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Abstract  
The provision of housing in rural areas has been identified as crucial for the long term 

sustainability of rural communities. However, there are questions about how rural 

developers are responding to legislative requirements to reduce carbon emissions, 

whether the fulfilment of a need for affordable housing in rural areas can be reconciled 

with higher energy performance and whether higher energy performance will affect 

thermal comfort when climate change is taken into account. To understand these issues a 

review of published and monitored case studies in rural areas of the UK was undertaken 

which highlighted a number of development models that might be applied by house 

builders in the Welsh context. An analysis of two exemplar projects in Pembroke Dock, 

West Wales, examined the following: the social, economic and legislative context of rural 

development; the significance of energy and carbon used to construct rural houses; and 

the quantity of energy required to keep rural dwellings at a comfortable temperature in a 

typical year. 

Dynamic thermal modelling was then used to investigate a number of design approaches 

highlighted in the earlier studies as significant including: increasing thermal mass; 

increasing south facing glazing; adjusting building form and the layout of the site; and 

higher levels of insulation. The application of these approaches on a housing scheme in 

West Wales established the benefits of incorporating thermal mass into the building 

fabric, maintaining a compact form and, where reasonable, using passive solar gain, to 

reduce heating load. This study identified that these approaches, if carefully combined, 

could achieve significant (i.e. 16.4%-29.8%) reductions in heating load without 

compromising the affordability of the original scheme. However, the study also identified 

that one possible consequence of improving the energy performance would be a 

reduction in thermal comfort as a result of higher internal temperatures. To gain a better 

understanding of this further modelling examined the potential for overheating using the 

following: current and future climate files; an algorithm based on window opening 

behaviour; detailed simulation of airflow; and bivariate data analysis techniques. The 

results from this study identified that thermal mass and ventilation techniques could be 

employed to address the issues of overheating. 
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Introduction 

1  Introduction 

1.1 Chapter Overview 

This thesis is a product of a Knowledge Economy Skills Scholarship (KESS) research project 

(in the Low Carbon Economy theme); which was established by the Ecological Built 

Environment Research & Enterprise (EBERE) group at Cardiff Metropolitan University 

(CMU) in 2010. The grant for this scholarship was awarded to Dr John Littlewood, Director 

of the EBERE group at CMU, in collaboration with Pembrokeshire Housing Association 

(PHA) in June 2010. A key motivation for the research, identified in the project proposal, 

was to create and test a best practice model for the delivery of innovative and affordable, 

low-carbon, ecological, low rise rural dwellings for a 21st century Wales and this chapter 

outlines how this proposal was developed into the doctoral research project described in 

this thesis. 

In this chapter the research is introduced with reference to the broader academic 

discourse on rural development issues (Section 1.2). This is followed by a section defining 

the research problem and explaining how the research question has been interpreted 

(Section 1.3). The principal aim and objectives of the research are outlined in Section 1.4 

where climate change mitigation and the need to address the rural housing question is 

introduced as the main motivation for this research. This is followed by an examination of 

key definitions of the research title where questions relating to these terms are 

considered (Section 1.5). Section 1.6 explains the use of models in the research, Section 

1.7 outlines the structure of the thesis and Section 1.8 discusses the contributions to 

knowledge. The funding for the doctoral research project and the relationship with the 

industrial partner, PHA, is described in Section 1.9 along with their contributions to, and 

influence on, the direction of the doctoral research project. 
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1.2 Rural Development Issues and the Context for the Research 

In the book ‘Rural Design: A New Design Discipline’ Thorbeck (2012) argues that making 

rural communities sustainable will be a significant challenge in the 21st century. Mark 

Shucksmith (2000), of the Centre for Rural Economy, at Newcastle University, similarly 

describes sustainability as a challenge facing rural areas and highlights the provision of 

housing in rural communities as an important requirement in making these areas 

sustainable. Shucksmith (2007), along with Sturzaker, describes a situation in which the 

provision of rural housing has been excluded from the debate about what constitutes 

sustainable development:  

‘it has become taken‐for‐granted by most planners, academics and practitioners 
that rural areas are fundamentally less sustainable locations than urban areas for 
building new houses. This means that those arguing for more houses in the 
countryside… are forced to place increasing emphasis on any such housing being 
an exception to a general approach of restraint, as to argue otherwise would invite 
criticism that they were promoting an unsustainable form of development.’ 
(Sturzaker & Shucksmith, 2011) 

For Shucksmith (2000) the provision of affordable housing is ‘essential to the viability and 

sustainability of rural communities’. Sturzaker and Shucksmith (2011) argue that smaller 

settlements should not be dismissed as unsustainable but that stakeholders should work 

with residents to make all communities sustainable. To become sustainable rural 

communities and housing will have to adapt to the challenges of climate change 

(Intergovernmental Panel on Climate Change, 2007; The Climate Change Commission for 

Wales, 2013; Swart et al., 2009). Housing plays a significant part in the UK’s emissions 

profile and in 2005, 27% of the UK’s carbon dioxide (CO2) emissions (around 150 million 

tonnes a year) were attributed to heating, lighting and running domestic buildings (NHBC, 

2009); of this, 31% comes from space heating, 22% from water heating, 28% from 

appliances, 9% from lighting, 8% from cooking and 2% from pumps and fans (ibid). 

Allied to a need to make housing more energy efficient to reduce carbon dioxide (CO2) 

emissions is the problem of fuel poverty where households cannot afford to heat their 

homes adequately (Department of Energy and Climate Change (DECC), 2015; Smith et al., 

2010). The number of fuel poor households in the UK was estimated at 4.5 million 

representing 17% of all UK households in 2015 (DECC, 2015). The problem of fuel poverty 

is associated with the energy efficiency of homes. Using SAP (Standard Assessment 
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Procedure), which is a measure of energy efficiency in homes, G rated properties have an 

average fuel poverty gap of £1,274 compared to £370 for A-C rated properties (ibid). 

Rural areas have greater levels of fuel poverty and in Wales the proportion of rural 

households in fuel poverty is 42% compared to 22% in urban areas (Williams & Doyle, 

2016). The high levels of fuel poverty in rural areas are attributed to the following: the 

use of liquid gas petroleum and oil in areas without access to mains gas; rural dwellings 

often being older, larger and detached; and rural households being more likely to have 

inefficient heating systems (Smith et al., 2010).  

Any attempt to address the issue of energy efficiency of rural dwellings will have to 

consider that climate change has the potential to cause discomfort through heat waves 

and rising temperatures (IPCC, 2007; Swart et al., 2009; Roaf et al., 2009). Increasing the 

energy efficiency of new build dwellings offers the possibility of increasing thermal 

comfort in winter, but overheating in summer is already emerging as an issue (Gupta & 

Gregg, 2013; Hacker et al., 2005; Nooraei et al., 2013; Porritt et al., 2012). This is because 

housing in the UK is currently free running in summer, meaning that additional energy is 

not used for cooling (Hacker et al., 2005). Literature on the subject of future overheating 

from climate change (AECOM, 2012b) reveals a range of health impacts as a result of 

higher temperatures in the UK (EuroHEAT, 2009; McMichael et al., 2003; Swart et al., 

2009). Risks of future overheating in buildings from climate change are combined with 

concerns that dwellings built with high performance thermal envelopes, increased 

quantities of insulation, high levels of air-tightness and reducing thermal bridging are 

more susceptible to overheating (McLeod et al., 2013; Sameni et al., 2015; Hatherley et 

al., 2012a). 

