically provide robust cost/benefit assessments for the range of managerial/
behavioural solution paths that will allow their direct comparison with technical solution
paths. Failure to develop such tools will invariably result in technical solution paths being
favouredovermanagerial/behavioural solutions,which theauthors contendwould reinforce
thedominant (technically focused) trendwhich is part of the adaptationproblem trying tobe
solved. In addition, the availability of such life-cycle assessment tools would enable the
design team to overcome the initial apprehension (aswas experienced here) to the project, as
a more systematic approachmay be possible, which closer reflects the everyday practice of
the professionals involved.

The approach detailed here is based on a single case study with a willing client
(a significant benefit to the project), and this must be considered as a limitation.
However, the authors believe that this approach could be applicable to a range of
non-domestic buildings where external climatic conditions and changes in these
conditions have the potential to impact upon the performance/operation of the
building over time, especially if the tools suggested above can be developed. Each
building however must be considered on its merits, for instance in the case
considered here the building already featured a number of passive and low energy
measures which potentially improve the buildings resilience to climate change (at
least in some categories). The limitations and uncertainty contained within the
climate change projections available also present a limitation, particularly in
relation to flooding. As such, the design team needs to be able to “buy-in” to the
potential implications of climate change in order for an engaged approach to be
taken and for this, they need a degree of confidence in the projections being put
forward.

Note

1. www.naturalstep.org/en/backcasting
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The impact of regulations onoverheating
risk in dwellings

MarkMulville and Spyridon Stravoravdis

Department of Built Environment,University of Greenwich,Old Royal Naval College, King WilliamBuilding,
Park Row, London SE10 9LS,UK

E-mails: m.mulville@greenwich.ac.uk and S.Stravoravdis@greenwich.ac.uk

Many new and emerging regulations and standards for buildings focus on climate change mitigation through energy and

carbon reduction. In cool climates, such reductions are achieved by optimizing the building for heat retention. It is

increasingly recognized, however, that some degree of climate change is now inevitable. New and existing buildings

need to consider this to ensure resilience and an ability to adapt over time. In this context, the current approach to

regulation that largely remains focused on the ‘point of handover’ may not be fit for purpose. This paper focuses on a

‘typical’ dwelling designed to a range of standards, representing current or emerging approaches to minimizing energy

use, using a range of construction methods, where a number of adaptations are available to occupants. It considers,

through the use of building performance simulation, how each configuration is likely to perform thermally over time

given current climate change predictions. It is demonstrated that the current approach to assessing overheating risk in

dwellings, coupled with the regulatory focus on reducing energy consumption, could result in significant levels of

overheating. This overheating could, in the near future, present a risk to health and result in the need for significant

interventions.

Keywords: adaptation, building regulations, building simulation, climate change, dwellings, overheating

Introduction
The UK Committee on Climate Change (2014) noted
that one-fifth of homes in England could already experi-
ence overheating (in a mild summer) and that this per-
centage is likely to increase in a warming climate and
therefore it called for new building standards to be devel-
oped to address the overheating risk in dwellings. Parry,
Canziani, Palutikof, van der Linden, and Hanson (2007)
reported that the 2003 heatwave in Europe accounted
for in the region of 35 000 excess deaths. This increased
mortality was related to high internal temperatures over
an extended time period (Wright, Young, & Natarajan,
2005) and affected the most vulnerable in society, such
as the elderly, infants and those with underlying health
problems (Johnson et al., 2005). If such events are to
become more common (which is predicted, with a
similar event affecting southern Europe in 2007), this
could have significant consequences for health, housing
design (Wright et al., 2005) and arguably the regulatory
framework in the built environment.

The UK building regulations primary focus is one of
health, safety and well-being. The growing realization,

though, that CO2 emissions associated with the built
environment can have a significant negative impact
on the environment and contribute to climate change
(in 2009 buildings were responsible for 43% of all
CO2 emissions in the UK; Department for Commu-
nities and Local Government (DCLG), 2015) has
resulted in the requirements of national and regional
legislation (such as the UK Climate Change Act and
The European Energy Performance of Buildings Direc-
tive) being interpreted through building regulations. In
recent years building regulations in the UK (UK Part L
revisions 2010 and 2013) (Figure 1), European Union
(European Energy Efficiency Directive) and, indeed,
globally (Dubai Green Building Regulations and Speci-
fications, Green Building Code of Peoples Republic of
China) have increasingly sought to set more stringent
energy performance targets. In cool or temperate cli-
mates such as mid-latitude and northern Europe,
characterized by extended winter heating seasons,
these regulations aim to mitigate the worst effects of
climate change by reducing CO2 emissions and opti-
mizing buildings for heat retention. However, as
noted by McLeod, Hopfe, and Kwan (2013), it is
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being increasingly recognized that higher global emis-
sions scenarios are becoming more likely, increasing
the risk of greater levels of warming. As a result, it
has been suggested that dwellings in cool climates
may in future suffer from overheating, and indeed
there is evidence that this may already be happening
(Dengel & Swainson, 2012). de Wilde and Coley
(2012), in a review of the implications of climate
change for buildings, point out that the rationale and
requirements of the building regulations in relation to
overheating are largely based on historic data and
may not therefore enable a realistic assessment of the
potential future overheating risk.

Taking this into consideration, this paper explores the
idea that the current focus of increased levels of insula-
tion and other heat loss-reduction measures for new or
recently constructed dwellings may, at least during
warm periods, be counterproductive. As noted by
Eames, Kershaw, and Coley (2011), overheating
could have severe health implications and as such
could result in uninhabitable buildings that are techni-
cally obsolete due to the ‘locked-in’ (de Wilde & Tian,
2011) impacts of climate change. The paper, supported
by detailed probabilistic predictions, demonstrates the
level of overheating that could be experienced depend-
ing on the standard or regulation the dwelling is con-
structed to and suggests how an alternative, more
robust approach to overheating risk assessment could
be developed.

Background
Evidence of overheating
Until recently the general assumption in relation to
domestic overheating has been that older dwellings
were more vulnerable, with increased levels of insula-
tion protecting new dwellings from such issues
(Dengel & Swainson, 2012). However, there is now
increasing evidence that new and low-energy dwellings
may suffer significant problems in future and indeed
that many such dwellings may already experience
high levels of overheating (Dengel & Swainson,

2012; Lomas & Kane, 2013; Mavrogianni, Taylor,
Davies, Thoua, & Kolm-Murray, 2015; Peacock,
Jenkins, & Kane, 2010; Rodrigues, Gillott, &
Teltow, 2013). It has been suggested that light-
weight, air-tight dwellings with little access to cross-
ventilation (such as single-aspect flats) may be at a
particularly high level of risk of overheating (Dengel
& Swainson, 2012).

What is clear is that overheating presents a significant
risk to dwellings and occupant health and that this
could impact a wide range of buildings and building
types. Using probabilistic assessment, Jenkins et al.
(2014) found that by the 2030s up to 76% of flats
and 29% of detached dwellings could be at risk of
overheating. Furthermore, Rodrigues et al. (2013), in
a study considering the performance of a low-energy
steel frame house design under current and future
weather scenarios, found that the building could be
uncomfortably warm for 30% of the year.

As noted by de Wilde and Coley (2012), there appears
to be at least some debate in relation to highly insulated
buildings, with Crawley (2008) noting greater resili-
ence and Wang, Chen, and Ren (2010) noting less resi-
lience to the impacts of climate change. Gupta and
Gregg (2012) cite the Passiv-on project which found
that the high levels of insulation in Passive House
buildings in southern Europe worked to keep the build-
ing cool during warm weather. However, McLeod
et al. (2013) cites a number of studies (Larsen &
Jensen, 2011; Mlecnik et al., 2012; Schnieders, 2005)
in relation to Passive House dwellings in several Euro-
pean locations where it is noted that there may be a risk
of overheating in the current climate unless a number
of alterations including active cooling were
implemented. McLeod et al. (2013) do, however,
point out that Passive House dwellings may offer mar-
ginally more protection from overheating than other
highly insulated options. (Findings for the 2050s
heavy weight Passive House are greater than 258C
for 6.6% of the year, whereas a heavy weight ‘well
insulated’ building is greater than 258C for 8.2% of
the year.) The core reasons for these differences are

Figure 1 Timeline of energy-related regulations and emerging standards (UK) including energy-reduction targets
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unclear, although Gupta and Gregg (2012), when con-
sidering a range of ‘typical’ dwelling types in Oxford,
found insulation’s position to be of importance. As
such insulation may be a ‘double edged sword’
(Hacker, Holmes, Belcher, & Davies, 2005) with
increased insulation reducing winter heat loss but
increasing overheating risk especially in air-tight build-
ings where it is difficult to dissipate internally gener-
ated gains. This is further supported by Orme and
Palmer (as cited in Dengel & Swainson, 2012) who
noted that increasing the level of insulation in dwell-
ings resulted in higher levels of overheating.

Peacock et al. (2010) note the potential for increased
internal gains through the proliferation of electronic
devices in the home which could lead to higher internal
temperatures. They go on to note that despite this cli-
matic effects are still likely to be more influential
than internal gains and for the UK such internal gains
are likely to remain useful throughout the heating
season. Building on this, it can be argued that measures
designed to mitigate future climate change must also
take account of the impact these measures may have
on overheating risk. The research presented in this
paper attempts to take this into consideration. There
is evidence that behavioural and technical adaptations
may at least in some part be able to address overheat-
ing risk (Coley, Kershaw, & Eames, 2012); however,
as noted by Hills (2012) for low-income households
any requirement for technical intervention through
artificial cooling may result in summer fuel poverty.
This is particularly important for countries like the
UK as installed cooling capacity remains low (Hulme,
Beaumont, & Summers, 2011).

Overheating adaptation
A number of authors have explored potential solutions
to overheating in domestic buildings (e.g., Gupta &
Gregg, 2012; van Hoff, Blocken, Henson & Timmer-
mans, 2015; Porritt, Cropper, Shao, & Goodier,
2012). These studies found that adaptation measures
such as shutters and fixed shading, reductions in
solar/fabric gains, increased surface albedo and the
use of thermal mass may help reduce future overheat-
ing, although the magnitude of the influence of
thermal mass has been questioned (Kendrick, Odgen,
Wang, & Baiche, 2012). Gupta and Gregg (2012)
found that user-controlled shading, surface albedo
and thermal mass could help reduce overheating risk,
although it was also found that no ‘passive’ measures
alone could completely remove the risk and that behav-
ioural and active measures may also be needed. Jones,
Mulville, and Brooks (2013) set out an approach to
adaptation planning related to the potential impact
of climate change where the lifecycle of the building
is taken into consideration. It suggests that where
risks are identified at the design stage, an adaptation
plan can be developed, and where such adaptations

in future may otherwise prove prohibitively expensive,
preparatory or enabling works can be carried out
during the construction phase to enable the future
adaptation. As noted by Gupta and Gregg (2012), miti-
gation measures to reduce the contribution of the built
environment to climate change and adaptation
measures to allow the building to adapt to climate
change that does occur should not negatively impact
on the performance of the building. Combining the
adaptation planning approach suggested by Jones
et al. (2013) with the measures that have been shown
to reduce overheating risk may have the potential to
ensure the buildings can perform over time. In such a
scenario adaptation measures are enabled at the
design stage but only implemented when needed, there-
fore not having a negative impact on current perform-
ance (such as increasing winter heat load due to
increased solar shading).

Literature review
UK regulatory framework
In the UK, building regulations do not stipulate a single
maximum temperature in the workplace or the home.
For domestic buildings, checks are required at the
design stage, comparing mean summer internal temp-
erature with a threshold temperature (using the Stan-
dard Assessment Procedure – SAP) to assess the risk
of overheating (Zero Carbon Hub, 2015). Further gui-
dance that does refer to specific temperature is pro-
vided by the Chartered Institution of Building
Services Engineers (CIBSE) (2015), but this is beyond
the requirements of the regulations. The UK Work-
place (Health, Safety and Welfare) regulations
(Health and Safety Executive, 2013) specify
minimum but not maximum temperatures in the work-
place; the same standards do not exist for private resi-
dential buildings, but minimum and maximum
temperatures may apply to other residential-type
buildings (see, for example, Northern Irelands Resi-
dential Care Homes minimum standards; Department
of Health, Social Services and Public Safety, 2011).

By way of comparison, for new dwellings, the Danish
Code for Indoor Thermal Climate (DS 474) sets a
maximum of 100 hours not in excess of 268C and
not more than 25 hours above 278C, calculated using
a simple software tool (BE10) (Kunkel, Kontonasiou,
Arcipowska, Mariottini, & Atanasiu, 2015) similar
to the UK SAP. The Swedish Building Code sets
minimum room temperatures and maximum surface
temperatures, but not maximum room air tempera-
tures (Kunkel et al., 2015). The Republic of Ireland
follows a similar approach to that of the UK with the
Dwelling Energy Assessment Procedure (DEAP) used
to carry out an overheating risk assessment (Sustain-
able Energy Authority of Ireland, 2013), although
this assessment is optional and not mandated by

Impact of regulations on overheating risk
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regulation. The Norwegian building regulations have
implemented requirements for the consideration of
solar gains in non-domestic buildings, but not domestic
buildings (Schild, 2009). As can be seen from the above
comparisons, set maximum summer temperatures for
dwellings in cool climates are still uncommon. Where
such standards do exist, the assessment method used
tends to be simplistic in nature and, as will be discussed
below, may not be fit for purpose.

Metrics
There remains considerable discussion with regard to
the most appropriate metrics for defining overheating
(de Dear, Kim, Candido, & Deuble, 2015; Hacker
et al., 2005; Nicol & Spires, 2013; Nicol, Hacker,
Spires, & Davies, 2009; de Wilde & Tian, 2011)
with the merits of single-temperature exceedance or a
traditional approach versus adaptive comfort stan-
dards (Nicol & Spires, 2013), considerations of poten-
tial health and mortality impacts (Dengel & Swainson,
2012; Jenkins et al., 2014), along with considerations
of the relevant importance of night-time temperatures
(Dengel & Swainson 2012; Peacock et al., 2010),
forming the main points of discussion.

The main criticism of the single-temperature excee-
dance method (which sets an allowable exceedance of
a percentage of occupied hours above a given tempera-
ture) is that there is evidence of a correlation between
acceptable internal temperatures and external temp-
erature (Nicol & Humphreys, 2010), and as such the
comfort range is in reality a moving target that a
single-temperature criterion cannot take account of.
Furthermore, a single-temperature criterion does not
give an indication of the severity of overheating experi-
enced, while the adaptive comfort approach considers
both severity and length of exposure (Nicol & Spires,
2013). Length of exposure is of particular importance
in relation to potential health impacts with, as pre-
viously noted, many of the premature deaths associ-
ated with the 2003 European heatwave being related
to the extended period of high temperatures (Wright
et al., 2005). The adaptive thermal comfort approach
as detailed by Nicol and Humphreys (2010) is built
on field studies that note the ability of occupants to
adapt to climatic changes, whereas the temperature
exceedance approach, it could be argued assumes a
more passive approach taken by occupants.
However, as noted by Beizaee, Lomas, and Firth
(2013), EN15251, which forms the basis of the adap-
tive comfort approach for ‘free running’ buildings,
was developed primarily for commercial buildings
and the adaptations available for occupants of dwell-
ings are significantly different to those of an office. Fur-
thermore, Mavrogianni et al. (2015) question how under
such conditions vulnerable and potentially immobile
people may be able to adapt. It has been noted (Roaf,
Brotas, & Nicol, 2015) that the single-temperature

exceedance method (in comparison with the adaptive
comfort method) would appear to overestimate the over-
heating risk and that, in reality, the risk may be lower
than many studies in this field have predicted. With the
potential health risks associated with overheating such
assertions need to be approached with caution and, as
suggested by Mavrogianni et al. (2015), it may be wise
to combine the adaptive comfort approach with a
static overheating criterion.

What is clear from the literature is that high tempera-
tures in bedrooms overnight are a significant risk
(Naughton et al., 2002, as cited in Peacock et al.,
2010) and that temperatures above 248C may begin
to impair sleep and have other associated health
impacts (Dengel & Swainson, 2012). With the lack
of a clear definition of overheating in dwellings,
studies in this area are as a result subject to a degree
of uncertainty (Dengel & Swainson, 2012).

Overheating assessment methods
In addition to lack of clarity regarding the appropriate
metrics used to define overheating, there is evidence
that the current methods of assessing overheating risk
in dwellings may not be reliable (Jenkins, Ingram,
Simpson, & Patidar, 2013). It has been noted that
much of the data used to analyse current overheating
risk come from the past (de Wilde & Coley, 2012)
and, therefore, do not make allowance for the potential
impacts of a changing climate. The overheating predic-
tion method currently used in the SAP (Department of
Energy and Climate Change (DECC), 2014) assigns a
level of risk to potential overheating, where higher
levels of overheating are detected the assessor has the
option to use window opening to alleviate these pro-
blems (window opening may help to reduce overheat-
ing by increasing the ventilation rate, which will
reduce the ambient room temperature where outside
air is cooler and can also help aid personal cooling
through the evaporation of moisture from the skin).
Although this may be suitable in rural areas, in
areas subject to high levels of pollution and noise
(Mavrogianni et al., 2015) this may be unrealistic
and in both cases (urban and rural) such an approach
may present a security risk (Mavrogianni, Wilkinson,
Davies, Biddulph, & Oikonomou, 2012). This is sup-
ported by the findings of Skinner and Grimwood
(2005) who note that 54% of dwellings in the UK
during the daytime and 67% during night-time are
exposed to noise levels in excess of World Health
Organisation (WHO) guidelines. In addition, there
are strong safety-related arguments for the inclusion
of restrictors on upper-floor windows (McLeod et al.,
2013) which reduce the potential for increased venti-
lation. As such, the reliance on window opening may
be over-optimistic and, furthermore, as suggested by
several authors (e.g., Peacock et al., 2010; Roaf
et al., 2015) there may in future be an upper limit to
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the effectiveness of window opening in reducing
overheating.

The Passive House Standard, as developed by the ‘Pas-
sivhaus Institut’ (Cotterell & Dadeby, 2012) (see
http://www.passiv.de), uses a separate method of over-
heating risk assessment administered through the
Passive House Planning Pack (PHPP). Although, like
the other standards discussed here, the data contained
in PHPP are from the past, the exceedance limitation of
258C for a maximum of 10% of the year (Feist, 2013)
assessed through PHPP would appear to be more
robust than the SAP assessment method (below
23.58C) as it is not wholly based on a reliance on
window opening.

Building performance simulation
In most cases of overheating risk assessment at the
design stage, there is some form of building perform-
ance prediction, usually through building performance
simulation (such as the compliance assessments used in
SAP and PHPP or dynamic simulation more commonly
used in research such as that of Coley et al. (2012)).
Although widely used, there are some significant
uncertainties that must be taken into account when
considering building simulation-based performance
assessments. As noted by de Wilde and Tian (2011),
this includes modelling, numerical and specification
uncertainty along with scenario uncertainties related
to occupant behaviour and, when considering perform-
ance over time, predicted climatic conditions and likely
renovation scenarios. Future weather files are a key
component of any climate change impact study using
building simulation. In the UK, the data used to gener-
ate such weather files (as used in building simulation
studies) originate from the UK Climate Change Projec-
tions (UKCP) (Jenkins et al., 2009). It has been argued
that due to the inherent difficulty in predicting future
weather scenarios a probabilistic approach should be
taken (de Wilde & Tian, 2011), and in that sense the
UKCP09 offers a significant advantage over the pre-
vious UKCP02 as it offers a wide range of probabilistic
scenarios. This has the knock-on impact of introducing
additional complication to such prediction due to the
required processing. With the goal of addressing this,
the PROMETHEUS project at the University of
Exeter developed a range of weather data files based
on the UKCP09 predictions which represent a range
of probabilities (10th, 50th and 90th percentiles for
low, medium and high scenarios respectively) for
three timescales (2030s, 2050s and 2080s) producing
both test reference years (TRYs) to represent a
‘normal’ year and design summer years (DSYs) to rep-
resent a ‘near extreme’ year. The methods used to
develop the files are detailed by Eames et al. (2011).
Several studies considering domestic overheating have
used these weather data files (e.g., Coley et al., 2012;
Gupta & Gregg, 2012; Mavrogianni et al., 2012),

and although the methods used to develop the files
reduce the computing needed, some considerations
remain in relation to how the files are implemented
in climate change impact studies. Gupta and Gregg
(2012) suggest that climate impact studies carried out
using worst case scenarios (90th percentile) would
ensure resilient designs. Coley et al. (2012), however,
suggest that a more median approach (50th percentile)
with allowance only for ‘hard’ adaptations to resolve
any overheating, as this would allow designers to
avoid potentially unnecessary and costly adaptations.
Jenkins et al. (2013) suggest that both the DSYs,
which are intended to test the building for overheating,
and TRYs, used to represent more normal conditions
for energy estimates, be used so that both ‘near
extreme’ and higher probability scenarios can be rep-
resented. This in turn allows for at least some of the
probabilistic capabilities of UKCP09 to be realized,
although, as noted by Coley et al. (2012), for some
UK cities DSYs may show a cooler climate than
TRYs and use of DSYs therefore should be approached
with caution.

Methods
For this research, five building standards were chosen
to represent a range of construction specifications,
requiring increasing levels of energy savings. This
included the regulatory minimums of Part L 2006
and 2010, the voluntary standards of the Code for Sus-
tainable Homes (CfSH) levels 4 and 5, and the Passive
House Standard. Figure 1 depicts how the energy con-
sumption predictions for each standard noted relate
to each other. As can be seen, they follow the push
towards ‘net zero carbon’ dwellings in the UK
(National House Building Council Foundation,
2009), and although this has recently been put on
hold (HM Treasury, 2015) it is likely to remain a
long-term goal.

Once the relevant standards were established, a
‘typical’ UK dwelling was developed based on a dwell-
ing stock analysis of England and the wider UK. This
indicated that since 2001, 66% of dwellings con-
structed were houses (DCLG, 2014a; National House
Building Council, 2014); approximately one-third of
these were semi-detached, with an average of three
bedrooms and an average floor area of 91.7 m2

(DCLG, 2014b). Of the total dwelling stock in
England and Wales (24.6 million, DCLG, 2014c; Stat-
istics for Wales, 2015), 30% or 7.38 million are semi-
detached houses (Office for National Statistics (ONS),
2011). Although flats/apartments and particularly
single-aspect flats have been shown to be at high risk
of overheating (Mavrogianni et al., 2015), and
several studies have explored these issues (Dengel &
Swainson, 2012), detailed exploration of the impact
on houses is less prevalent, and given the number of
dwellings involved (7.38 million), consideration of
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the potential impacts on these units is merited. Follow-
ing this, a three-bedroom semi-detached property
aligning with these criteria, with a glazing ratio of
22.5% and layout based on Roberts-Hughes’s (2011)
‘case for space’ guidelines, was chosen to represent
the ‘typical’ dwelling.

The dwellings did not include solar shading, other than
in places where the regulation or standard in question
required it. It is accepted that details of design will have
a significant impact on overheating risk and it is a limit-
ation of this work that the ‘typical’ case presented here
cannot be fully representative of the stock of semi-
detached dwellings. The criteria used aim to ensure
that the ‘typical’ case reflects the likely approach to
delivering such dwellings built to the standards and
regulations under consideration in this paper.

The fabric specifications of the dwellings were devel-
oped in accordance with the relevant compliance
assessment for the given standard: SAP (DECC,
2014) for Part L, Passive House Planning Pack (Feist,
2013) for Passive House and the DCLG (2011) rec-
ommendations for the Code for Sustainable Homes
for CfSH levels 4 and 5. For each specification three
variants were established, representing three levels of
thermal mass, and three different construction
methods: low mass approximately 100 kJ/m2 K,
medium mass about 250 kJ/m2 K and high mass
about 450 kJ/m2 K, based on SAP 2012 (DECC,
2014). Predicted internal loads were then established
in accordance with CIBSE Guide A (CIBSE, 2015).

Details of the specifications used can be found in
Table 1.

This ‘typical’ building was then modelled in 3D using
the Ecotect software (Marsh, 1996), before being
exported to the Heat Transfer in Buildings 2 (HTB2)
software (Lewis & Alexander, 1990) for thermal per-
formance simulation and analysis. Exporting to
HTB2 was necessary as this software allows for more
in-depth analysis and also simulates the building dyna-
mically as opposed to the admittance or steady-state
method used in Ecotect.

Once the various versions of the buildings had been
developed, models were run using current and future
probabilistic reference years based around the
UKCP09 weather generator as developed by the PRO-
METHEUS project at the University of Exeter and
detailed by Eames et al. (2011). For the purposes of
this study the 50th percentile predictions of the
median scenario where used for both TRYs (represent-
ing the more likely prediction) and DSYs (representing
near extreme predictions). It is accepted that using a
range of predictions (10th, 50th and 90th percentiles
for low, medium and high scenarios respectively)
would give a wider indication of probability; however,
as Coley et al. (2012) note, using the 50th percentile
provides a more median result, allowing for consider-
ation of overheating risk while avoiding designing
to the worst-case scenario. Such an approach also
reduces the risk of interventions made now to avoid
future overheating risk, increasing current energy use.

Table 1 Model input parameters

Element Units Part L 2006 Part L 2010 CFSH 4 CFSH5/6 PassiveHouse

RoofU-value W/m2 K 0.18 0.15 0.13 0.1 0.1

WallU-value W/m2 K 0.28 0.23 0.18 0.15 0.15

FloorU-value W/m2 K 0.2 0.18 0.15 0.1 0.1

WindowU-value W/m2 K 1.8 1.4 1.4 1.1 0.8

WindowG-value 0^1 0.72 0.64 0.64 0.60 0.54

Air permeability m3/h/m2 at 50 pa 10 5 3 1 0.7

Ventilation rate As noted 27 l/s 27 l/s 27 l/s 27 l/s 30 m3/h/person

Thermal bridging W/m2 K 0.15 0.08 0.06 0.04 0.04

Window position ventilation ratea Slightly open: one air change per hour (ACH)

Half open: four ACHs

Fully open: eight ACHs

Notes: aBased on SAP 2012 (DECC, 2014) and Technical Memorandum 36 (Hacker et al., 2005).
For the ‘typical’ building to comply with PassiveHouse overheating criteria a 600 mm shading device was included on the south facade (or west for an
alternative orientation).
Passive House air permeability of 0.7 relates to 0.6 ACHat 50 pa for a building with a volume of 219.65 m3.
Masswasvaried by choosing between raised timber £oors and slab on grade, timber frame construction, cavity wall construction andblockwork with external
insulation and between low- and high-mass party walls and internal partitions.
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As building occupants are likely to adapt to warmer
climates, four ‘anytime’ window-opening scenarios
(closed, slightly open, half open, fully open) and two
night-time purge-ventilation scenarios (half or fully
open) were included in the simulations, with associated
ventilation rates for each (Table 1). The findings of the
‘night purge’ window positions are only included for
the high thermal mass scenarios where they had the
greatest impact. In each case the software used
enabled the window-opening position to be triggered
by internal temperatures of 23.98C. This aligned with
the work of Jenkins, Patidar, Banfill, and Gibson
(2011) who suggested that 23.98C was the tempera-
ture at which occupants are likely to begin to adapt.

Along with building standard, thermal mass and venti-
lation rate (window position), orientation can be
expected to have an impact on overheating risk. For
this study two possible orientations were considered
(north–south and east–west). These were chosen to
reflect potential extremes of solar gain (high gains for
south facing, but easier to control versus the east–
west scenario). It is a limitation of the study that a
wider range of orientations could not be considered,
which arguably would be more representative of the
as-built stock.

Overall five building standards, built using three
thermal mass variations, in two orientations with up
to six possible window positions, were simulated
(Table 2), along with some additional simulations for
comparison between London and Edinburgh (a full
set of scenarios/models were run for London with a
selection for Edinburgh for comparative purposes),
which resulted in 1788 individual model runs.

As discussed previously, there is some debate regarding
the most appropriate metrics to be used for predicting
overheating in free-running dwellings. To allow for

further comparison between the two most common
approaches (single-temperature exceedance and the
adaptive comfort method), both were included in this
study. Overheating criteria 1–3 are based on adaptive
comfort standards as detailed by Nicol and Spires
(2013), while criteria 4 and 5 are based on the more tra-
ditional single-temperature exceedance criteria; the spe-
cifics of each criterion can be found in Table 3. For each
of the adaptive comfort criteria, the threshold used is a
function of the relationship between the running mean
outdoor temperature and the indoor temperature. As
the software used was not capable of calculating a
running mean of temperature (directly at least), the
data generated were exported and manually analysed
to create a running mean, thus allowing for a consider-
ation of the adaptive comfort measures. As noted by
Nicol and Spires (2013), exceedance of any two of
these criteria is considered to represent overheating.