These issues of reducing carbon emissions, fuel poverty and thermal comfort raise 

questions about how housing should be developed in rural locations to meet these 

challenges. Boardman (2007) argues that limiting our impact on climate will require 

substantial changes to the design of new homes and that energy and CO2 emissions 

should have a high priority in design decisions (ibid). Goodier and Pan (2010) argue that 

house-builders, stakeholders and policy makers will need to re-examine fundamental 

assumptions associated with short term thinking to address these issues and that genuine 

sustainability is dependent upon learning how to deal with complex issues of affordability 

and low energy requirements more effectively and exploring experience beyond the 
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present. Pickerill (2011) argues that it is policy measures and increasing regulatory 

pressure that will force mainstream builders to search for new techniques and 

technologies and this will create a tension in mainstream housing provision between 

legislative requirements and business as usual (Sujana et al., 2009).  

The Welsh Government initially approached the application of low carbon legislation in 

the development of housing by making the Code for Sustainable Homes, which is a 

measure of the sustainability of dwellings, mandatory for new developments (Welsh 

Assembly Government, 2009c). As a precursor to introducing these requirements the 

Welsh Government’s Code for Sustainable Homes (CfSH) pilot project aimed to assess the 

implications of applying these standards in the development of housing in both urban and 

rural settings (Welsh Government, 2011). The pilot project included sixteen schemes (360 

units) throughout Wales, designed and built to levels four and five of the Code for 

Sustainable Homes (CfSH), and used the Registered Social Landlord (RSL) framework to 

develop these dwellings. On-site monitoring envisaged as part of the scheme was 

restricted due to economic constraints (ibid) which meant that the project’s ambitions of 

assessing the implications of applying low carbon dwellings standards have only partially 

been fulfilled leaving gaps in knowledge about effective approaches for developing 

housing.  

Furthermore, in 2015 the UK government removed support for the CfSH in the 

Deregulation Act (2015: 20) preventing local authorities in England from making it a 

requirement. Whilst the Deregulation Act did not directly affect Wales (Welsh 

Government, 2016a) it means that the CfSH is no longer supported by the BRE, who are 

developing a new standard (BRE, n.d.) and this raises questions about the applicability of 

this standard by the Welsh Government. In February 2017 in the wake of this decision the 

Welsh Government pledged to invest £20,000,000 for innovative housing solutions 

(Community Housing Cymru, 2017) which was identified at the launch as an opportunity 

to explore approaches for delivering energy efficient, environmentally friendly and 

affordable housing (ibid). 
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In the paper ‘community action for sustainable housing’ (2010) and in her book ‘The New 

Economics of Sustainable Consumption’ (2011) Seyfang argues that there are lessons to 

be learnt from experimental green housing for developing mainstream low carbon 

housing solutions. However, there is little scope for experimentation for small rural 

housing associations which operate on tighter margins and on lower social housing 

budgets than their urban equivalents (Wales Rural Observatory, 2006). The Welsh 

Government pilot project used physical dwellings as a platform for investigating 

approaches to developing experimental green housing (Design Research Unit Wales, 

2011). However, this approach proved costly for participants (Hatherley et al., 2011b) and 

the lack of monitoring highlighted some of the limitations of this approach (Welsh 

Government, 2011). This research examines whether approaches such as case study 

analysis and tools such as dynamic thermal modelling (Jankovic, 2017) can be applied by 

rural housing associations to economically experiment in developing green housing 

capable of reducing carbon emissions and addressing fuel poverty whilst maintaining 

thermal comfort. 

1.3 Definition of the Research Problem 

Research questions arise about the following:  

• How a need for affordable housing in developing rural areas can be reconciled 

with increasingly higher energy performance standards for new dwellings?  

• How rural developers are coping with increasingly tough legislative requirements 

to reduce carbon emissions across the housing stock especially in areas lacking the 

resources of urban areas?  

• How occupants will adapt to new buildings with higher fabric specification in the 

face of rising temperatures from climate change?  

• And what are viable methods of developing low carbon housing in rural areas?  
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1.4 The Aim and Objectives of the Research 

The overall aim of this research project is to examine models for the delivery of 

innovative and affordable, low-carbon, ecological, low rise rural dwellings for Wales in the 

21st century. The following objectives define how the overall aim of the research 

programme was to be achieved: 

• Conducting a critical review of existing research literature on: the performance of 

low carbon housing developments in the UK; methods of assessing the 

performance of housing design and construction; the availability of specialist skills 

and the supply chains for construction materials and components required for low 

carbon, ecological, rural homes; and the role of standards and legislation. 

• An examination of case studies to investigate a number of low carbon housing 

schemes, including those developed by PHA, and to consider how they have 

addressed low carbon design in a rural context. This will involve: exploring the 

experience of rural designers, clients and builders; assessing operational and 

embodied energy; and consideration of effective means of achieving affordable, 

low carbon dwellings. 

• Undertaking a testing programme using a dynamic thermal modelling tool to 

investigate issues such as design, thermal comfort, and in particular overheating in 

the context of climate change; and also the ongoing effect of the occupant’s 

energy usage. 

1.5 Definitions of key terms  

Definitions of particular importance in the context of this research were: what is a model; 

how rural areas can be identified; what is ecological; what constitutes the nature of 

ecological innovation; what is affordable; what is meant by low-rise; and what is meant 

by low-carbon. This section provides details of the working definitions for these key terms 

in this thesis and explains how they have affected interpretation of the research 

questions. 
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1.5.1 What is meant by Affordable  
There are several technical definitions of affordability in housing and a number are based 

on affordability ratios which are calculated using the value of property in relation to 

incomes in an area (Kitchen & Milbourne, 2006); however, this research used the one on 

the Technical Advice Note (TAN), Planning and Affordable Housing, provided by the Welsh 

Government (WAG, 2006) and this defines affordable housing as follows:  

“Housing where there are secure mechanisms in place to ensure that it is 
accessible to those who cannot afford market housing both on first occupation and 
for subsequent owners.” (WAG, 2006) 

TAN 2 (WAG, 2006) explains that this definition encompasses social rented housing and 

intermediate housing, homes for rent and sale at a cost above social rent but below 

market levels (ibid).  

1.5.2 What is Ecological  
The Oxford dictionary of Architecture and Landscape Architecture (Curl, 2006) defines 

Ecological architecture as follows:  

“Ecological architecture aims to respond to declining resources e.g. using energy 
conservation, efficient insulation, rainwater, solar radiation, and wind power, and 
recycling as much as possible.” (ibid) 

Of the example cited in the above definition, energy conservation, efficient insulation, 

and use of solar radiation were all important considerations in this research project. 

However, rainwater and wind power were largely outside its scope.  