Results
Figure 2 displays the findings of the building simu-
lations carried out for London (with a comparative
for Edinburgh included in the 2080s) combining the
building standard, thermal mass, window position
and climatic scenario for a dwelling with either a
north–south or an east–west aspect. Although as
noted by Coley et al. (2012), for some UK cities DSY
(for testing near extreme) may show a cooler climate
than TRY (for a more normal climate). This was not
found to be an issue in this scenario as TRY was con-
sistently cooler than DSY. As a result of this, the find-
ings presented in this section are based on DSYs only.

A number of initial observations can be drawn from the
analysis, such as an increase in overheating over time, as
can be seen in Table 4. Taking the CfSH level 4, medium
thermal mass, north–south orientation with slightly

Table 2 Samplemodelling plan (Part L 2010 ^ model images are included for illustration)
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open windows possible and measured against excee-
dance of two of the three adaptive comfort criteria (cri-
teria 1–3) no overheating occurs in the base case;
however, for the 2030s exceedance occurs 7.8% of the
time, 11.1% for the 2050s and 27.4% for the 2080s.
Interestingly, when measured against the more tra-
ditional steady-state criteria (criterion 4), predicted
overheating increases significantly (base 25.2%,
2030s 54.8%, 2050s 64.8% and 2080s 75%) high-
lighting, as noted by Roaf et al. (2015), that the tra-
ditional criteria predict higher levels of overheating
than adaptive comfort standards. This research did
not explore the merits of the adaptive comfort versus
traditional steady-state overheating criteria in detail;
for clarity the remainder of this study focuses on the
adaptive comfort standards.

Secondly, buildings with higher thermal mass are at less
risk of overheating than more light-weight buildings
when the construction standard built to is kept constant
(for instance, built to CfSH level 4, but the thermal mass
varied) (Table 5). Taking Part L 2010 as an example, in
the 2030s higher thermal mass can help to reduce inci-
dents of overheating by up to 15.0%, by 15.6% in the
2050s and by 19.6% in the 2080s (all based on slightly
open windows when temperatures are appropriate to
take advantage of thermal mass). Furthermore,
thermal mass becomes more important as insulation
levels increase, while at higher levels of insulation
(CfSH level 5 and Passive House) the benefit of
thermal mass reduces between the 2050s and 2080s as
the climate warms. This is based on the difference in
the percentage of overheating observed between the
low and high thermal mass versions across the building
standards, as noted in Table 5.

This reduction in the benefit of thermal mass is likely a
result of the decrease in diurnal temperature ranges
over time and, as can be seen in Figure 3, the general
reduction in the difference between internal and exter-
nal temperatures. This has the impact of reducing the
ability of ventilation and thermal mass to store or

transfer energy to the cooler outside air. Figure 3 also
demonstrates that along with the potential for
increased overheating over time, temperatures in
excess of 248C in bedrooms at night-time may be reg-
ularly experienced from the 2030s onwards, which
presents a particular cause for concern.

When considering the performance of the buildings
across the range of standards (Part L 2006 to the
Passive House Standard), during peak temperatures
(taken as August) it was found that as the levels of insu-
lation increase and external temperatures increase over
time, increasing levels of fabric gains are observed
overnight (Figure 4). This overnight gain maybe a con-
tributory factor in high night-time bedroom tempera-
tures. Figure 4 is based on mean daily temperature
ranges for August, showing a comparison between
the 2050s and 2080s for dwellings built to the Part L
2006 and CfSH level 5 building standards.

As previously noted, the adaptive comfort criteria
include an assessment of the severity and duration of
the overheating (criterion 2 in this study). As can be
seen in Figure 2, in the low and medium thermal
mass scenarios, as higher levels of insulation are intro-
duced (CfSH level 4 and 5 and Passive House) from the
2030s onwards this criterion is regularly exceeded
unless windows are in the half-open position. Such
window opening as previously noted may be impracti-
cal due to noise, pollution or security issues. Consistent
exceedance of this criterion is an additional cause for
concern as persistent exposure to elevated tempera-
tures can result in serious health impacts, particularly
when they occur at night-time (Dengel & Swainson,
2012). This criterion does not consider longer-term
exposure to higher temperatures (beyond the length
of time within a single day), which although of impor-
tance was beyond the scope of this paper.

Using the adaptive comfort criteria, a cross-analysis
between the five building standards (Table 5) found
that, for the slightly open window position in the

Table 3 Traditional and adaptive comfort overheating criteria

Adaptive comfort methoda

Criterion1 Limits the how often the internal temperature exceeds the comfort range (by1K for 3%of occupied hours) during
the summer months (May^September inclusive)

Criterion 2 Considers the severity of overheating in any one day based on howmuch the space overheats (by howmany
degrees the space exceeds the prescribed temperature) and for how long, again during the summer months

Criterion 3 Sets an absolutemaximum temperature that re£ects the point at which normal adaptationsmay be insu⁄cient to
ensure comfort

Traditionalmethodb

Criterion 4 Sets a limit of 1% of occupied hours above 258C, which relates to the temperature at which discomfort may begin

Criterion 5 Sets a limit of 1% of occupied hours above 288C, which relates to an unacceptably high temperature

Sources: aNicol and Spires (2013).
bHacker et al. (2005).
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2030s (near future) and low thermal mass construc-
tion, the 2006 building overheats 5.9% of the time,
the 2010 building overheats 15% of the time, CfSH
level four 18.2% of the time, CfSH level five 35.9%
of the time and the Passive House building 31.3% of

the time, all measured during the summer months
(May–September inclusive).

Building on this, and extrapolating the data in Table 5,

it can be said that in the above scenario building

Figure 2 Overheating risk assessment (semi-detached house, cross-ventilation possible)
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Table 4 CfSH 4 overheating risk as a percentage, during summer months (May^September)

Low thermal mass Medium thermal mass High thermal mass

Overheating
criteria

Adaptive Traditionala Adaptive Traditionala Adaptive Traditionala

Window position Slightly
open

Half
open

Slightly
open

Half
open

Slightly
open

Half
open

Slightly
open

Half
open

Slightly
open

Half
open

Slightly
open

Half
open

Base 1.3 0 31.1 14.8 0 0 25.2 12.2 0 0 24.5 11

2030s 18.3 5.8 55.8 34.4 7.8 1.9 54.8 32.8 2.6 0 53.8 32.7

2050s 20.2 9.1 66.6 41.7 11.1 2.6 64.8 39.6 4.5 0 63.8 40.5

2080s 42.4 11.7 77.5 55.1 27.4 3.2 75 52.8 19.6 0 74.7 53.3

Note: aTraditional overheating criteria relates to criterion 4 only.

Table 5 Overheating risk as a percentage of occupied hours during summer months (slightly openwins ^ north-south orientation)

Part L 2006 Part L 2010 CfSH 4 CfSH 5 PassiveHouse

Thermal mass Low High Di¡erence Low High Di¡erence Low High Di¡erence Low High Di¡erence Low High Di¡erence

Base 0 0 0 0 0 0 1.3 0 1.3 11.7 0 11.7 7.8 0 7.8

2030s 5.9 0 5.9 15 0 15 18.2 2.6 15.6 35.9 15 20.9 31.3 11.7 19.6

2050s 11.1 2.6 8.5 15.6 0 15.6 20.2 4.5 15.7 41.8 21.5 20.3 36 15 21

2080s 13 5.2 7.5 32 12.4 19.6 42.4 19.6 22.8 61.4 45 16.4 58.1 41 17.1
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standard (assuming thermal mass is kept constant) can
increase potential incidents of overheating by up to
11.7% in the base case (11.7–0), for the 2030s this
can increase to 30% (35.9–5.9), 30.7% in the 2050s
(41.8–11.1) and for the 2080s 48.4% (61.4–13). It
is worth noting that although the fabric specifications
of CfSH level 5 and the Passive House Standard are
similar (when in ‘free running’ mode), there is evidence
that the overheating assessment criteria in the Passive
House Standard are more robust. Reductions in inci-
dents of overheating of 6.6% were observed for the
2030s, 6.8% for the 2050s and 7.2% for the 2080s
for the Passive House Standard in comparison with
the CfSH level 5, all based on a medium thermal
mass scenario with slightly open windows (the data
are stated but not presented in a separate table). As
noted below, however, orientation presents a signifi-
cant overheating risk for the Passive House Standard,
which, if shading is not carefully considered, may
reduce or reverse the benefit.

As can be seen from Figure 2, changing the orientation
of the building from north–south to east–west has a
noticeable impact on the incidents of overheating
across all standards, when measured against the adap-
tive comfort criteria. This highlights the importance of
solar shading and the impact it can have on overheat-
ing (east–west orientations are more difficult to
shade than north–south orientations due to the low
sun angle). For the east–west orientation, in line with
the findings from the north–south orientation,
further increases in incidents of overheating are experi-
enced as the building standard increases (greater levels
of insulation and reduced infiltration), and the building
is optimized for heat retention.

For comparative purposes, thermal performance simu-
lations were also carried for Edinburgh in the 2080s
(Figure 2). Unsurprisingly, this resulted in significantly
reduced levels of predicted overheating, with, in all
scenarios, only the low thermal mass version of CfSH

level 4 and all thermal mass versions of CfSH level 5
and the Passive House Standard presenting significant
overheating issues. By comparison, for London all
standards exhibited at least some incidents of signifi-
cant overheating, with the low thermal mass version
(excluding the 2006 version) experiencing this across
all window-opening positions.

Implications
The preceding results suggest that the current stan-
dards used in relation to overheating risk in dwellings
in cool or temperate climates may no longer be fit for
purpose. The lack of regulation in relation to
maximum allowable temperatures and the opportunity
for designers to utilize potentially unrealistic adap-
tations at the design stage, such as window opening,
results in unreliable predictions. Coupled with this,
the use of historic climatic data means that the
current approach cannot make predictions about
likely overheating risk beyond the point of handover,
thus ignoring the lifecycle of the building and potential
impact of climate change. As noted by Meikle and
Connaughton (2006), new and existing housing is pre-
dicted to have to last for an extended period, and in
many cases this may be beyond the end of the
century. In this context, an alternative approach is
required if the regulatory framework is to ensure the
delivery of comfortable and healthy dwellings that
offer resilience to predicted climate change.

In addition to the issues raised with the approach to
assessing overheating risk in dwellings, the drive to
reduce energy use in new dwellings through current
and emerging regulations and building standards (thus
optimizing the building for heat retention) has the
potential to increase the overheating risk. The high pro-
portion of CO2 emissions that have been linked to the
built environment (43% of all CO2 emissions in the
UK; DCLG 2015), and the link between this and

Figure 3 Internal to external temperature di¡erence (high thermal mass)

Impact of regulations on overheating risk

11

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
G

re
en

w
ic

h]
, [

M
ar

k 
M

ul
vi

lle
] 

at
 1

1:
12

 3
1 

M
ar

ch
 2

01
6 

131



anthropogenic climate change, creates a particular chal-
lenge for regulation in the built environment, where
increased short- or near-term energy savings must be
balanced against increased long-term overheating risk.

The approach outlined in this paper and the findings as
presented in Figure 2 could be used as the basis of an
alternative risk-based overheating assessment method
that takes account of predicted climate change. This
would require a careful definition of how exposure to
high temperatures for a specific period of time constitu-
tes an unacceptable overheating risk, which would
provide clarity and allow methods to be developed and
refined accordingly (Holmes, Phillips, & Wilson, 2016).

In addition to this, such an approach could also incor-
porate climate change adaptation planning at the
design stage, as outlined by Jones et al. (2013), thus
ensuring that short- or near-term energy efficiency is
not compromised for longer-term comfort (by, for
instance, adding shading now that may reduce future
overheating risk but also increase current heating loads).

Conclusions
Although the current drive within the regulatory frame-
work of the built environment to reduce heat loss (in
cool climates) is not without its merits, as levels of

Figure 4 Gains and losses (2050 and 2080 comparing Part L 2006 andCfSH level 5)
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insulation increase and infiltration decreases, there is
increasing risk of summer-time overheating linked to
climate change, particularly in urban areas. Further-
more, there is a risk of extended periods of overheating
and unacceptably high temperatures in bedrooms over-
night. The current standards in the UK used for predict-
ing overheating risk may not be fit for purpose as they
are based on historic data which take no account of
potential climate change and make unrealistic assump-
tions in terms of occupant adaptations. Higher levels of
thermal mass and the potential for increased venti-
lation rates offer benefits, however these may reduce
over time as internal to external temperature differ-
ences decrease. Although this investigation is based
on modelling UK domestic dwellings and the predicted
changes to the UK climate, other countries with similar
climates may experience similar risks.

Predicting overheating in buildings, given the range of
variables involved, is complex and subject to a degree
of uncertainty. Instead of a single temperature or
hours of exceedance metric requiring complex building
simulation to predict overheating, a risk-based scale
may be more appropriate. This risk-based assessment,
embedded in regulations and standards, could take
account of the duration of the high temperatures
experienced and the predicted impact of climate
change (taking account not only of increased tempera-
tures but also of the reduced ability of thermal mass
and ventilation to minimize overheating). The
approach to climate change risk assessment in dwell-
ings as detailed in this paper could be expanded upon
to provide such a design-stage risk assessment for a
range of dwelling types. This approach presents a
clear role for standards and regulations in defining
anticipated scenarios in relation to overheating risk
linked to climate change with the aim of ensuring resi-
lience in both the predicted ‘normal’ future climate and
during ‘extreme’ events.

This research must be considered in the context of a
number of limitations. Future predictions of overheat-
ing risk based on building simulation are subject to
uncertainty and rely on a number of assumptions in
relation to variables that cannot be easily predicted
(such as internal gains, occupancy patters and occu-
pant adaptations). The paper has tried to reduce this
uncertainty through the use of 50th percentile climate
predictions (using weather data files produced from
the PROMETHEUS project), offering a range of poss-
ible adaptations (window opening) and taking conser-
vative predications in relation to internal gains, in
order to avoid more extreme and potentially less realis-
tic predictions. The research presented is based on a
single building type, namely a semi-detached dwelling
where cross-ventilation is possible, but consideration
of a wider range of buildings using the same method-
ology would be of benefit. Further granularity could
be added to the predictions by considering a range of

shading configurations. For all standards considered
the buildings are assumed to be in ‘free running’
mode, as such this ignores the potential for a dwelling
with a mechanical ventilation system to implement
purge ventilation, although, as noted, the benefits of
increased ventilation may reduce over time.

Further research is needed to consider how occupants
of dwellings, particularly vulnerable occupants, may
adapt to overheating. This could, for example,
include further research in relation to window-
opening patterns in urban areas where noise, pollution
or security may place restrictions on such adaptations.
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The impact of the ambient
environment and building
configuration on occupant
productivity in open-plan

commercial offices
Mark Mulville, Nicola Callaghan and David Isaac

Department of Built Environment, University of Greenwich, London, UK

Abstract
Purpose – This paper sets out to understand the impact of the ambient environment on perceived
comfort, health, wellbeing and by extension productivity in the workplace.
Design/methodology/approach – The research combined an occupant survey considering
satisfaction with the ambient environment, health and wellbeing and workplace behaviour with the
monitoring of ambient environmental conditions.
Findings – The paper demonstrates that the ambient environment can have a significant impact on
occupant comfort, health and wellbeing, which in turn has implications for built asset performance.
Within the ambient environmental factors considered, a hierarchy may exist with noise being of
particular importance. Occupant behaviour within the workplace was also found to be influential.
Research limitations/implications – The research was limited to a single commercial office
building, and a wider range of case studies would therefore be of benefit. The research was also limited
to the summer months.
Practical implications – The findings show that an active approach to asset management is
required, by continuously monitoring internal environment and engaging with occupants. This must
carefully consider how ambient environmental factors and workplace behaviour impact upon
occupants’ comfort, health and wellbeing to ensure the performance of the built asset is maximised.
Originality/value – This paper demonstrates that both occupiers’ workplace behaviour and ambient
environmental conditions can have an impact on occupant comfort, health, wellbeing and productivity.
The paper strengthens the case for the active management of the workplace environment through
environmental monitoring and behaviour change campaigns supported by corresponding changes to
workplace culture.

Keywords Behaviour, Health, Productivity, Wellbeing, Asset management, Comfort

Paper type Research paper

Introduction
There is a growing body of evidence linking the physical environment (including the
ambient environment) to occupant performance (Creagh et al., cited in Madeo and
Schnabel, 2014) which recognises that in the commercial office environment, employee
costs significantly exceed energy and maintenance costs (CABE, 2005). In this context,
thinking must extend beyond regulated energy use and occupants per square metre and
should consider occupant wellbeing to deliver healthy, comfortable, efficient and
resilient built environments.
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Clements-Croome and Kaluarachchi (2000) suggest that occupant performance is
dependent on healthy buildings; in support of this, Gensler (2005) adds that a better
working environment could increase productivity by 19 per cent. Occupant wellbeing
should therefore be of importance to business owners. However, according to Kok
(2012), employees’ interests are not always top of the agenda in the business
environment, and organisations often focus on increased performance for lower costs
(van der Voordt, 2004).

Most studies in this field take a cross-sectional or comparative office-type approach
(Bodin Danielsson and Bodin, 2009; Lee, 2010; Feige et al., 2013; Kim and de Dear, 2013)
or focus on specific factors such as natural and artificial lighting, noise, control or the
ambient environment (Wyon, 2004; Lee and Brand, 2005; Lan et al., 2011; Haans, 2014;
Seddigh et al., 2015; Lamb and Kwok, 2016). Haynes (2007) argues that behavioural
aspects are also of importance but not widely considered, although more recently
behaviour change studies in relation to energy savings have become more prevalent
(Mulville et al., 2013; Tetlow et al., 2013; Gulbinas and Taylor, 2014).

This research explores how both the range of ambient conditions and occupant
behaviour, which appears to be less widely considered, within a given office
environment impacts upon occupants’ self-reported health, wellbeing and by extension
productivity.

The research demonstrates that while ambient environmental conditions are of
importance, occupant behaviour can also be influential in terms of health, wellbeing and
productivity in the workplace and suggests that an active approach to workplace
management is required. This active approach may include both continuous monitoring
of ambient conditions and occupant behaviour change campaigns. Such behaviour
change campaigns may need to be supported by wider changes to workplace culture in
order to maximise productivity.

Literature review
There are a wide range of factors that can influence employee performance and
productivity in the workplace, including a range of business environment factors
(workplace culture, social ambience and industry performance) (Chandrasekar, 2011)
and personal or social factors (general health, motivation, personality, age, gender and
behaviour) (Haynes, 2007; Cubel et al., 2014). Although several of these factors may at
first appear to be external to the immediate building, it can be argued that the physical
building environment, including the ambient environment, has at least some impact.
This is supported by a body of evidence linking the physical building environment to
productivity (Clements-Croome, 2015). In that context, the review that follows focused
on the physical building environment including ambient environmental factors.

Measurement
As highlighted by Clements-Croome (2015) a lack of productivity in the workplace can
be equated to many issues such as absenteeism, leaving early, arriving late and taking
longer lunch breaks along with a general frustration with the work environment.
According to Feige et al. (2013), worker performance can be linked to productivity, but
both are rarely measured in the workplace, which can prove especially difficult where
there is no universally accepted measure of office productivity (Haynes, 2008a). It is
instead suggested that measuring self-reported subjective productivity through
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questionnaires may be appropriate (Haynes, 2008b; Feige et al., 2013). Measuring
productivity gains in an office environment remains difficult, and there would appear to
be a lack of consensus in the literature about the potential magnitude of such gains with,
for instance, Clements-Croome (2013) suggesting 4-10 per cent gains, while Gensler
(2005) notes 19 per cent gains.

Haynes (2007) sets out a theoretical framework for office productivity noting the
importance of occupier work patterns and the behavioural environment (how occupants
interact with the environment) in addition to the physical environment (office layout and
comfort, including the ambient environment) which is more regularly considered.
Building upon this, it is suggested (Haynes, 2007) that the behavioural environment
(framed as interaction and distraction) may impact more on people’s productivity than
the physical environment. In this context, there is evidence that behaviour change
interventions in the workplace can be successfully used to reduce energy use (Mulville
et al., 2013), it may be that a similar approach would also be successful in relation to
productivity. There is however also evidence that the physical environment (including
the ambient environment) has a significant impact on occupant performance
(Clements-Croome, 2015) and arguably the behavioural and physical environments are
interlinked.

What is widely accepted is that male and female occupants experience the office
environment differently, with differences observed in levels of satisfaction with the
ambient environment, stress levels and sick leave rates (Kim et al., 2013; Bodin
Danielsson et al., 2014).

Office layout, distraction and control
Bodin Danielsson and Bodin (2008) define a range of office types from single occupancy
to open-plan variations. This in turn has allowed for consideration of the impact of office
type on occupants to be explored with issues of stress and sickness rates, personal
control (Bodin Danielsson, 2010; Pejtersen et al., 2011; Bodin Danielsson et al., 2014) and
noise and disturbance (Bodin Danielsson and Bodin, 2008; Seddigh et al., 2015) being
highlighted, with open-plan offices often performing poorly. In open-plan offices,
increased stress levels may be related to disturbance and a lack of personal control
(Bodin Danielsson, 2010), while sickness rates may also be associated with increased
densities being linked to greater risk of infection (Bodin Danielsson et al., 2014).

There is evidence that, in open-plan offices, occupants may be more sensitive to
backgrounds noise than would be otherwise expected (van der Voordt, 2004) and that
medium and large open-plan offices may be particularly problematic (Bodin Danielsson
and Bodin, 2009). Jahncke et al. (2011) found that memory performance declined in high
noise environments while issues related to tiredness and motivation were also observed.
Although enclosed or small shared offices may offer benefits in terms of acoustic
sensitivity and privacy (Lee, 2010), van der Voordt (2004) notes that some occupants
may respond more positively to the increased stimuli in open-plan offices. This may
suggest a role for consideration of the level of concentration required for the work being
undertaken (Seddigh et al., 2014) and supports the suggestion that an active approach to
workplace management may be of benefit (Haynes, 2008c).

Bodin Danielsson and Bodin (2009) note that personal control is a fundamental
feature of human behaviour and that it is strongly related to environmental satisfaction.
In support of this, Lee and Brand (2005) found a positive correlation between perceived
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personal control and self-reported job satisfaction. In open-plan offices this presents a
particular challenge for Facilities Managers and perhaps supports the argument for
enhanced user control which, as noted by O’Neill (2008a), can improve employee
performance and can be further enhanced by training.

Open-plan offices may also offer benefits. The more flexible arrangements contribute
to sustainability by offering energy savings, reduced materials use and providing
adaptability (van der Voordt, 2004), thus reducing the cost of change (O’Neill, 2008b). In
addition, open-plan situations may aid interaction, although the benefits in comparison
to other office types have been called into question (Lee, 2010). Veitch et al. (2007) found
that those open-plan office workers who were more satisfied with their work
environment where also satisfied with their jobs, suggesting a role for the physical
environment (including ambient environmental factors) in wellbeing and productivity.
In addition O’Neill (2008a) suggests that greater control through the provision of
adjustable workspaces may aid satisfaction. It may be therefore, through careful design,
that the benefits of open-plan environments can be maintained (Kim and De Dear, 2013).

The ambient environment
It has been suggested that the move over the past 50 years towards air conditioned
buildings coupled with the more recent energy efficiency drive has helped create the
conditions for sick building syndrome, and that in turn this may have had a direct
impact on occupant productivity (Smith and Pitt, 2011). Clements-Croome (2013)
highlights that the most frequent complaints in office environments relate to thermal
comfort and air quality (in addition to overcrowding) and notes that improvements in
environmental conditions could result in a 4-10 per cent increase in productivity.
Pejtersen et al. (2006) notes that occupants in open-plan offices are more likely to
perceive poor air quality, thermal discomfort and noise (and experience associated
wellbeing issues) than occupants of more enclosed spaces. However, Bodin Danielsson
and Bodin (2009) found no significant difference in complaints about the ambient
environment (when noise was excluded) between office types, and low overall levels of
self-reported dissatisfaction with the ambient environment in comparison to issues of
noise and privacy. This perhaps supports the view of Haynes (2007) who suggests the
behavioural environment to be of particular importance. However, it can be argued that
noise and distraction are influenced by layout, configuration and the ambient
environment. The importance of the relevant factors may vary with the type of work
undertaken with for instance, comfort being found to be of most importance to “group”
and “individual process workers” (as defined by Laing et al. cited in Haynes, 2008a).
What is clear is that health, wellbeing and productivity in the office environment is
complex. Contributing to this complexity, it has been suggested that one environmental
factor may have a mediating effect on another (Bodin Danielsson and Bodin, 2009).

Indoor Air Quality (IAQ) has been shown to have a significant impact on occupant
health, wellbeing and productivity (Dorgan and Dorgan, 2005; World Green Building
Council, 2014) which in turn could impact on absenteeism (Bodin Danielsson et al., 2014).
Clements-Croome (2015) notes the importance of ventilation, comparing it to the human
need for water and highlights the interrelationship between ventilation rate,
temperature and humidity noting that increasing levels of ventilation are required to
maintain feelings of “freshness” as temperatures increase (Clements-Croome, 2015).
This is of particular importance in the context of the predicted impacts of climate change
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on the built environment (Jones et al., 2013), where for instance, commercial buildings in
the UK and particularly in the South-East are expected to become increasingly cooling
dominated (Jenkins et al., 2009).

While Bodin Danielsson and Bodin (2009) did not find significant differences
between office types in terms of ambient environment complaints, the highest level of
complaints in medium sized open-plan offices were in relation to artificial lighting
conditions. This may be due to occupants being conscious that they may be sitting
further away from a window and therefore natural daylight. Goodrich (Smith and Pitt,
2011) notes that windows and views are psychologically important to workers, offering
a chance to refocus while reducing fatigue and stress. Furthermore, Haans (2014) states
that the preference for natural lighting, which builds upon the human preference for
natural products, can have additional health benefits which although not fully
understood must be considered when focusing on occupant productivity. This is
supported by Yildirim et al. (2007) who found that visual access to a window positively
affects employee satisfaction. However, providing views out must be carefully balanced
with the potential impacts of high levels of glazing on overheating and glare (Hee et al.,
2015).

Methodology
As noted by Feige et al. (2013), measuring performance and productivity in the
commercial office environment can be challenging and often indirect measures such as
absenteeism and staff turnover etc. may be used, alternatively self-reported
productivity (occupant surveys) may be used. This research aims to understand the
impact of the ambient environment on perceived comfort, health, wellbeing and by
extension productivity in an example of the modern office environment while also
exploring the potential impact of occupant workplace behaviour on those factors. The
research uses a self-reported (occupant survey) technique, supported by the monitoring
of ambient environmental factors.

Four zones on each of three floors of the case study building were identified, three
were excluded as they were in alternative use, leaving nine zones in total. The zoning
was reflected in the monitoring of ambient environmental conditions and the zones were
also identified within the occupant survey. The zones on each floor corresponded to
quadrants of the floor plan (Zone 1 � south-west, 2 � south-east, 3 � north-east, 4 �
north-west). Each zone had approximately 30 workstations, and there were no physical
barriers between the zones. This approach allowed for consideration of the impact of
local variations within the building to be taken into account.

A physical survey based on a visual inspection was carried out in addition to the
monitoring of temperature, CO2, humidity and noise levels, thus allowing for
comparison back to accepted benchmarks and occupants’ experiences. Readings were
taken throughout the zones and daily figures calculated to mitigate the effects of any
erroneous readings due to other factors. Continuous monitoring over a five-week period
provided a detailed insight into the ambient environment. It was not possible to monitor
CO2 in each zone; however, manual readings were taken to confirm an even distribution
across floors, before one CO2 logger was placed on each floor. Temperature, humidity
and CO2 readings were recorded at 10-minute intervals and sound level readings were
taken at 10 second intervals (shorter intervals would have been of benefit in increasing
accuracy, but was not possible with the equipment in use) but over a shorter overall
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period (one week) and then converted into equivalent continuous noise levels (dBA
Leq(h8)) for working hours. The direct measurement of daylight levels was not possible,
and self-reported satisfaction was relied upon instead.

The environmental monitoring was supported by a corresponding survey of the
occupants’ workplace satisfaction. This survey was carried out anonymously using a
targeted sampling technique and 95 members of staff responded, giving a response rate
of 33.9 per cent. As the response rate is subject to some sample limitations which make
generalisation difficult, a higher response rate would be beneficial. The survey was
designed and administered online, and participants were informed and invited to
participate by e-mail. According to Evans and Mathur (2005), online surveys allow for
question diversity, controlled sampling and often result in a faster, more efficient
process. Moreover, it allows the methodology to be easily repeated in large-scale studies.
The questions addressed a range of influences directly related to the ambient
environment such as air quality, temperature, humidity, noise and lighting. In addition,
more general questions related to occupant behaviour, health and wellbeing at work
were assessed along with nominal data such as gender, location and proximity to
windows. Occupants were given a series of statements and asked to respond on a
five-point Likert scale with space provided for additional comments.