1.5.3 What is a model? 
Harmby (1994) and Oakley and O’Hagan (2004) describe how models are utilised to 

approximate various highly complex physical, environmental, social, and economic 

phenomena. The definition of a model adopted for this doctoral research project is from 

the economist John Kay (2011a) who identifies a model as ‘simplification of a complex 

system that you use for navigation’. In his book ‘Obliquity’, Kay (2011b) also explained 

that ‘you have to use the right model for a particular purpose. And you can only do that 

by being able to import general knowledge from outside the model into the problems we 

are trying to [address].’ The use of models was an important part of this research and 

their use as analysis tools will be elaborated further in the Section 1.6. 
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1.5.4 What is rural? 
Rurality is a definition which researchers in the field accept is contested and Sturzaker 

(2009) argues that there can be no objective definition of “rural” because the concept of 

rurality is socially constructed (ibid) while Murdoch and Marsden (1994) have identified 

that rural “should be regarded as the outcome of economic, social and political 

processes” (ibid). These definitions indicate that categorising an area as rural is not a 

straightforward process (Sturzaker, 2009). Semi-structured interviews (discussed in more 

detail in Section 3.3) with the design team of PHA’s CfSH pilot project identified that there 

was a perception among some members of the design team that a project was only rural 

if it did not have access to mains natural gas. The literature confirmed that the availability 

of mains gas was a significant obstacle to low carbon development in rural areas (Baker, 

2011). However, defining an area as rural purely based on whether it had access to mains 

natural gas would mean that the research would be constricted by a single issue, which 

while significant, does not represent the full scope of problems faced by rural developers 

of affordable low carbon dwellings. Thorbeck, in ‘Rural Design a new design discipline’ 

(2012) defined rurality as follows and this is the definition that was used for this research 

project:  

• “Agriculture and forestry, on large and/or small scales; 

• Open lands that are a working landscape of farms and forest, or large areas of 

forest and other vegetated regions with scattered settlements; 

• Communities are scattered with relatively low densities of population over a large 

area with open land in between. This includes small towns as well as larger 

regional centres that serve rural areas.” 
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1.5.5 What is ecological innovation? 
As well as defining ecological architecture, as described earlier (Curl, 2006), it would be 

important to define ecological innovation. Kemp & Foxon, (2007) examined the 

development of definitions of ecological innovation in design and technology in their 

paper ‘Typology of eco-innovation’ (2007). Kemp & Foxon, (2007) describe how Peter 

James (1997) is accredited with first defining eco-innovation as ‘new products and 

processes which provide customer and business value but significantly decrease 

environmental impacts’. The website ‘Eco Innovation’ (Eco Innovation, 2009) suggested 

that James’ definition be expanded to include eco-innovations that bring greater social 

and cultural acceptance (ibid). The authors of the eco-innovation website argue that 

social acceptance and learning represents a bottleneck to sustainable development and 

that eco-innovations, albeit technically feasible, are not being implemented because of 

social, institutional and cognitive barriers (Eco innovation, 2009). It is this expanded 

definition from the eco-innovation website (ibid) that has been used for this doctoral 

research project and this is provided below: 

“We define eco‐innovations (EI's) as product, process or organisational innovations 
that contribute to the economic, environmental and social pillars of sustainability. 
EI are building blocks for sustainable development. They add market value and 
also increase environmental and social acceptance.” 

1.5.6 What is low–rise? 
The British Standard BS8103-1:2011, Structural design of low rise buildings (British 

Standards Institution, 2011) defines low rise buildings as ‘detached, semi-detached, and 

terraced house and flats, of not more than three storeys…’ (ibid) and it is this definition 

that has been used for this research. This definition encompasses the building types 

(semi-detached, terraced and detached houses) most common for housing in the UK 

(Halifax, 2010). Of these building types the detached house has seen the biggest rise in 

numbers over a 30 year period (1980-2010) (representing 36% of homes built since 1980) 

compared with small terraced houses which account for 11% of homes built in this period 

and large terrace homes which were 8% of homes built in this period (ibid).  
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1.5.7 What is meant by low–carbon? 
The Zero Carbon Hub (Zero Carbon Hub, 2014) defined zero-carbon by establishing a 

three tier requirement based on the following (ibid): (1) Fabric Energy Efficiency; (2) On-

site low/zero carbon heat and power; and (3) Allowable Solutions, which are investments 

in off-site carbon reduction projects. The original target of all new homes in the UK being 

zero-carbon by 2016 (Zero Carbon Hub, 2010a) was abandoned in 2015 (Her Majesty’s 

(HM) Treasury, 2015); however, the Zero Carbon Hub definition continues to be applied 

by industry (Confederation of British Industry (CBI), 2017), academics (Cherry et al., 2017) 

and government (Ares, 2016). This research focused on the lower tiers of this definition 

i.e. fabric energy efficiency and, to a lesser extent, on-site carbon heat and power 

options, which can have a key role in reducing the carbon emissions of buildings 

(Hetherington et al., 2010) and did not extend to allowable solutions. Thus, rather than 

being a study of zero-carbon housing, which would encompass all of these solutions, this 

study became an examination of low carbon approaches with a focus on efficiency. 
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1.6 Use of Models in the Research 

Models as simplifications of complex processes would play a significant part in this 

research in two ways: firstly for analysis, as representations of the movement of energy 

or materials; and secondly, as representations of real-world approaches. Analysis models 

were used to examine single aspects of low carbon design such as: operational energy 

and thermal comfort with dynamic thermal modelling; or embodied energy through excel 

spreadsheets.  

Models were also used as representations of approaches to developing low carbon 

housing. In Seyfang’s book ‘The New Economics of Sustainable Consumption’ (2011) three 

approaches for developing low carbon housing were identified:  

• firstly, ‘an advocacy coalition of activist sharing deep green values’ to whom she 

ascribed a low impact development model;  

• secondly, a ‘discourse coalition’ with different values to the ‘advocacy coalition’ 

who utilise high-tech approaches and new materials, which is labelled in this 

thesis as the prototype development model;  

• finally, she also acknowledged a mainstream volume house-builder approach who 

had not adopted lessons from green builders (the advocacy and discourse 

coalitions).  

Seyfang’s (2011) description of the approaches of the advocacy and discourse coalitions 

approach to developing low carbon buildings are a familiar theme in architectural 

discourse and correspond to the ‘Efficiency’ and ‘Regenerative’ paradigms described by 

Attia (2016); the ‘low-tech’ and ‘high-tech’ traditions identified by Kolakowski (2016); and 

the ‘Eco-centric’ and ‘Eco-technic’ Modes outlined by Fieldson (2004). The characteristics 

of the three models described by Seyfang (2011) and others (Fieldson, 2004; Kolakowski 

2016; Attia, 2016) are outlined in Table 1-1, below:  
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Table 1-1: Characteristics of low carbon housing development models  

 Mainstream Development 
Model 

Prototype Development Model Low Impact Development Model 

Approach to 
low carbon 
development 

Meeting the minimum 
requirements of legislation as 
economically as possible.  

Experimental - using new 
materials and technologies 
approaches in one-off 
developments. Use of micro-
renewable technologies to go 
beyond current minimum 
standards. 

Use of Local materials to enhances 
biodiversity and provides positive 
environmental benefits. 
Environmental considerations are 
the  main driver sometimes at 
odds with legislative requirements 

Strengths  Low risk  

Repeatability 

Affordable  

Standardisation 

Pioneering  

Innovative  

Opportunity to test approaches 

High profile  

Low cost  

Self-build 

Enhances biodiversity 

Environmentally led 

Barriers Little scope for innovation  

Only ever responding to 
challenges  

High capital cost 

Repeatability 

Legislation 

Relevance 

Profile Ubiquitous but not widely 
analysed. 

Frequently referred to but 
not widely examined in terms 
of energy and thermal 
comfort 

One-off developments but 
highly publicised  

Frequently studied and often 
the focus of POE analysis 

Niche small scale – not widely 
investigated 

Sometimes receive notoriety for 
legislative disputes 

Ownership 
Focus  

Social Housing – Build to rent 

Speculative Development – 
Build to sell 

Social Housing – Build to rent 

Owner occupy - Build to live-in 

Self build – Build to live-in and 
develop 

Development 
Patterns 
(grouping of 
dwellings) 

Developments include: flats; 
groups of houses (semi-
detached and detached) 
grouped into estates but with 
a preference for large sites to 
take advantage of economies 
of scale 

Developments including flats, 
groups of houses (terrace 
developments etc.)  and 
individual demonstration 
projects but generally smaller 
sites than those of the 
mainstream developer model 

Individual houses sometimes 
forming part of co-housing 
communities 

Examples 
used in this 
thesis 

PHA Example Developments: 

Britannia Drive (see 101) 

Stranraer Road (revised 
scheme) (see pg 139) 

Green Meadow (see pg 142) 

Rural ZED (see pg 55) 

Clay Fields (see pg 55) 

Canmore Place (see pg 55) 

ZHome (see pg 40) 

Quiet Earth Project (see pg 40) 

Lammas (see pg 40) 

Pembroke Dock Ecohouse(see pg 
104) 

Ben Law Ecohouse (see pg 40) 

References 
informing to 
the model 
definition 

Hatherley et al., 2012b 

Osmani & O'Reilly, 2009 

 

Bioregional, 2009 

Gill et al., 2011 

Fairlie, 2009 

Jones, 2015 
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The distinctions identified above are imprecise because inevitably there is some overlap 

in the approaches identified by Seyfang (2011). For example: many of the Prototype 

Developments use natural materials, like timber or are aimed at repeatability; many of 

the low impact developments use high-tech PV; and there are examples of mainstream 

developments using micro-renewable technologies (Hatherley et al., 2012b). By applying 

Kay’s (2011b) (definition of a model as ‘simplification of a complex system used for 

navigation’ it is argued by the author that these complexities can be overlooked for the 

purpose of meeting the objectives of the research. 

1.7 Structure of the Thesis 

The PhD research and this thesis begin by defining the research problem and its scope, as 

shown in Figure 1-2, on the following page. An examination of literature to understand 

the context of rural development in Wales, the legislative environment, the constraints 

and the opportunities for the development of low carbon dwellings in this context was 

undertaken and forms the basis of Chapter 2. The process of examining different 

approaches to developing low carbon dwellings in the context of rural Wales was initially 

undertaken using mixed method research techniques including questionnaires, 

comparative case study analysis, embodied energy calculations and dynamic thermal 

modelling and is described in Chapter 3. Approaches to developing low carbon housing in 

rural areas of Wales, were identified and tested based on how they could reduce energy 

usage in the form of heating load and how they would affect thermal comfort (as 

described in Chapter 4). The data from testing of these approaches was evaluated to 

assess its implications for rural development and contributions to knowledge (as 

described in Chapter 5).  
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Figure 1-1: Diagram indicating the scope of the research project and studies that might be undertaken 
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Figure 1-2: Diagram indicating the studies undertaken for the research project and how they relate to the structure of the thesis  
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1.8 Discussion of Contribution to Knowledge 

The original aim of the research was to assess relevant development models for the 

design and delivery of houses by rural housing associations. A development model was 

identified, at the time of writing the MPhil/PhD Transfer Report, in 2012, as the most 

likely prospect for a contribution to knowledge for the PhD research. An assessment of 

alternative development models leads to a contribution to knowledge, as described 

below:  

• Low impact development based on use of local renewable resources was explored 

as a development model. As part of this analysis the embodied energy of a 

strawbale house in Pembroke Dock was examined using the ICE (inventory of 

Carbon and Energy) database developed by Bath University (Hammond & Jones, 

2011) which was the first known use of this tool on a strawbale house. The results 

of this analysis identified considerable scope for reductions in embodied energy 

and carbon on a typical semi-detached house in the UK.  

As the project progressed opportunities for contributions to knowledge arose in the 

dynamic thermal modelling used in the research, and for example: 

• The Humphreys Algorithm, which is based on regression analysis of user 

behaviour, was combined with Integrated Environmental Solutions Virtual 

Environment (IESVE), which is dynamic thermal modelling software, and this 

allowed limited aspects of human behaviour (in this case window opening 

patterns) to be explored when examining overheating in low-rise dwellings.  

• The optimisation of complex design factors such as the combination of thermal 

mass and passive solar gain allowed the relationship of energy saving measures 

with overheating in the context of climate change (see Figure 1-2) to be examined 

and quantified. 

• The combination of adaptive thermal comfort techniques with the use of future 

climate models was the first combination of these techniques and provided a 

parallel set of results indicating scope for building users to adapt to overheating 

from climate change.  
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Finally, the use of the dynamic thermal modelling techniques above and the use of 

optimisation techniques provided a contribution to knowledge by demonstrating the 

following:  

• There was considerable potential for reducing the carbon emissions of new rural 

developments through massing of development. The use of dynamic thermal 

modelling provided opportunities to quantify the benefit of this approach under a 

range of conditions and allowed it to be assessed in the context of current Welsh 

Government legislation.  

1.9 Industrial Partner Involvement 

This research was funded by Knowledge Economy Skills Scholarships (KESS), 

Pembrokeshire Housing Association (PHA) and Cardiff Metropolitan University (CMU). 

KESS supports collaborative research projects with external partners based in the 

Convergence area of Wales (West Wales and the Valleys); which, for this project was PHA. 

The extent to which an industrial sponsor can be involved with research can vary 

depending on the sponsor, the university and the student. In the case of this research 

project the author spent, on average, one day a week over three years working at PHA’s 

offices, in Haverfordwest, UK. In addition, PHA’s Technical Director and the Technical 

Manager of PHA provided assistance as advisors throughout the research. PHA also 

provided access to drawings, data and members of their design team as well as 

opportunities to attend design team meetings.  

1.9.1 Geographical Context for the Research 
PHA’s involvement in the study provided the research with a geographical context in 

Pembrokeshire, a county on the west coast of Wales, see Figure 1-4, below. 

Pembrokeshire is one of Wales’ most rural counties, and it is known for its rural 

amenities, (Stevens & Associates, 2006; West Wales Biodiversity Information Centre, 

2008) which include 243 miles squared of national parkland and an extensive coastline 

popular with tourists (Pembrokeshire Coast National Park Authority, 2013), see Figure 1-3 

and Figure 1-6, below. The population of Pembrokeshire is low at 122,400 people, or 77 

people per kilometres squared (km2) (Pembrokeshire County Council, 2013), compared 

with 239,600 people in Swansea (City and County of Swansea, 2013), or 631 people/km², 

and 348,500 people in Cardiff (Cardiff Research Centre, 2013). The majority of residents 

in Pembrokeshire’s 1618 km² live in villages and there are five main towns: Milford 
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Haven, Pembroke Dock, Tenby, Haverfordwest and Fishguard (Pembrokeshire County 

Council, 2013), see Figure 1-5, below. 

Figure 1-3: Map of Wales showing major towns and cities and national parks (Lonely Planet, 2017) 

 

Figure 1-4: Map showing the counties of Wales (walesdirectory.co.uk, 2008) 
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Figure 1-5: Map of Pembrokeshire showing main towns and roads (TouristNet UK, 2016) 

 

Figure 1-6: Map of Pembrokeshire showing tourist attractions (Pembrokeshire Apartments, 2016) 
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From PHA’s experience of residential development the lower population in 

Pembrokeshire compared with many other local authorities in Wales means that there 

are fewer design and construction teams for developers to commission (Hatherley et al., 

2011a). Thus, the market for construction service is less competitive, leading to higher 

tender returns than in urban areas making development more expensive (Hatherley et al., 

2011b; Wales Rural Observatory, 2006). 

Pembrokeshire was well placed as a location for this research because the problems 

affecting the development of low-carbon housing in rural areas are acute in this county. 