The research approach allowed for the impact on occupants’ comfort, health and
wellbeing associated with local variations such as layout, proximity to windows and the
ambient environment, to be further explored. The research was conducted during the
summer months only which may influence the overall results and must be considered a
limitation. It is therefore suggested that repeating this approach quarterly would be
beneficial.

Building description
The building used in this study is a three-storey commercial office located on the
outskirts of the Greater London area, South-East England. The building has a glazing
ratio of approximately 85 per cent and features shading to three facades. The building is
square in plan, with 50-75 per cent of each floor plate given over to open-plan office
space, and these spaces can be categorised as large open-plan offices (greater than 24
occupants) as defined by Bodin Danielsson and Bodin (2008). The open-plan spaces
feature half-height partitions between individual workstations (1 m), and these areas
have an occupancy density of 8.9 m2 Net Internal Area (NIA) per workspace. This
density is higher than the British Council of Offices (BCO, 2013) occupier density survey,
which found an average density of 10.9 m2 NIA per workplace. However, 38 per cent of
the workplaces considered in that study fell within the 8-10 m2 range, so the case
considered here can be said to be representative. The occupants participating can be
considered to be a combination of “individual” and “group process workers” as defined
by Laing et al. (Haynes, 2008b). As detailed in the results section, the ambient
environmental conditions in the building are generally within accepted parameters
when measured against common standards so it can be argued that the building
environment is, to an extent, representative of the wider stock.

Approach to analysis
Descriptive statistics (mean and standard deviation) were used to understand the
measured environmental data (temperature, humidity, CO2 and noise) and to explore the
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Likert type data (mean, mode, median) gained from the occupant surveys. The ordinal
data created from the occupant surveys was further analysed using spearman rank
correlations for the main self-reported factors (level of satisfaction with environmental
conditions, wellbeing and workplace patterns). This helped to explain for example, the
relationship between dissatisfaction with noise and frequency of headaches.
Furthermore, chi-squared tests were used to understand how nominal factors (gender,
location, etc.) impact upon the findings of the Likert type data gathered.

Results
Environmental conditions
For the temperature and humidity parameters, there was little measured difference
between zones. When all floors were considered together, the first floor (mean � 24.2°C,
SD � 0.09°C) was found to be warmer than the ground (mean � 23.85°C, SD � 0.28°C)
and second floor (mean � 23.66°C, SD � 0.09°C). The overall temperature profile is
generally below the Chartered Institution of Building Services Engineers (CIBSE)
benchmark overheating criteria of 25°C (CIBSE, 2005). The corresponding humidity
data also show consistency between zones and lower overall humidity on the first floor.
Measured humidity in all zones was predominantly in the 40-50 per cent range, which is
within the recommended range of 40-60 per cent for health and comfort noted by CIBSE
(2015). CO2 levels were measured by floor and not zone, the ground floor (mean 546 parts
per million (ppm), SD 30 ppm) was generally within the IAQ (IDA) 2 classification of
medium quality (400-600 CO2 ppm) as classified by the European Committee for
Standardisation (CEN, 2007), and the first floor (mean 655 ppm, SD 46 ppm � IDA3) was
slightly over this level (taken as a mean during occupied hours). The second floor
however, was closer to and often in the IDA4 (low quality) category (mean 970 ppm, SD
76 ppm). In relation to the acoustic environment, again there is little difference in
performance between zones; however, there is a noticeable increase in background noise
level when moving from the second floor (53.87dBA Leq(h8)) to the ground floor
(57.98dBA Leq(h8)).

Survey results
Findings of the occupant survey are presented in Figure 1, for the purpose of clarity in
the presentation of these results, where possible, Likert type items were combined into
single Likert scale items (where four or more similar questions exist). Where factors
(such as skin/eye irritation) were found to be of little influence, they have been excluded
from the figure.

The Spearman rank correlations found that how often occupants take breaks was
correlated to how often occupants experienced headaches (rs � 0.265, p � 0.010)
indicating more headaches for less breaks, frequency of breaks was also negatively
correlated to satisfaction with IAQ (rs � �0.232, p � 0.024), thermal comfort
(rs � �0.222, p � 0.031) and noise (rs � �0.264, p � 0.010) with lower satisfaction
corresponding to less breaks. A negative correlation was found between incidents of
headache and the perceived impact of the workplace on productivity (rs � �0.328, p �
0.001) with those experiencing more headaches perceiving a greater workplace impact. In
addition, incidents of headaches were also negatively correlated to satisfaction with noise
(rs � �0.518, p � �0.001) and IAQ (rs � �0.474, p � �0.001) with lower satisfaction
corresponding to more frequent headaches. The relationships between other wellbeing
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factors (eye and skin irritation, sore and or dry throat and fatigue) and overall comfort and
the impact of the building on productivity were found not to be significant. Finally, the
analysis also found a negative correlation between the importance of access to controls and
overall perceived comfort levels (rs � �0.402, p � �0.001) indicating those less satisfied
with overall comfort believed access to controls to be important.

Figure 1.
Occupant survey

results
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The chi-squared tests found significant relationships existed between gender and
problems with IAQ ((1, n � 95) � 8.191, p � 0.001), thermal comfort ((1, n � 95) � 8.568,
p � 0.003), room temperature ((1, n � 95) � 9.58, p � 0.002), overall comfort
((1, n � 95) � 14.452, p � 0.001) and the occurrence of headaches ((1, n � 95) � 11.674,
p � 0.001) with females more likely to note more significant issues. The zone that
occupants were located in had a significant relationship with thermal comfort ((1, n �
95) � 13.922, p � �0.001) and although Figure 1 would appear to suggest similar
relationships between zone and acoustic satisfaction and incidence of headaches, this
was found not to be significant. Further relationships did exist between floor and
thermal comfort ((1, n � 95) � 13.348, p � 0.001), noise ((1, n � 95) � 4.964, p � 0.026)
and IAQ ((1, n � 95) � 5.425, p � 0.020). The relationship between proximity to
windows and satisfaction with daylight was found to be significant ((1, n � 94) � 3.84,
p � 0.05); however, the relationship with artificial lighting satisfaction was not.
Furthermore, the relationship between proximity to windows perceived comfort and
proximity to windows and the perceived impact of the workplace on productivity were
found not to be significant.

Discussion
The research has been able to highlight a number of key issues in relation to occupant
health, wellbeing and by extension, productivity in the commercial office environment.
The research reinforced the findings of Kim et al. (2013) and others, demonstrating that
perceptions of environmental comfort and health can be significantly influenced by
gender, with females more sensitive to thermal and acoustic issues. When considered
along with the correlation between users who are less satisfied with overall comfort
levels and a preference for access to control, this presents a challenge where open-plan
offices are common and opportunity for local controls are limited. However, as noted by
O’Neill (2008a), the provision of local controls in conjunction with adjustable
workstation features has the potential to help address such issues. Noise and privacy
issues may be more challenging to address and present a particular challenge to
designers, asset and corporate real estate (CRE) managers if the benefits of open-plan
offices are to be realised.

Interestingly, measured data suggested that the second floor provided the poorest
levels of IAQ (mean CO2 � 970 ppm) with the ground floor offering the highest quality
(mean CO2 ppm � 564 ppm), and the findings of the occupant survey found a significant
difference in perceived IAQ by floor; however, this indicated the ground floor offered the
lowest levels of satisfaction (Figure 1). Conversely, the ground floor recorded the highest
levels of background noise (57.98dBA Leq(h8)) while the second floor the lowest
(53.87dBA Leq(h8)). This finding was somewhat unexpected and may suggest that a
hierarchy exists between the overall factors that influence environmental comfort,
especially where the relative differences are of small magnitude (such as within a single
building). In this case (a large open-plan office), the acoustic environment would appear
to have a larger impact. This is supported by Bodin Danielsson and Bodin (2009) who
found that when noise was excluded, there was no significant difference in levels of
complaints about the ambient environment between office types and also suggested that
one environmental factor may have a mediating effect on another. This is perhaps
further supported by the correlation found between those less satisfied with the acoustic
environment and a greater frequency of headaches, with those experiencing more
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frequent headaches also believing the workplace had a greater impact on their
productivity. Although it should be noted that perceived IAQ was also correlated to
incidents of headaches. The presence of such a hierarchy, which arguably may change
by season, would require the asset manager to engage in continuous monitoring of the
space (beyond reactions to complaints) to maximise productivity.

In addition to differences between floors, a significant difference between zones in
relation to perceived thermal comfort was identified (Figure 1) with those in Zone 2
(south-east) more satisfied. This difference was noted despite little measured variation
between environmental conditions across zones. For example, maximum measured
difference between mean temperatures (during occupied hours) across all zones was
�0.72°C (Zone 1-2). At the same time, no significant relationship was found between
zones and acoustic satisfaction or incidents of headaches, and the immediate reason for
the variation in perceived thermal comfort between zones is unclear.

In the case of this research, proximity to windows (and therefore access to views and
daylight) was not found to be a significant influencing factor on overall comfort or the
perceived impact of the workplace on productivity. Although it did not appear to
influence overall workplace satisfaction, there was a relationship with daylight
satisfaction, this perhaps supports the idea of a hierarchy of importance in terms of
ambient environmental conditions.

In addition to the issues of location, the study found occupants’ workplace behaviour
to be a significant factor in terms of health and wellbeing, with evidence that those who
take breaks more often being less likely to experience headaches and less likely to be
dissatisfied with IAQ, thermal comfort and noise. This can be linked back to Haynes
(2007) who suggests the behavioural environment to be of particular importance.
Changes in behaviour may therefore change the perception of environmental conditions.
This could be as a result of breaks increasing wellbeing, or it could be also related to
increased casual interaction which as noted by Haynes (2007) can be of benefit to
productivity.

In this context, in addition to active monitoring of ambient environmental conditions,
it may also be necessary for CRE managers to engage in occupant behaviour change
campaigns (for instance in relation to the frequency of breaks) to improve overall health
and wellbeing and in turn maximise productivity. This active approach builds upon the
suggestion of Haynes (2008c) that an active approach to workplace management to
support both the organisation and the individual may be of benefit. Changing the
behaviour of occupants in the workplace can however be difficult (Maréchal, 2010), and
a change in workplace culture may be necessary (Chandrasekar, 2011) to achieve a
positive outcome. This presents a challenge to CRE managers. There is however
evidence that such behaviour change campaigns can be successful in other contexts
(Mulville et al., 2013).

Conclusion
This research aimed to understand how a range of ambient environmental conditions
and occupant behaviour may impact upon perceptions of comfort, health, wellbeing and
ultimately productivity in the workplace.

The research demonstrates that significant differences can exist in relation to
comfort, health, wellbeing and by extension productivity within individual buildings,
and that this may not always be reflected in measurable differences in directly related
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ambient conditions. This suggests that, within the generally accepted comfort ranges,
there may be a hierarchy of the influence of environmental factors, with noise levels of
particular importance. Gender factors and access to controls present further challenges
in providing productive workspaces in open-plan configurations, where desk level
control (of local conditions) may be of benefit. Furthermore, occupant workplace
behaviour was found to be a significant factor in perceived environmental comfort and
wellbeing. It may be that changes in occupant behaviour, in this case frequency of
breaks, can improve satisfaction and wellbeing.

From the CRE management perspective, the research highlights the importance of an
active approach to management of the workplace environment. This could include both
continuous environmental monitoring and behaviour change campaigns.

Further research would be of benefit in relation to the potential for occupant
behaviour change interventions to help improve occupant wellbeing. Greater
consideration of occupant satisfaction in the workplace has the potential to contribute to
the delivery of a sustainable built environment. This has benefits at societal level by
improving health (and reducing health care costs) and increasing productivity and
output, thus having a positive impact on the wider economy.
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ABSTRACT
As regulated energy consumption in buildings is reduced, the proportional importance of
unregulated energy consumption increases. Reducing unregulated energy use in the commercial
office requires an understanding of the factors that influence workplace behaviour. To date
these factors have been assumed to be similar to those that influence behaviour in the home.
However, the social dynamics of the workplace are different to those in the home. This study
examines the degree to which theories of behaviour change generated largely in a domestic
building setting could be used as the basis for designing interventions to reduce unregulated
energy consumption in the workplace. It studies the unregulated energy consumption of 39
workers engaged in office-type activities in two separate locations. Following a 100-day
monitoring period, three behaviour change interventions were developed and their impact
measured over a 100-day period. Results from the study found, on average, an 18.8% reduction
in energy use was achieved. Furthermore, by comparing pre- and post-intervention responses to
an environmental questionnaire, it was evident that savings were realized without significant
changes to pro-environmental attitude or perceived social norms, which may have implications
for energy-saving interventions in the commercial sector.
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Introduction

The European Commission’s 2030 climate and energy
framework (2014) has targeted a 27% increase in energy
efficiency to support a low-carbon economy and achieve
sustainable growth. In 2011 non-residential buildings
(European Union, Switzerland and Norway) consumed
approximately 146 Mtoe (million tonnes of oil equival-
ent) of fuel; this represents 32% of the total consumption
across all buildings, but for only 25% of the total building
stock (Building Performance Institute Europe, 2011). If
the European Union is to meet its 2030 targets, non-resi-
dential buildings must reduce their energy consumption.

Changes to the built environment regulatory frame-
work (such as Part L of the UK Building Regulations)
aim to reduce the heating, cooling and lighting (regu-
lated) energy consumption in new buildings. Addition-
ally, environmental/energy-assessment methods and
standards such as Passive House, BREEAM and LEED
should encourage designers and developers to go beyond
the minimum standards required by regulations. How-
ever, as these savings are predominantly technical

interventions targeted at new buildings, and due to the
legacy of the existing stock, their impact on overall
energy consumption will take considerable time to rea-
lize. In comparison, reductions in unregulated energy
are largely unaffected by legacy design and, as such,
impacts here could be realized much more quickly. How-
ever, it is unclear what approaches could best be used to
reduce unregulated energy in commercial buildings.