However, it is also significant as a location because different approaches to low carbon 

housing have been explored in the county (Jones, 2015). These approaches include 

developer led schemes, like those by PHA (Welsh Government, 2011), several low-impact 

development schemes including the Lammas Development (Lammas, 2013) and the 

Pembroke Dock Eco-House (Roaf et al., 2013) and more recently innovative prototype 

schemes based on solar technology and local materials like the Ty Solar development in 

Rhosygilwen (Western Solar, 2016), pictured below.  

Figure 1-7: Image of Ty Solar development south façade in Rhosygilwen (Western Solar, 2016) 

 

1.9.2 Pembrokeshire Housing Association’s Background 
PHA Pembrokeshire Housing was established in 1981 and is an independent, not for profit 

registered housing association based in Haverfordwest (PHA, 2017). PHA is one of nine 

Rural Housing Enablers (Welsh Government (WG), 2014) and operates exclusively in 

Pembrokeshire and is the lead provider of new affordable housing in the county (PHA, 

2016) with over 2500 homes distributed across the County (see Figure 1-8, below) which 

range from one bedroom flats to three and four bedroom family homes and homes 
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specially designed for wheelchair users (ibid). The construction and upkeep of these 

properties are funded using a mixture of grant from Welsh Assembly Government and 

private funding from banks and building societies. PHA continue to expand their portfolio 

and in the 2016/2017 financial year the housing association took into management 91 

units with a further 140 units planned (PHA, 2016). 

Figure 1-8: Pembrokeshire Housing Association stock map (PHA, 2016) 

 

PHA’s involvement resulted in the doctoral research project being focussed on the 

development of individual buildings and small schemes in existing communities as 

opposed to the establishment of new rural communities like the eco-villages which were 

proposed as a means to stimulate the interest of volume house builders in rural Britain 

(Rose, 2009; Gilkinson & Abbott n.d.; Satsangi et al., 2010). In addition, when low carbon 

approaches were explored and tested on house types this analysis was undertaken with 

reference to PHA’s projects.  
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1.10 Summary  

The key points from Chapter One are summarised below: 

• In describing the academic context to the PhD research it is explained that 

researchers working in the field of rural development, such as Shucksmith (2000) 

and Thorbeck (2012) regard the provision of affordable housing as critical for the 

sustainability of rural communities. It is also described how climate change policy 

is impacting the development of dwellings in Wales through the implementation 

of legislation to reduce energy but that the implementation of higher thermal 

performance standards could affect thermal comfort.  

• An overall aim for the PhD research was to examine models for the delivery of 

innovative and affordable, low-carbon, ecological, low rise rural dwellings for a 

21st century Wales was set. Alongside the aim a set of objectives were developed 

to further understand the issues and provide a development and testing 

framework for a future development model for use by rural developers. 

• Defining key terms such as what is rural, what a model is and what is eco-

innovation, what is meant by low-rise, what is meant by eco-logical and what is 

meant by affordable helped to establish the scope of the PhD research. In 

addition, Seyfang’s (2011) research identified three development models that 

would be examined in the research: low impact development; prototype 

development; and mainstream developer.   

• The structure of the thesis was discussed along with how it relates to studies 

undertaken in the development of the PhD research project. At the early stage of 

the development of the PhD research there were a number of studies including 

literature review, case study analysis, embodied energy analysis, dynamic thermal 

modelling and questionnaires. As the research project developed these parallel 

studies became a linear approach based around dynamic thermal modelling.  

• The research contributions to knowledge were discussed in Section 1.8 where it 

was explained that employing techniques such as embodied energy analysis, 

dynamic thermal modelling and the incorporation of algorithms based on 

regression analysis of user behaviour provided opportunities for contribution to 

knowledge.  
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• Finally the impact of engaging in a doctorate research project with an industrial 

partner (PHA) is discussed and how they have influenced the scope of the research 

project by establishing its context in Wales and more specifically Pembrokeshire. 
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2 Literature Review  

2.1 Chapter Overview 

Chapter Two introduces the critical review of literature with reference to the unique 

legislative context of Wales. Building legislation is described with reference to the Welsh 

Government’s targets to reduce carbon emissions from the built environment (Section 

2.2.1). The principal issues for rural developers are described with regard to planning 

(Section 2.2.2), availability of skills (Section 2.2.3) and affordability. Section 2.3 examines 

possible solutions to the problems described in Section 2.2 and discusses the following: 

proposals for overcoming obstacles to rural development (2.3.1); ways for filling the skills 

and technology gap and alternative approaches that could be taken to developing rural 

low carbon housing (Section 2.3.2). The final Section (Section 2.4) examines three rural 

dwelling case studies considering the lessons that could be learnt from these projects for 

the development of low carbon housing.  

2.2 The challenges of the Rural Development 

2.2.1 The Legislative Context for Development in Rural Wales  
Wales is one of the few countries in the world to place sustainable development at the 

core of its constitution (Welsh Assembly Government, 2009a), and Section 79 of the 

Government of Wales Act (2006: 78) established an ongoing requirement for the Welsh 

Government to promote sustainable development. This commitment contributed to the 

decision of Welsh Assembly Ministers to take a lead over other UK regions such as 

Northern Ireland and England to meeting UK and European legislative requirements to 

reduce carbon emissions from the built environment, as set out in the Climate Change Act 

2008 (2008: 27), the Buildings Directives 2002 (European Parliament, 2003) and 2010 

(European Parliament, 2011).  

In response to these requirements Welsh Government (WG) set targets for the 

construction of new homes to move towards zero carbon and originally announced a 

target for this to be implemented by 2011, which was not achieved (Welsh Assembly 

Government, 2009d). In 2015 an objective for all new houses in the UK to be zero carbon 

by 2016 was scrapped (HM Treasury, 2015); by contrast, in 2016 the WG re-affirmed its 

commitment to addressing climate change with Well Being of Future Generations Act 
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(Wales) 2015 (2015: anaw 2), which provides a commitment for the public bodies listed in 

the act to co-operate for the social, economic and environmental well-being of Wales. 

Furthermore, in 2016, the Welsh Government enacted the Environment Act (Wales) 2016 

(2016: anaw 3) which provides Welsh Ministers with powers to put in place statutory 

emission reduction targets. 

In November 2009 the WG received devolved powers from the UK’s national government 

at Westminster to adjust planning policy and amend the building regulations in Wales 

(Welsh Assembly Government, 2009d). Initially, in September 2010 new dwellings in 

Wales were required to meet code level three of the Code for Sustainable Homes (CfSH) 

to receive planning permission (Welsh Assembly Government, 2009c). The CfSH 

requirement was replaced by the updated Building Regulations in 2014 (WG, 2016e); 

however, CfSH requirements still apply to all new housing promoted or supported by 

Welsh Government (WG, 2016a), which includes social housing.  

Transfer of control of the Building Regulations to Welsh Ministers in 2011 (Welsh 

Assembly Government, 2009d) enabled changes to be made to Approved Document L1A, 

which addresses conservation of fuel and power in domestic buildings, to be applied in 

2014 following a consultation process in 2012 (Welsh Assembly Government, 2009d). An 

initial improvement target of a 55% reduction in carbon emissions over the 2006 edition 

of Approved Document L1A of the Building Regulations was envisaged (ibid); however, 

this was reduced to 8% by the end of 2013 (WG, 2013) with further minor amendments 

made in 2016 (WG, 2016e). The targets of this programme are, nevertheless, several years 

in advance of the ADL1 in England and Northern-Ireland, which has provided challenges 

for the Welsh construction industry (Federation of Master Builders, 2011).  

The principle components of Wales’ approach to ensuring the development of low carbon 

dwellings are as follows: the Code for Sustainable Homes (CfSH); the Building Regulations 

with Approved Document Part L1A; and planning policy. A description of these three 

components is provided below: 
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• Approved Document Part L1a: Conservation of fuel and power in new dwellings:   

Assessment of dwellings based on this document is done by calculating a Dwelling 

Emissions Rate (DER) for a proposed building expressed in kilograms of carbon 

dioxide per metre squared per year (kgC02/m²/yr) using the Standard Assessment 

Procedure (SAP) energy rating calculation (HM Government, 2010). The figure 

from this assessment is then compared with a Target Emission Rate (TER), also 

calculated using the SAP energy rating, for a notional dwelling of the same size 

and shape as the one proposed (ibid). Since the 31st July 2014 new Part L 

calculation software means that house-builders are required to deliver an 8% 

improvement in new dwelling performance alongside minimum U-value 

requirements of 0.21 W/m²K for walls; 0.18 W/m²K for floors, 0.15 W/m²K for the 

roof and 1.60 W/m²K for windows along with an air permeability rate of 10.00 

m³/h.m² for new dwellings (WG, 2016a).  

• The Code for Sustainable Homes: The CfSH sets levels of performance for a range 

of environmental impacts for new dwellings (Department for Communities and 

Local Government (DCLG), 2010). The CfSH goes beyond Approved Document Part 

L (which is focused only on energy use and carbon dioxide emissions) and has nine 

performance categories: Energy use and carbon dioxide emissions; Water; 

Materials; Surface water run-off; Waste; Pollution; Health and Well-being; 

Management; Ecology (ibid). The CfSH incorporates six levels for compliance, each 

of which has a mandatory reduction in carbon dioxide emissions standards 

relative to the Building Regulations Part L (ibid). Code level one, two, three, four 

and five requires a 10%, 18%, 25%, 44% and 100% reduction in carbon emissions 

respectively, when compared with the TER and Code level six is ‘Net Zero Carbon’ 

(DCLG, 2010; NHBC, 2009). The reductions in carbon emissions from operational 

energy are assessed by means of the SAP, which is also used for Approved 

Document Part L1A compliance (DCLG, 2010). The embodied energy of a 

development is assessed with reference to ‘The Green Guide to Specification’ 

(Anderson et al., 2009) which rates various construction methods using a five 

point scale from A-E. With the adoption of the new Approved Document Part L the 

Code for Sustainable homes standard was dropped as a requirement for all new 

homes with the energy use and carbon dioxide requirements introduced to the 
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new building regulations standards (WG, 2016e) and many of the performance 

requirements drawn into planning policy (WG, 2016c).  

• Planning Policy: Many aspects of sustainable design have been incorporated into 

planning in Wales and initially TAN 22, published in 2010, was used to provide 

guidance for the planners in this area (Welsh Assembly Government, 2010b). In 

2014, to coincide with new regulations governing energy efficiency, TAN 22 was 

cancelled and replaced by TAN 12, which has been amended to include guidance 

on sustainable buildings (The Civic Trust for Wales, 2014). Planning Policy Wales 

set out the Welsh Government’s land use policy in respect of ‘Promoting 

sustainability through good design’ (WG, 2016d) and TAN 12 outlines how this can 

be facilitated though the planning system. TAN 12 describes how planning relates 

to the external appearance and massing of a buildings and building regulations 

deals with the technical performance (ibid). TAN 12 goes on to outline that the 

initial design of a building in the planning process should ensure that sustainable 

design is ‘a fundamental consideration from the outset and should not be treated 

or developed in isolation’ (ibid). 

The decision by the Welsh Government to use the CfSH, planning policy and SAP/Building 

Regulations as the basis for legislation for developing low carbon housing has attracted 

criticism. Mainstream developers have argued in consultation documents that efficiency 

standards make development in Wales more expensive than in England (WG, 2015) and 

that new technologies and accreditation are too costly for many smaller businesses (ibid). 

Sustainability consultants such as Carpenter (2014) maintain that other standards, such as 

Passivhaus, are better placed to achieve carbon reductions. Other sustainability 

consultants argue that current standards are not flexible enough to accommodate non-

mainstream approaches like low impact development (Hatherley et al., 2012b). Further 

criticisms of the CfSH and SAP are described below:  
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• The 2012 consultation paper on changes to the Building Regulations in England 

(DCLG, 2012) and the Zero Carbon Hub (2010c) highlight that SAP penalises 

efficient configurations of buildings by setting percentile reduction targets on 

specific building types (detached house, terrace house, low-rise flat etc.) (BRE, 

2014). A result of this approach is that inherently energy efficient building types 

such as flats and mid-terrace properties, which have lower external surface area 

per dwelling (and thus lower heat loss), are set more onerous targets (Stohart, 

2008; Grant, 2007; Passivhaus Trust, 2012). The Passivhaus Trust argues that 

absolute targets, independent of building typology, should be the basis of 

legislation which would encourage developers to adopt more energy efficient 

building types (Passivhaus Trust, 2012). Whilst this issue was recognised by the 

DCLG when SAP was revised in 2012 this criticism was not addressed (DECC, 2013) 

and there are no plans for absolute targets to be adopted.  

• A Criticism levelled at the CfSH is that it fails to prioritise how carbon emissions 

are achieved (Climate Works, 2011). It is argued by the Energy Saving Trust that 

the initial drives at reducing carbon emissions in the built environment should be 

through building fabric performance – described as a ‘fabric first approach’ 

(Energy Saving Trust, 2010) and that such as strategy is undermined because CfSH 

targets can be achieved mainly by use of micro-renewable technologies (Grant, 

2007; Sustain, 2012; Cutland, 2012). To counter these criticisms a mandatory 

additional six energy credits is required for code level three schemes in Wales 

(termed ‘code three plus’) (Welsh Assembly Government, 2010a) 

• In the context of rural development one of the most significant criticisms of the 

SAP and CfSH standards is that they apply a ‘one size fits all approach to 

development’ (Royal Institute of British Architects (RIBA), 2006a) and fail to 

acknowledge regional differences (Schoenefeldt, 2014). Others argue that 

application of standards has limited the development of housing for those truly 

committed to living low carbon lifestyles in rural locations (Broer & Titheridge, 

2010), especially low impact development as in the case of the Lammas 

development discussed in Section 2.2 (Keech, 2009).  
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• There are arguments that CfSH and the standard for the assessment of non-

domestic buildings, Building Research Establishment Environmental Assessment 

Measure (BREEAM), have become ‘box ticking exercises that suppress rather than 

drive innovation’ and that these tools are ‘to the letter rather than the spirit of 

environmental assessment’ (Puckett, 2013). Greenwood, (2010) argues that as the 

tools have developed in size and complexity they have become inflexible criteria 

and rules to be followed rather than design tools.  

• With regard to embodied energy the Green Guide to Specification (Anderson et 

al., 2009) has attracted considerable criticism from organisations such as Good 

Homes Alliance (May & Newman, 2008) and the Alliance for Sustainable Building 

Products (The Alliance for Sustainable Building Products, 2011) for the following 

reasons: a ‘critical lack of transparency’ in both methodology and data; a cradle to 

grave approach which fails to take account of the uncertainties from gate to grave 

(Denison & Halligan, 2010); for the unreliability of their sources (Dixit et al., 2010); 

and a failure to account for the carbon sequestering properties of natural 

materials or other inherently low energy approaches used as part of the low 

impact development approaches (The Alliance for Sustainable Building Products, 

2013; Hatherley et al. 2012b). These authors (Denison & Halligan, 2010; Dixit et al., 

2010; May & Newman, 2008) argue that as a result of these failings embodied 

energy is not seriously considered in the development of new buildings. 