Unregulated energy use in non-domestic buildings is
that energy associated with small power devices, office
equipment, desktop and laptop computers and localized
heating, cooling and lighting. Although the energy effi-
ciency of individual pieces of equipment is likely to
have improved in recent years (Mulville, Jones, & Hueb-
ner, 2014), the increased range of equipment used has led
to predictions that small power will continue to have a
significant impact on overall energy use in future (Jen-
kins, Singh, & Eames, 2009). Energy used at individual
workstations may account for up to 88% of total office
equipment energy use (Junnila, 2007). At the same
time, actual utilization of equipment by occupants,
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while the equipment is powered on, may be as low as
43% (Kawamoto, Shimoda, & Mizuno, 2003), indicating
that large savings may be possible and that occupant
behaviour could have a significant impact on this
(Zhang, Siebers, & Aickelin, 2011). Arguably, many cam-
paigns to reduce energy use in the workplace are based
on information provision only, driven by corporate
social responsibility. However such a passive approach,
as noted by Carrico and Riemer (2011), may not be
enough for significant savings to be achieved.

Until recently most studies that have examined
energy-saving behaviour have done so in a domestic set-
ting (for a review, see Abrahamse, Steg, Charles, &
Rothengatter, 2005) taking an individualistic approach
to energy-saving behaviour and suggesting the individ-
ual’s beliefs and attitudes towards pro-environmental
behaviour are paramount. However, whilst an individ-
ual’s approach, beliefs and attitudes towards pro-
environmental behaviour may be transferable to the
workplace, it is likely that organizational factors (culture,
organizational focus and structure) (Tudor, Barr, & Gilg,
2008) and job satisfaction (Brent & Freathy, 1997) will
influence their importance. In the workplace the discon-
nect between the energy user and who pays the bills, the
high density of occupants and perceived lack of control
may also be influential as users feel disconnected from
the space they occupy (Bull, Lemon, Fleming, Stuart, &
Everitt, 2014). Therefore, this calls into question the
applicability of theories adopted from residential sector
to energy-saving behaviour within the commercial sector
(Carrico & Riemer, 2011; Siero, Bakkerm, Dekker, & van
der Burg, 1996, cited in Chen & Ahn, 2014; Nilsson,
Andersson, & Bergstad, 2015). Application of energy-
saving behaviour theories in the commercial office set-
ting have to date been limited to a small but growing
number of studies (e.g., Gulbinas & Taylor, 2014; Mur-
tagh et al., 2013; Tetlow, Beaman, Elmualim, & Couling,

2013). This study aims to build on those preceding
studies and examines the effectiveness of behaviour
change interventions using feedback, goal setting and
social normative influence on energy consumption
within commercial office buildings.

Theoretical framework

As noted by Chatterton (2011) there has been significant
developments in the understanding of behaviour since
the 1960s. As a result, a range of theories have emerged
that can assist with the exploration of behaviour and
potentially influence it. More recently, a range of
approaches have been developed in relation to energy-
use behaviour, particularly in domestic buildings (for a
review, see Chatterton, 2011). These approaches include
economic, psychological, sociological and educational
theories, and when considered in the context of a behav-
ioural model it may be possible to use them to influence
behaviour (Chatterton, 2011). There is a wide range of
models of behaviour; they often overlap or build upon
one another and can be seen as complementary. Trian-
dis’ ‘Theory of Interpersonal Behaviour’ has been
shown to be useful in relation to energy-use behaviour
(Chatterton, 2011) and is used here (Figure 1) to high-
light the interrelationships between the factors discussed
in the remainder of this review.

Habit, attitude and intention

Chatterton (2011) argued that intentions and behaviour,
over time, form habit or ‘locked-in’ practice (Maréchal,
2010), which is difficult to change. In the short-term it
may be possible to change behaviour through conscious
effort, but unless this becomes habitual the change is
unlikely to persist. Maréchal (2010) suggests that habit,
as a barrier to change, is unconscious (and as such is
automatic); while conscious decisions occur rarely,
habits are embedded in everyday routines. The time
taken for a habit to become automatic (as defined by
Bargh, 1994, cited in Chatterton, 2011) is reported to
be approximately 66 days (Lally, van Jaarsveld, Potts, &
Wardle, 2010). Where a given issue (such as climate
change) is perceived to be beyond the individual’s
immediate self-interest, changing a habit may be more
challenging (Stern & Gardener, 1981). Francis et al.
(2004) noted strong links between attitude, intention
and behaviour. A change in behaviour may require a
change in values and/or attitude; however, there is
some evidence that this is not always the case, De
Young et al. (1995), for instance, found that recyclers
and non-recyclers did not differ in their attitudes toward
recycling.

Figure 1. Simplified version of Triandis’ ‘Theory of Interpersonal
Behaviour’.
Source: adapted from Chatterton (2011).
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Social norms

Social norms are those attitudes or behaviours that are
considered to be the ‘norm’within the group that the indi-
vidual belongs to, i.e., it is what themajority of one’s peers
say, think do etc. Social norms can be particularly influen-
tial where people seek to be praised or rewarded by others
(Chatterton, 2011). A group’s social norms are usually an
implicit set of rules for acceptable behaviours, values and
beliefs (Miller & Prentice, 1996) within the group. Those
who do not conform are perceived to be different, difficult
and a general hindrance to maintaining social order. A
realization of a mismatch between one’s own behaviour
and social normsmay lead to feelings of guilt (Baumeister,
1998).

Normative social influence has been explored in relation
to pro-environmental behaviours (Hopper & Nielsen,
1991; Nolan, Schultz, Cialdini, Goldstien, & Griskevicius,
2008; Scherbaum, Popovich, & Finnlinson, 2008). Nolan
et al. (2008) explored the extent towhich norms influenced
energy conservation behaviours. They found that individ-
uals who had been given a descriptive normative message
containing information about the conservation behaviours
of the majority of others made significant energy savings.
The study demonstrated that social norms, whether true
or not, can actually motivate people to conserve energy.
Scherbaum et al. (2008), in a study influenced by value–
belief–norm (VBN) theory (Stern, 2000; Stern, Dietz,
Abel, Guagnano, & Kalof, 1999), suggests that environ-
mental personal norms and environmental worldviews
can be leveraged by organizations in their interventions
to reduce employee energy use.

Some studies have shown that communicating social
norms can actually increase an undesirable behaviour
(e.g., Perkins, Haines, & Rice, 2005; Wechsler et al.,
2003; Werch et al., 2000). Schultz, Nolan, Cialdini, Gold-
stein, and Griskevicius (2007) provided a descriptive
normative message to 290 residents detailing energy con-
sumption, households who were low-energy consumers,
once given the message increased their energy use. This
is because individuals use their perceptions of peer
norms as a standard against which to compare their
own behaviour. However, Schultz et al. (2007) also
found that when an injunctive norm (the perception
that the behaviour is commonly approved or disap-
proved within the group) was combined with the
descriptive normative message low-energy users contin-
ued to consume energy at the desirable amount.

Perceived behavioural control

Perceived behavioural control, as noted by Francis et al.
(2004), is made up of two components: the person’s con-
trol over the given or encouraged behaviour (e.g., the

presence of suitable environmental controls in an office
environment) and the person’s confidence that they
will be able to perform the behaviour (e.g., successfully
interacting with the given environmental controls). Per-
ceived behavioural control is closely related to the pres-
ence of ‘facilitating conditions’ (Chatterton, 2011, in
relation to Triandis ‘Theory of Interpersonal Behav-
iour’), which can make an encouraged behaviour easy
or difficult, the knowledge of which may influence atti-
tude and thus behaviour.

Perceived behavioural control is a key element of the
Theory of Planned Behaviour (with social norms and
attitude) as developed by Ajzen (1991), and there is evi-
dence that it can be influential in the success of energy-
saving measures in the commercial building sector.
Menzes et al. (2012), in a study considering the turning
off of lights and small appliances in the office setting,
found a statistically significant relationship between per-
ceived behavioural control and energy consumption,
with those with higher perceived control saving more
energy. In addition, the same study found the impact
of both social norms and attitude not to be significant,
further highlighting the importance of perceived control.
Bull et al. (2014) note, however, that non-domestic
building users can often feel detached or disconnected
from the spaces they occupy, which can be linked back
to perceived control. This presents a particular challenge
for building managers.

Feedback

Feedback can be a big motivator for encouraging sus-
tainable behaviours (Bostrom & Fischhoff, 2001). Both
individual and group-level feedback has been shown
to influence pro-environmental behaviour positively
(Dwyer, Leeming, Cobern, Porter, & Jackson, 1993;
Schultz, Oskamp, & Mainieri, 1995). For feedback to
be most effective, it should be presented as close as
possible in time and space to the behaviour that is
being promoted and in such a way that it is simple to
interpret (Benders, Kok, Moll, Wiersma, & Noorman,
2006; Carrico & Riemer, 2011; Katzev & Mishima,
1992; Siero et al., 1996), so that individuals can identify
the relationship between their behaviour and the feed-
back (Seligman, Becker, & Darley, 1981). The effective-
ness of feedback in the residential sector is shown to
diminish once feedback is removed suggesting that
feedback in order to be effective must be maintained
in the long-term (Dwyer et al., 1993). However, studies
in commercial settings (Gulbinas & Taylor, 2014; Mur-
tagh et al., 2013) have found that although engagement
with feedback reduces over time, energy savings may
not occur until later in the study (when engagement
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with feedback has reduced). This perhaps suggests the
commercial sector is less ‘elastic’ (Murtagh et al.,
2013) than the residential in terms of the impact of
feedback; however, in some situations the non-domestic
sector has been shown to be more elastic (e.g., as
Wakiyama, Zusman, & Monogan, 2014). Darby, Elmua-
lim, Clements-Croome, Yearley, and Box (2016), in an
office environment within a higher education insti-
tution, found that when the level of feedback communi-
cated (designed to reduced energy use) reduced there
was a corresponding increase in energy consumption,
suggesting that even where the response may be less
elastic, continuous behavioural reinforcement may still
be required to ensure persistence.

Comparative feedback, where the energy consump-
tion of an individual or group is compared with the aver-
age, has been successful in reducing energy consumption
in households, (Abrahamse et al., 2005). Comparative
feedback works by evoking a feeling of competition via
social comparison, or social pressure, which then leads
to changed behaviour in order either to correspond
more closely to the ‘norm’ or to ‘perform better’ than
the group or other individual. This normative infor-
mation can be provided by allowing individuals to
believe that their performance will be compared with
that of the other group (Jackson & Zedeck, 1982; Shalley,
Oldham, & Porac, 1987). Appraisal of the behaviour
relative to the average consumption (or other group)
can be given in the form of a positive (smiley/happy)
or negative (unhappy) face. This phenomenon is
explained by two different processes: social identity,
where people will generally strive for a positive self-
image (Tajfel, 1978), and competition.

Some promising research in commercial settings has
demonstrated the positive effect of comparative feedback
on reducing energy consumption (e.g., Gulbinas & Tay-
lor, 2014; Siero et al., 1996; Siero, Boon, Kok, & Siero,
1989). Siero et al. (1996) examined the effects of both
group feedback (energy use of the group) and compara-
tive feedback (energy use of other groups) in two units of
a metallurgical company. Employees in the comparative
feedback condition saved more energy than those who
only received information about their own performance,
even half a year after the intervention. Additionally,
behaviour change took place with hardly any changes
in attitudes or intentions. Gulbinas and Taylor (2014),
in a study designed to understand the impact of feedback
in a commercial office setting (where both comparative
and individual feedback was used), found those who
received individual feedback engaged less with the feed-
back and saved less energy than the comparative group.
There may, however, be negative consequences to com-
parative feedback as people tend to avoid comparisons

with others who perform better (Dakin & Arrowood,
1981; van Knippenberg, Wilke, & de Vries, 1981).

Goal setting

Van Houwelingen and van Raaij (1989) note that goal
setting offers motivation by setting out a desired future
situation, achieving the desired outcome offers satisfac-
tion which may also aid persistence through self-motiv-
ation. Reviewing preceding work in the area, the authors
go on to note that goals should be challenging yet achiev-
able if savings of significance are to be realized. If the goal
is too difficult and participants see no progress they are
like to disengage, while goals that are too easy to achieve
do not present the same rewards as more challenging
ones. Abrahamse, Steg, Charles, and Rothengatter
(2007) expand on these ideas noting the potential
benefits of goal-setting when combined with feedback,
which enables participants to understand their progress
while working towards the prescribed goal.

Rationale for interventions

Based on the findings of the preceding review, for this
study it was decided to combine feedback through a
descriptive normative message (Cialdini, Kallgren, &
Reno, 1991) to allow the participant to understand the
impact of their behaviours (Katzev & Mishima, 1992)
and goal setting (as per the findings of Abrahamse
et al., 2007) with educational information (including
information on how to save energy) to modify personal
norms by appealing to the employees sense of environ-
mental responsibility (Scherbaum et al., 2008). Darby
(2006) notes in a review of the effectiveness of feedback
on energy conservation that savings in the region of
20% may be possible and this was adopted for this
study.

Taking this approach (feedback, goal setting and edu-
cation), three groups were devised to explore further the
effectiveness of (1) basic group feedback (to test the
impact of feelings of group membership and social nor-
mative influence on energy savings), (2) detailed group-
level comparative feedback (to build upon that of the first
group and test the impact of feelings of competition) and
(3) individual and basic group feedback (to allow for
comparison with the other groupings and understand
the impact of social normative influence and feelings of
guilt) in the commercial office setting.

To avoid a push towards the mean for those already
using low amounts of energy (as highlighted by Schultz
et al., 2007), the descriptive normative information in
the form of regular feedback on energy use was com-
bined with an injunctive normative information

4 M. MULVILLE ET AL.

172



(supported by Schultz et al.) in the form of a positive
(smiley/happy) or negative (unhappy) face.

Methods

Energy consumption monitoring and procedure

The energy use of 90 desks in two office buildings (within
the same company) were monitored using ‘Enistic’
energy-monitoring devices. These devices resemble an
extension lead with four plug points and wirelessly
logged energy readings on an hourly basis, which was
stored on a web-accessible server. The devices were
installed during an unoccupied period at each location
and placed in a hidden cable tray under each desk. All
desk-top equipment was then routed through the Enistic
device (screens, computer, laptop docking station etc.),
including two desk-top plugs made available for ad-hoc
small power (fans, phone chargers and other small elec-
tronic devices).

Following installation a 100-day ‘baseline’ period was
established. This baseline period is longer than that used
in other similar studies (e.g., Gulbinas & Taylor, 2014;
Nilsson et al., 2015) and was intended to increase the
reliability of the data by ensuring they were not heavily
influenced by short periods of high or low energy use,
which could be otherwise interpreted as energy savings
(or increases). The consequence of this longer baseline
period is a higher dropout rate, the implications of
which are discussed below. The data gathered during
the baseline period were analysed to establish baseline
energy consumption for each participant. Corrections
were made to allow for variations in working hours and
staff absence. This was achieved through the establish-
ment of out-of-hours power densities (the average
power density at the desk location when not in use,
whichwas taken asmidnight on each day during the base-
line period) and operational power densities (taken as the
average during the working day). The data were then
interrogated (every twoweeks during the baseline and fol-
low-up monitoring period) to identify prolonged periods
of low power densities, indicating equipment was in sleep
mode or had been powered down for an extended period,
which was then used to establish the absence of the par-
ticipants. The same approach (operational and out-of-
hours power densities) was used to establish the average
working hours for each participant, which then allowed
for the correction of the energy consumption data to
ensure those who worked longer hours (or those who
had been on leave) were not misrepresented, with the
same working hours applied across all groups.

Following the completion of the baseline period, a
series of field studies were carried out to verify the

range of equipment plugged into each monitor with
only those participants with a full profile (monitoring
at least the screen and the computer at the location)
taken forward in the study. Where the baseline period
had identified unusual energy-use profiles, locations
and equipment were further investigated to ensure the
equipment in use was comparable across the study.
Those found to be using older computers and less effi-
cient cathode ray tube screens (although small in num-
ber) were excluded from the final study. The power
ratings and efficiency of individual pieces of desktop
equipment were not explored directly as the study
focused on the change in user behaviour and their inter-
action with the equipment. This does mean that differ-
ences in the efficiency of equipment used between
groups may place initial energy use at different levels;
hence, overall findings are presented as percentage sav-
ings from baselines as opposed to direct energy-use com-
parisons. The field studies also allowed the research team
to identify where additional small power items (such as
mobile phone chargers (21.1%), desktop fans (12.2%)
and desk heaters (5.5%)) were present, which was
found to be similar across all groups.

Following this, participants were divided into three
groups between the two locations (sites A and B) for
the provision of feedback and information; this feedback
period lasted a similar duration to the baseline period
(100 days). Site A contained a single group on a single
floor of the building; site B contained two groups on sep-
arate floors of the same building. Before and after occu-
pant surveys were also conducted, along with the
provision of energy-saving advice before and during
the feedback period. The approach to groupings ensured
that there were situational similarities between groups,
which has been shown to be of importance when lever-
aging social norms (as noted by Goldstein, Cialdini, &
Griskevicius, 2008). As the research was based in the
field, the potential for alternative grouping options was
limited. It was noted that those in the ‘individual and
basic group feedback’ set started with lower overall
energy use than the other groups (there were variations
between all three groups) and this was taken into account
in the analysis that follows.

Participants

Across all groups the mean age of participants was 45
years (range of 27–63). There was a gender ratio of
44% to 56% male to female. Participants were provided
with guidance on the process and purpose of the study
and the opportunity to opt in or out. The participants
can be said to be a combination of individual and
group process workers, as defined by Laing et al. (cited
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in Haynes, 2008), working in what can be described as
‘large open-plan’ offices as defined by Bodin Danielsson
and Bodin (2008).

Although 90 desks were originally included in the
study, due to internal reconfigurations and staff turnover
(and exclusions associated with inconsistencies found in
the data), the number of participants reduced to 39. Lar-
ger sets of group-level data were available; however, to
improve reliability only those individuals who could be
followed throughout the study were included. As pre-
viously noted, the reduction in the number of partici-
pants was a factor of the longer baseline period that
intended to improve the reliability of the overall dataset
and to ensure that short-term variation in energy use was
not misinterpreted as energy savings. The remaining
participants can be said to be representative of the
wider group in terms of job function, gender and age,
with an even distribution across groups. The large
reduction in the number of participants must be noted
as a limitation of the study, and the findings are pre-
sented in that context.

Feedback

Following the baseline period feedback was provided in
the form of a visual chart for easy interpretation e-mailed
to participants (Figures 2 and 3), in each case feedback
was administered every two weeks. A positive (smiley/
happy) face was used to indicate savings in line with
the prescribed goals, and a negative (unhappy) face indi-
cated performance not as desired. The day–night break-
down was included to show wastage associated with
leaving equipment on overnight.

Members of the first ‘basic feedback group’ (N = 16)
(located at site A) were provided with basic group-level
feedback with a goal reduction of 20%, no breakdown
of day and night energy consumption and information
both on the previous and current averages. See Figure 2
for an example of the feedback provided.

Members of the ‘detailed comparative feedback group’
(N = 12) (located at site B) were provided with detailed
group-level comparative feedback (comparing perform-
ance with another group) with a goal reduction of
20%, a breakdown of day and night energy consumption
and information both on the previous and current
averages.

Members of ‘individual and basic group feedback’ set
(N = 11) (located at site B) were provided with individual
feedback detailing personal consumption along with a
goal reduction of 20% and information about their
groups performance, highlighting the difference between
group performance and their own individual perform-
ance, again current and historic feedback was provided.
See Figure 3 for an example of the feedback provided.

Education/information

Prior to the first feedback point information detailing the
importance of saving energy (social norms/attitude) and
how to save energy specifically within the workplace
(perceived behavioural control) was given to each par-
ticipant electronically, this included guidance about
unplugging unused chargers etc., powering down

Figure 2. Basic group feedback. Figure 3. Group and individual feedback.
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computers and turning off screens both at the end of the
working day and during the day when away from the
desk (30 and 120 minutes). As the study progressed
this guidance was reinforced along with the provision
of feedback.

Survey

A range of psycho-social factors were also assessed fol-
lowing the baseline monitoring period and prior to the
interventions through an online survey. The survey
was divided into questions covering a number of broad
themes related to the theories previously reviewed
namely, pro-environmental attitude (including issues
related to sustainability at home and in the workplace),
habit/intention (including issues related to powering
down equipment during the day and overnight, use of
small electronic devices and turning lights off during
the day etc.) and social norms (feelings of pressure to
behave a certain way and guilt when not done). Ques-
tions were administered on a five-point Likert scale ran-
ging from ‘strongly disagree’ to ‘strongly agree’ allowing
for the generation of Likert-scale data. The survey was
repeated at the end of the intervention period to assess
the impact the interventions made. A number of
addition questions were added to the follow-up survey
to gauge participant engagement and also to judge levels
of perceived behavioural control (in terms of how easy or
difficult it is to save energy in the workplace). Thirty-
seven participants completed the survey administered
before the interventions period and this reduced to 22
for the survey administered at the end of the intervention
period. Due to the level of reduction in the number of
participants in the survey carried out after the interven-
tions, the results (of the follow-up survey) must be
viewed with a note of caution.

Approach to statistical analysis

Energy use and standard deviations (SDs) were calcu-
lated for each group both for the baseline and the feed-
back period. Statistical analysis of the energy data was
carried out in a number of steps. First, across all groups
energy use at the baseline and at each feedback point was
considered using a repeated-measures analysis of var-
iance (ANOVA). Where significant variation was ident-
ified (p≤ 0.05) post-hoc Bonferroni-corrected (p
= .00714) t-tests were conducted to identify where the
significance occurred. To understand the variation in
savings between groups, a further repeated measures
ANOVA was carried out.

For the before and after surveys a test of internal con-
sistency was carried out using Cronbach’s α, which is

used to determine if multiple questions in a question-
naire related to the same variable, for instance social
norms, reliably measure that variable. In this case it
was applied to questions relating to social norms, per-
ceived behavioural control and pro-environmental atti-
tude, with α > 0.7 found in each case, thus indicating a
good level of internal consistency.

Before and after survey results were considered using
paired t-tests across all groups. These were supported by
a repeated-measures ANOVA to consider differences
between the three groups, again where significant differ-
ences were identified (P≤ 0.05) (from the ANOVA)
these were followed up by post hoc Bonferroni corrected
(p = .0167) t-tests. Further Pearson correlation tests were
carried out to understand the relationship between a
number of key elements considered in the survey (age
and baseline energy and energy savings, pro-environ-
mental attitude and energy savings, perceived behav-
ioural control and energy savings, and feelings of guilt
(social normative influence) and energy savings).

Results

Measured energy savings

For the ‘basic feedback group’ (office location A) the pre-
intervention mean (and therefore baseline) was 303 watt-
hours with a SD of 125 watt-hours, for the ‘detailed com-
parative feedback group’ (office location B) the mean was
343 watt-hours with an SD of 128 watt-hours and for the
‘individual and basic group feedback’ set (office location
B) the mean was 284 watt-hours with an SD of 118 watt-
hours.

The ‘basic feedback group’ (location A) achieved
energy savings of 18% (SD = 94 watt-hours), ‘detailed
comparative feedback group’ (location B) 28% (SD =
118 watt-hours) and ‘individual and basic group feed-
back’ (location B) 10% (SD = 115 watt-hours) with an
overall reduction in range and SDs (Figure 4). Those
who across all groups started with a baseline energy con-
sumption in excess of the overall mean saved on average
28.6%, conversely those whose consumption was below
the mean of the initial baseline saved on average just
9%. Across all groups it was found that overall energy
savings were significant (F(7,288) = 2.58, p = .0134) and
that these significant differences occurred at feedback
points 1 (9% reduction from baseline) (t(72) = 3.15, p
= .002), 4 (12% reduction from baseline) (t(72) = 3.04,
p = .003) and 6 (21% reduction from baseline) (t(72) =
4.14, p≤ .001). Although as can be seen in Figure 5
there would appear to be an early move towards an
increase in energy use (around intervention point 2),
which is particularly noticeable for the ‘detailed
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comparative feedback group’ and ‘individual and basic
group feedback’ sets, this was found not to be significant
(5% increase from baseline) (t(72) = 1.55, p = .06). Fol-
low-up analysis found no significant difference in the
energy savings made between groups during the feed-
back period (F(2,34) = 1.03, p = .365).

Behavioural questionnaires

Participant surveys found no significant differences
across all groups combined between the before and
after surveys in terms of pro-environmental views
(t(22) = 1.35, p = .094) and feelings of guilt (t(22) =
0.98, p = .167); however, a marginally significant
improvement in overall self-reported pro-environmental
behaviour (which focused on measures around energy
use in the office, such as power down rates etc.) was
identified (t(22) = 1.74, p = .047). Between groups no sig-
nificant difference in self-reported behaviour was found
(F(2,17) = 1.83, p = .189).

The follow-up survey contained a number of ques-
tions that were not included in the pre-intervention sur-
vey (including the provision of overall feedback to the
research team). Between groups a significant difference
was found in terms of perceived behavioural control (F
(2,18) = 8.26, p≤ .01) with these differences being
found to occur between the ‘basic group feedback’
(mean = 3.63) and ‘individual and basic group feedback’
(mean = 2.00) (t(13) = 3.94, p≤ .01) and between
‘detailed comparative group feedback’ (mean = 2.66)
and ‘individual and basic group feedback’ (t(15) = 2.63,
p≤ .01). This suggests that those who received individual
feedback (along with feedback on their own group) felt
they had less control than those who received just
group-level feedback or comparative group-level feed-
back. The reason for this is not immediately clear; how-
ever, the individual feedback group did save the least

amount of energy (10% versus 18% and 28% for the
other groups), which may be influential, as may the
stronger feelings of group membership in the other
groups with individuals alone feeling they have little
influence.

Combined energy saving and questionnaire
results

Combining the observed energy savings and question-
naire responses this study foundno significant correlation
between pro-environmental attitude and energy savings
(r = 0.29, p = 0.86), perceived behavioural control and
energy savings (r = 0.52, p = 0.98), energy savings
and feelings of guilt (social normative influence) (r =
0.01, p = 0.5) or energy savings and age (r = 0.46, p = 0.96).

Discussion

This study demonstrated that significant energy savings
are possible in the commercial office environment
through the use of feedback, goal setting and edu-
cation/information. The savings achieved overall were
in line with the findings of Darby (2006) who suggested
20% saving should be possible. Not unexpectedly those
who started with a baseline energy consumption above
the overall mean (and therefore with greatest potential
for energy savings) saved the most energy. If the highest
energy users across all groups in the study could reduce
energy consumption to the mean, 38% energy savings
could be realized; furthermore, if those at the mean
level could reduce to the minimum (which is technically
possible, although in practical terms may be unlikely),
savings of up to 41% could be realized, thus savings of
38–41% should be theoretically possible. This is compar-
able with the findings of Murtagh et al. (2013) who
noted possible savings of up to 32% in a university
context.

Pattern of energy savings

Dwyer et al. (1993) note that in the residential setting
removing feedback results in a quick reduction in energy
savings. However, studies in commercial settings (Gulbi-
nas & Taylor, 2014; Murtagh et al., 2013) note that the
impact of feedback reduces more gradually, while at
the same time energy savings may take longer to take
hold than the residential setting and as such are less ‘elas-
tic’ than the residential sector (Murtagh et al., 2013).
This is, however, in contrast to the findings of Wakiyama
et al. (2014), who found that during an exogenous shock
(in that case the Fukushima nuclear crises) households
responded more gradually than large electricity users

Figure 4. Box plots before and after interventions.
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(but the reductions were more likely to persist). The pre-
sent study reinforces the findings of Murtagh et al.
(2013) and Gulbinas and Taylor (2014) as, despite an
initially significant reduction in energy (feedback point
1), consistent and significant energy savings did not
occur until later in the study (feedback points 4 and 6).
This finding also highlights the importance of the length
of the monitoring (and baseline) period as shorter

periods may have pointed to a different outcome (in
terms of elasticity). Furthermore, in the residential sector
it has been observed that notable energy reduction can be
observed in the two to three days following the provision
of feedback (Peschiera, Taylor, & Siegel, 2010); however,
in this study no significant energy reduction was noted in
that timeframe. As such the impact of feedback in the
commercial sector would appear to function differently

Figure 5. Energy-use patterns.
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to that of the residential sector; the elasticity of the
change in each sector may, however, be influenced by
the immediacy of the driving force behind any reduction
(such as an exogenous shock). For each group when 66
days of feedback (between feedback points 4 and 5)
have passed, which is, as noted by Lally et al. (2010),
the median time taken for the ‘automaticity’ (as defined
by Bargh, 1994, cited in Chatterton, 2011) of an action to
peak, a downward trend in energy consumption emerges
suggesting that feedback may be beginning to form a
habit. However, as can be seen from the statistics and
Figure 5, this downward trend does not stay persistent
and there remains a question over how long-lasting the
impact of feedback may be. As noted by Darby et al.
(2016), a degree of behavioural reinforcement may still
be required.