• Overheating from climate change is likely to be a considerable problem (AECOM, 

2012b; Roaf et al., 2009) especially for dwellings built with high performance 

thermal envelopes to reduce heating load (McLeod et al., 2013; Sameni et al., 

2015). Authors such as Tillson et al., (2013) and Evans (2015) argue that SAP has 

considerable limitations for assessing overheating risk for the following reasons: 

as a static model it fails to take account of diurnal temperature variations; it does 

not take into account the heat burden on specific rooms; it makes simplistic 

assumptions about ventilation based on a simple steady state calculation method. 

These authors (Tillson et al., 2013; Evans, 2015) and others such as Nguyen & 

Reiter (2014) argue that dynamic thermal modelling is a more suitable tool for 

assessing the risk of overheating and examining the effect of natural ventilation in 

new dwellings. In addition, the development of new algorithms based on 

regression analysis of occupant behaviour (Tuohy et al., 2007; Tahmasebi & 
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Mahdavi, 2016; Wang et al., 2016) means that dynamic thermal modelling is able 

to replicate aspects of user behaviour such as the opening of windows to provide 

cooling which can further inform understanding of overheating.  

• Finally, thermal mass has been identified as an element of building construction 

that can have a significant impact on thermal comfort and operational energy by 

storing and releasing energy (Holmes & Hacker, 2007; Tuohy et al., 2005; Brown et 

al., 2010). SAP uses the Thermal Mass Parameter for calculating the amount of 

heat stored in building components, which is the defined as the sum of the areas 

multiplied by the admittances of each element in the construction (DCLG, 2011). 

However, several authors (Tillson et al., 2013; Rodrigues, 2010; Crobu et al., 2013) 

have questioned whether thermal mass effects are being properly accounted for 

in SAP, which is a steady state calculation method and therefore does not take 

account of daily variations in temperature. These and other academics (Jankovic, 

2017; Ingram et al., 2011; Rodrigues, 2010) argue that dynamic thermal modelling 

tools, which do take account of diurnal temperature changes, are more 

appropriate tools to assess the impact of thermal mass on comfort and 

operational energy in dwellings.  

Mainstream developers argue that low energy houses are more expensive and that the 

adoption of low carbon approaches will stifle development (WG, 2015). Houses built to 

levels four and five of CfSH do have higher capital costs compared with dwellings built to 

the minimum standards of current regulations (Kapsalaki et al., 2012) and there are a 

number of reports, outlined below, which have examined the extent of the uplift in 

capital costs necessary to meet each level of the CfSH when compared with a similar 

home built using current standards (ADL1) (DCLG, 2008a). In 2008, the costs cited for the 

uplift in capital costs, above a similar home built at that time to current minimum 

standards, varied considerably:  

• 10% to 43% for a CfSH level five end terrace (ibid); 35% for a CfSH level five end 

terrace (Gentoo, 2009);  

• 59% to 64% for a CfSH level five semi-detached house (Lee Wakemans, 2010).  

• The CfSH Pilot Project Interim Report indicated a uplift in cost of between 4% and 

13% for a code four property over a code three property with an average increase 

of 5.5% (Welsh Government, 2011).  
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These reports (Gentoo, 2009; Lee Wakemans, 2010; Welsh Government, 2011) are based 

on examining theoretical dwellings built in non-specific locations that do not take into 

account regional economics and the potential challenges of economies of concentration 

and transport costs described by H&G (Hoover et al., 1999). Nevertheless, PHA’s 

experience supports the literature in highlighting the uplift in cost in building to higher 

levels of the CfSH. This was evidenced in one scheme of two units at Green Meadow 

(Pembroke, UK), built in 2013, where PHA examined a number of different development 

options ranging from CfSH level three to CfSH level five. As shown in Table 2-1, below, the 

cheapest tender return for a code level five dwelling was 13.8% over a CfSH level three 

plus dwelling; and the cheapest tender return for a CfSH level four dwelling was 6% over a 

CfSH level three plus dwelling. 

Table 2-1: Tender returns for two three bedroom (five person) houses dwellings built developed by PHA 
built to various levels of the CfSH 

Contractor  Code 5 Tender Code 4 Tender 

Tender (£) % above code +3 Tender (£) % above code +3 

Contractor 1  260,680.30 13.8% 242,667.12 6.0% 

Contractor 2 295,615.00 29.1% 270,015.00 18% 

Contractor 3  269,881.30 17.9% 246,553.12 7.7% 

Contractor 4  319,064.36 39.4% 297,106.76 29.79% 

Contractor 5  293,373.11 28.2% 256,375.11 12% 

 

The uplift in the capital cost of building low energy houses is compounded by economic 

issues in rural areas highlighted by economists such as Kilkenny (2008) in the book ‘The 

New Rural Economics’; Barkley (2008) in the Paper ‘Rural Economics: People Land and 

Capital’ and Hoover and Giarratani (1999). Economic factors which affect development in 

rural areas are described below, and illustrated in Figure 2-1:  
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• Local planning policy means that when development opportunities arise the sites 

are smaller than those found in cities and larger towns making them less attractive 

to the volume builder of dwellings (Department for Environment, Food and Rural 

Affairs and Homes and Communities Agency (DEFRA), 2010).  

• Sangasi (2010) argues that the potential contractor market is more dispersed than 

in urban areas, slowing down the supply response to rising demand for social 

housing (National Assembly for Wales, 2012).  

• A dispersed contractor market means that rural social housing procurement is 

generally less able to benefit from the scale economies and larger number of 

contractors found in urban Britain (DEFRA, 2010 and Sasangi et al,. 2010). 

• Various factors affecting the affordability of dwellings in rural areas, such as in-

migration, planning and legislation (Shucksmith, 2000) have resulted, between 

1997 and 2003, in house prices in the nine rural authorities in rural Wales 

increasing by an average of 82.9% compared with an all Wales increase of 73.2% 

(Wales Rural Observatory, 2006).  

 
Figure 2-1: Diagram indicating the factors influencing the development of low carbon housing 
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2.2.2 Planning and the Development of Rural Housing 
The term ‘counter-urbanisation’ has been applied to this movement of wealthy urban 

dwellers to rural urban areas (Champion et al., 2006) and in Pembrokeshire there is a 

perception that many of the county’s dwellings are owned as second homes by people 

whose main residence and employment is outside the county, raising property prices and 

therefore making dwellings unaffordable for many local people (Hartwell et al., 2007). 

This effect of middle and high income in-migrants moving into rural areas drawn by rural 

amenities was identified by Murdoch (1996) in the book ‘The Rural Economy and the 

British Countryside’ (ibid) where he observed that the influx of middle and high incomes 

people leads to traditional buildings being bought and restored and local ‘features of 

interest upheld as ‘sacred goods’’. Murdoch (1996) also identified that those politically 

active middle class in-migrants are resistant to most types of development except those 

that fit the local aesthetic of the rural areas in which they reside. Murdoch (1996) used 

the term ‘preservationism’ (ibid) to describe the effects of these in-migrants on rural 

locations.  