Changes in attitude, perceived behavioural
control and social norms

As noted, the before and after surveys found no signifi-
cant difference across all groups in terms of pro-environ-
mental views (attitude) and feelings of guilt (social
norms); however, a significant difference was found in
terms of self-reported pro-environmental behaviour.
This indicates that change in habit may have occurred
without a change in attitude and aligns well with other
studies in the non-domestic setting (Siero et al., 1996;
Tetlow, van Dronkelaar, Beaman, Elmualim, & Couling,
2015). This can be highlighted as a key difference to the
domestic sector where pro-environmental attitude is
seen as a key factor of energy saving (Abrahamse et al.,
2005) and would appear to contradict Francis et al.
(2004) who noted a strong link between attitude and
intention, and behaviour. However, as noted by Chatter-
ton (2011), this may be related to the ‘value-action gap’
where stated values do not necessarily correspond to
action. This change in habit without an underlying
change in attitude may also be a factor of a range of
issues encountered in the workplace that could influence
behaviour and are not commonly encountered in resi-
dential settings – culture, organizational focus and struc-
ture (Tudor et al., 2008) and jobs satisfaction (Brent &
Freathy, 1997).

Although initially this research would seem to support
the theory that comparative feedback among groups is
more successful than individual feedback (e.g., Gulbinas
& Taylor, 2014; Siero et al., 1996), the observed differ-
ence was not statistically significant in this case. This
perhaps suggests that the links made to group member-
ship and competition (Wit &Wilke, 1992) may not be as
strong as the theory suggests when applied in the com-
mercial office environment.

However, as noted by Abrahamse et al. (2007), large
in-group variation combined with the smaller number
of participants within each group (‘basic feedback
group’ N = 16, ‘detailed comparative feedback group’ N
= 12, ‘individual and basic group feedback’ N = 11)
may be a contributory factor to this, making it difficult
to find significance in variation between groups and,
therefore, intervention types, thus this result should be
considered in that context. It is worth noting, however,
that those in the ‘individual and basic group feedback’
set started with lower overall energy use than the other
groups, suggesting less potential for energy savings. It
could be argued that this supports the idea that group
membership was less influential. As noted below, how-
ever, group membership may impact on perceived
behavioural control, which may, in some cases, also
impact upon energy-saving behaviour. As such, the
benefits of group membership may need further explora-
tion in studies with long-term baseline and intervention
periods.

The importance of perceived behavioural control in
the commercial sector has been highlighted by previous
authors (e.g., Menzes et al., 2012; Tetlow et al., 2013).
Although a difference between groups was found in
terms of perceived behavioural control (with the ‘indi-
vidual and group feedback’ set having the lowest level
of perceived behavioural control), no correlation was
found between levels of perceived behavioural control
and realized energy savings. As the level of control avail-
able across all three groups are similar, it is not immedi-
ately clear why perceived behavioural control would be
lower in one group. It could be related to a realization
that the levels of energy savings achieved are below target
(this was the case for the ‘individual and group feedback’
set) and a need to put forward a reason due to social nor-
mative influence. It may be that those who received
group-level or group comparative feedback (as opposed
to individual feedback) have a stronger sense of group
membership, which increases levels of perceived behav-
ioural control, compared with individuals who feel they
can have little influence. Furthermore, no correlation
was found between pro-environmental attitude or feel-
ings of guilt (social norms) and energy savings. This
further supports theory that in the commercial sector
habit may be changed without changing attitude through
the provision of feedback and information.

Implications

For the building manager, although the methods used
here resulted in significant energy savings, as underlying
environmental attitudes have not changed it may be that
a less individualistic approach where externalities (to the
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individual) such as workplace culture and practice are
taken into account, could be of benefit. Campaigns to
reduce workplace energy use may be more successful if
feedback and goal setting were combined with a manage-
ment campaign highlighting the accepted workplace cul-
ture (or expected workplace norm) and practice. In this
context, energy-saving campaigns in the workplace may
not need to target the underlying environmental attitude
of occupants (which aligns with the findings of Siero
et al., 1996), with accepted workplace culture (or
norms) instead used to influence workplace behaviour.

Changes to such workplace culture and practice may
contribute to ‘facilitating conditions’ as an ‘external
enabler’. As perceived behavioural control, other than
desk-level control, in the commercial office may be lar-
gely invisible, it may be that focusing on workplace prac-
tice and culture can also be used in conjunction with
feedback, through an active approach to workplace man-
agement, to reconnect occupants to the space they
occupy enhancing the wider ‘facilitating conditions’.
Figure 6 presents an outline of such a model (and is a
modified version of Figure 1).

As noted by Haynes (2008) and supported by Mul-
ville, Callaghan, and Isaac (in press) an active approach
to workplace management supporting the needs of the
user and the organization may be of benefit in under-
standing occupant satisfaction and encouraging pre-
ferred behaviours. Darby et al. (2016) suggests that
providing users with the means to understand the
impacts of their own actions could help to change the
energy culture in the building, making control move vis-
ible while increasing personal responsibility. In practical

terms an active approach to workplace management
could include monitoring and feedback in a continuous
closed-loop system (as suggested by Darby et al., 2016),
which could take advantage of the capability of infor-
mation technology systems, building automation and
more innovative facilities management systems. The
feedback required could be provided electronically with
opportunities for building users in turn to engage with
the feedback. Such an approach could align with the
observed growth in the use of ‘performance leases’
(Janda, Bright, Patrick, Wilkinson, & Dixon, 2016) and
offer the potential for enhanced facilities management
services which could be combined with efforts to
improve workplace health, wellbeing and productivity.
Where feedback is coupled with education and infor-
mation regarding user controls, such approaches could
help to reduce the building performance gap, which
has been linked to the influenced occupant behaviour
(van Dronkelaar, Dowson, Spataru, & Mumovic, 2016).

More widely, in the context of the European Commis-
sion’s ambitious plans to improve energy efficiency and
given the growing recognition of the influence of occu-
pant behaviour on energy use (Darby et al., 2016), this
is an area likely to come into increasing focus. At a policy
level, incentive schemes to encourage businesses to
engage in such behaviour change campaigns, embedded
in active approaches to workplace management, could
offer improvements in efficiency and reductions in emis-
sions at relatively low costs (in comparison with inter-
ventions association with the building fabric, systems
and renewables). Arguably, such approaches could help
to address some of the challenges presented by the exist-
ing stock and in turn offer benefits beyond the
workplace.

Conclusions

The study demonstrated that in the commercial office
setting it is possible to save energy through behaviour
change by utilizing the provision of feedback, goal setting
and information. It also suggests that it may be possible
to achieve these savings without a corresponding change
to pro-environmental attitude or perceived social norms.
On average the study found savings of 18.8% to be poss-
ible, with savings of 28% for the comparative feedback
group, 18% for the basic feedback group and 10% for
the individual and basic feedback group. The impact of
group membership and perceived behavioural control
were in this case found not to be as significant as pre-
viously expected, but may still contribute to the wider
facilitating conditions.

For the building manager, feedback and goal setting
may help improve workplace behaviour in relation to

Figure 6. Revised version of Triandis’ ‘Theory of Interpersonal
Behaviour’.
Source: adapted from Chatterton (2011).
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energy consumption. Within this a focus on workplace
culture and practice may be of greater importance than
focusing on the underlying environmental attitude of
occupants. This suggests that a less passive and indivi-
dualistic approach by senior management to behaviour
change may be of benefit in such campaigns in the work-
place. Arguably, such an approach may improve levels of
perceived behavioural control, thus harnessing the
potential benefits. In practical terms an active approach
to workplace management with a continuous feedback
loop may be of benefit.

As this study focused on a single business, it was not
possible to test the above suggestions across sectors, and
this is an area for further research, along with consider-
ation of how job function has an impact on energy-use
behaviour. However, the potential energy savings
suggested do, in broad terms, align well with other
studies in the field (e.g., Darby et al., 2016, and Gulbinas
& Taylor, 2014), suggesting the findings could be gener-
alized to other situations. At the scale of an individual
building, the savings noted may be relatively small;
however, if such savings could be scaled up across mul-
tiple built assets or at a national or regional scale, the
cost savings and emission reductions may be
significant.

The findings of this paper need to be considered in
the context of a number of limitations. The original
study began with 90 desk locations between two
locations with three groups; however, due to internal
reconfigurations and staff turnover (and exclusions
associated with identified inconsistencies in the data)
it was possible to follow only 39 of these individuals
through to the completion of the study. In addition,
not all participants completed the before and after sur-
vey, with 37 completing the before survey and 22 the
after survey, and again this has an impact on the find-
ings. A total of 95% of those who completed the survey
at the end of the study indicated that they did engage
with the feedback provided regularly. This suggests
that those who did participate in the follow-up survey
were perhaps more engaged with the overall study
than the wider group. The format in which feedback
was delivered did not make it possible to confirm this
(engagement with feedback) with empirical data and,
as such, this is self-reported engagement that may be
unreliable. If those who did not complete the follow-
up survey did not engage with feedback, the overall
level of engagement drops to 56.7%, which is similar
to the findings of Murtagh et al. (2013).
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data including the development of the approach to statistical analysis. Co-authors 

provided feedback on the proposed approach and reviewed the initial outputs. 
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The candidate developed the structure of the paper and drafted the article. One of the 

co-authors drafted some sections of the methodology and part of the literature review 

with the other co-author providing feedback on the overall coherence of the paper. 
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The candidate managed the review process, providing responses to reviewers’ 

comments and producing the revised paper. The co-authors provided feedback on the 
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The research idea and design for this paper, which builds upon Paper Four, was 

developed by the PhD candidate. 

Acquisition, analysis and interpretation of data – 100% 

The candidate generated/acquired, analysed and interpreted all data related to this 

research. 

Drafting of the article – 90% 

The candidate developed the initial structure of the paper and drafted the article with 

the co-author providing feedback on the proposed approach. 

Review process through to final publication – 90% 
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The research idea of this paper, which follows up on Paper One, was developed by 

the PhD candidate with the support of one of the co-authors (a senior research 

professor). 

Acquisition, analysis and interpretation of data – 80% 

The approach to statistical analysis was developed by the candidate with support and 

guidance provided by one of the co-authors who has specific expertise in that area. 

Interpretation of the data was led by the candidate. 

Drafting of the article – 80% 

The candidate took the lead on structuring and drafting the research paper producing 
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framework for the literature review which was then further developed by the candidate. 

The remaining co-author provided feedback on the initial draft. 

Review process through to final publication – 90% 

The candidate managed the review process, providing responses to reviewers and 
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The research idea and design for this paper, which combines elements of the 

preceding research noted in this submission, was developed by the PhD candidate. 

Acquisition, analysis and interpretation of data – 100% 

The candidate acquired, analysed and interpreted all data related to this research. As 

this was a literature-based piece of work, the analysis largely involved extracting and 

combining ideas from the candidate’s previous papers and supporting this with a 

review of the existing literature. 

Drafting of the article – 90% 

The candidate developed the initial structure of the paper and drafted the article with 

the co-author providing feedback on the proposed approach and the overall idea it 
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Review process through to final publication – 100% 

The candidate managed the review process, providing responses to reviewers’ 
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Wiley. ISBN 978-1-119-95317-3. Available from: 

http://eu.wiley.com/WileyCDA/WileyTitle/productCd-1119953170.html;  
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approach. Proceedings from the CIB Facilities Management Conference, 21-23 May 

2014, Copenhagen, Denmark. Available from: http://hdl.handle.net/10540/581945 
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Mulville, M. (2010). A guide to renewable energy technologies, the CPD Study Pack 

Club. Available from: https://www.cpdconnect.co.uk/cpd-renewable-energy-
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Mulville, M. (2009). Measuring the performance of sustainable construction, the 
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Mark Mulville is Academic Leader for the MSc portfolio of built environment related 

programmes in the department of built environment at the University of Greenwich. A 

Chartered Architectural Technologist (MCIAT) and Building Engineer (F.CABE, 

C.Build Eng.) before joining academia in 2010, Mark had a career in architectural 

practice and technical consultancy with roles in Ireland, Australia and the UK. Industry-

based roles include experience working on a range of social housing, commercial, 

industrial, retail, education, health care and hospitality projects. While working as a 

technical consultant, Mark was involved in Technologies Strategies Board and 

Scottish Government funded research projects. 

 

Research Activities: 

 Cluster leader for ‘building performance’ with the Sustainable Built 

Environments Research Group [SBERG] at the University of Greenwich; 

 Journal reviewer for Facilities; 

 Journal reviewer for Architectural Engineering and Design Management; 

 Journal reviewer for the Journal of Corporate Real Estate; 

 Organised and chaired the ‘Delivering Sustainable Built Environments Open 

Lecture Series’ at the University of Greenwich (September 2013 – March 2014). 

This included presentations by both the author and guest lectures concerning 

the research ideas included in this submission; 

 Deliver a guest lecture at Rushmore Business School (Mauritius) concerning 

the research included in this submission (May 2014). 

 

Awards and Grants: 

 Research paper ‘Merit Award’ (for Paper Four) from the CIOB International 

Innovation and Research Awards (2016); 

 British Council Travel Grant: Low Carbon Buildings in the Sustainable Built 

Environment, Istanbul, 2015; 

 Research Assessment Exercise (RAE) competitive funding grant 2014: the 

‘non-energy benefits’ of low energy buildings (Principal Investigator); 
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 Best paper award at the CIB Facilities Management Conference, 2014. (see 

Appendix C). www.emeraldinsight.com/doi/full/10.1108/F-06-2015-0042. 

 

Teaching Activities: 

 Developed and leads the Delivering Sustainable Built Environments module 

(core to several MSc programmes) built around the research of the Sustainable 

Built Environments Research Group [SBERG]; 

 Developed the MSc Sustainable Building Design and Engineering programme; 

 Course coordinator for the MSc Dissertation module and contributor to the 

Research Methods module; 

 Visiting tutor at Hong Kong University SPACE; 

 Visiting tutor at Yunnan University of Finance and Economics. 

 

Professional Body Activities/ Memberships: 

 Chartered Architectural Technologist (MCIAT); 

 Chartered Building Engineer (C.Build Eng.) and Fellow of the Chartered 

Association of Building Engineers (F.CABE); 

 Fellow of the Higher Education Academy (FHEA); 

 Membership assessor for the Chartered Institute of Architectural Technologist; 

 Certified Passive House Designer. 

 

Other Activities: 

 Designed, developed and delivered a Continuous Professional Development 

(CPD) workshop on Post Occupancy Evaluation (POE); 

 Designed, developed and delivered a CPD workshop on the Green Deal. 
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