Counter-urbanisation and ‘preservationism’ are important because these sentiments are 

reflected in planning policy. For example, in Pembrokeshire there are tight planning 

controls over the location and appearance of new buildings, thus restricting development 

and further raising the price of dwellings (see Figure 2-2, below). These restrictions on 

development are particularly strict in the Pembrokeshire Coast National Park 

(Pembrokeshire Coast National Park Authority, 2010). Pembrokeshire Council’s Joint 

Unitary Development Planning Guidance states that ‘schemes should respect the 

character and distinctiveness of the area in which they are built and should be located to 

be indistinguishable from general market housing provided on the site’ (Pembrokeshire 

Coast National Park Authority, 2010). In addition, the Wales Rural Observatory (WRO) has 

recorded that some Registered Social Landlords (RSL) have noted that local opposition to 

development, including social housing, has been a significant factor in restricting 

development and ‘ruralness’ with its associations with landscape and beauty has often 

made planning an emotive subject (Wales Rural Observatory, 2006; Philips, 2005). 
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Figure 2-2: A development by PHA in Pembroke Coast National Park – note the use of traditional features 
such as porches dormer windows and fake chimneys.  

 

Planning is significant for the development of low carbon rural development because it 

defines the character, massing and density of new developments and in Wales (WG, 

2016d). Planning is also one component of Wales’ drive to deliver more energy efficient 

buildings and many sustainable aspects of design have been incorporated in to planning 

policy (Mott MacDonald, 2014). Aspects of sustainable design are covered in TAN12 with 

the document encouraging consideration of low energy approaches early in the design 

process (WG, 2016d). However, on the subject of massing whilst the document talks 

about the site layout and makes reference to height width and length of developments in 

terms of privacy and attractiveness it does not describe the benefits of density, massing 

and site layout with regard to reducing energy. In urban areas planning policy permits 

housing developments to be of higher density blocks, which are often more energy 

efficient than low density development (Sullivan et al., 2006; Bioregional, 2016; Umbro, 

2016); however, in rural areas high density development is discouraged. In this respect 

planning policy guidance can be contradictory with TAN 12 encouraging the adoption of 

low-energy design approaches whilst explaining that ‘conservation of the character’ 

should be the main driver for density in rural areas (WG, 2016d).  
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Authors such as Sasangi (2010) and Fairlie (2009) have identified the British planning 

system as an obstacle to the delivery of housing in rural areas; but within planning 

authorities it is acknowledged that there is an awareness of a need for affordable 

dwellings in rural communities. For example, Pembrokeshire’s Planning Guidance 

(Pembrokeshire County Council, 2006a) allows affordable dwellings to be built in or near a 

settlement ‘in exceptional circumstances where there is proven local need’ 

(Pembrokeshire County Council, 2006b). There is debate as to how successful these 

‘exception sites’ have been and to what extent the planners should intervene to ensure 

that affordable dwellings are permitted (WRO, 2006).  

Fairlie (2009) maintains that a more fundamental change to the planning system is 

required to address issues of environmental degradation and provision of affordable 

dwellings and that the system should be changed to encourage ‘developers to compete 

with each other… for scarce development sites by drawing up projects that are judged to 

be more sustainable than those of rivals’ (ibid). The type of low impact development 

advocated by Fairlie (ibid) has been tested in Pembrokeshire and the Lammas Eco-village, 

which  was the subject of a prolonged planning process (Wimbush, 2009) (see Figure 2-3, 

below), led to this type of development being recognised by the local Planning Authority 

through Pembrokeshire’s Policy 52 (Pembrokeshire County Council, 2006b) and in the rest 

of Wales through ‘TAN 6: Planning for Sustainable Rural Communities’ (Welsh Assembly 

Government, 2009b). 

Figure 2-3: Lammas Community Hub Building at the Lammas Ecovillage in Pembrokeshire, Wales, UK an 
example of low impact development (Being Somewhere n.d.b) 
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2.2.3 Availability of Skills  
The implementation of higher building fabric standards, such as CfSH level 3 plus, has 

presented challenges for the Welsh construction industry in particular developing the 

relevant new skills to deliver low carbon dwellings posed by the WG’s accelerated 

programme (Construction Skills, 2010; Clarke et al., 2017). The application of these 

standards (the Welsh Part L and the CfSH) can require the installation of micro-generation 

technologies, such as ground source heat pumps or photovoltaic panels (DCLG, 2012; 

Strategies for Innovative Low Carbon Settlements, 2011), or the application of 

technologies not generally used in dwellings in UK in the first decade of the 2000s, such as 

heat recovery units (Invest Northern Ireland Green Build, 2009). 

In rural areas of the UK construction firms are characterised by their small size of 

workforce; 94% of rural firms employ ten or fewer workers with 43% employing up to two 

people and 20% employing between three and five employees (The Countryside Agency, 

2004). Many rural construction firms have experience in the residential sector with 37% 

to 60% citing domestic building installation, completion and repair as their main work 

(ibid). In Wales; the Wales Rural Observatory Business Survey (Wales Rural Observatory, 

2004) outlined the characteristics of these small construction firms when they questioned 

101 of them as part of their research, where they identified the following characteristics: 

• These construction firms are run by local people and the most important factor 

influencing the decision of the directors to locate the business in rural Wales was 

because they were already living there. 93.8% of construction industry businesses 

cited this as a reason why they had chosen to locate their business in rural Wales 

as compared with an aggregate of 81.3% in the survey (ibid). 

• Many of those surveyed desired to keep their businesses small. The statement: ‘I 

would definitely like the business to grow’ scored highly on aggregate (70.2%); 

however, only 49.5% of construction businesses agreed with this (ibid). 

• With regard to customers only 26.5% of construction respondents to the survey 

had customers more than 100km away from the business premises, suggesting the 

local nature of their market, and 50% of construction sales were generated from 

other small businesses against an aggregate of 27% of rural businesses (ibid). 
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The research above indicates that rural construction firms may have difficulty adapting to 

delivering low carbon dwellings because of their small size, the dispersed nature of their 

market and a lack of specialisation (only 18% of these firms in Wales offer a specialisation 

and that only in joinery) (The Countryside Agency, 2004). It is also apparent from the 

Countryside Agency report (ibid) that there is a lack of a specialist supply chain as 89% of 

rural contractors in Wales rely on builder’s merchants as their principle source of supply 

for construction materials (ibid), as opposed to specialist suppliers that could provide 

guidance to ensure the high quality standards necessary to deliver zero carbon homes. In 

the Wales Rural Observatory Business Survey (2004) 78.4% of recipients from the rural 

Welsh construction industry said that their suppliers were located less than 30km from 

their business premises suggesting short supply chains (Wales Rural Observatory, 2004). 

However, it is worth emphasising that these two key sources of information on the UK 

and Welsh rural construction industries, the Countryside Agency (2004) and the WRO 

(2004) reports have not been updated since 2004. The age of these documents indicates 

how little information there is on the experience of designers, developers and builders in 

Wales building low carbon dwellings and what they consider as the most effective means 

of achieving affordable, low carbon dwellings in rural areas. The difficulty in building low 

carbon dwellings in rural Wales is confirmed by the experience of PHA in developing 

houses for the WG’s pilot project. PHA’s original attempts to achieve CfSH level four using 

a building fabric based approach were found to be unaffordable based on the budgets 

available from Welsh Assembly Government (Hatherley et al., 2011b). PHA eventually met 

the standard by utilising the fabric design of their CfSH level three dwellings, with the 

addition of photovoltaic panels to upgrade the property (Hatherley et al., 2012b). The 

decision by PHA and its design team to use a tried and tested methodology for the 

building fabric, relying on workable supply chains for west Wales illustrates that achieving 

low carbon dwellings through a fabric led approach based on a mainstream developer 

model is challenging in rural areas without additional capital investment, the 

development of rural supply chains or specific local solutions (ibid). 
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2.3 Addressing Development Issues in Rural Areas 

2.3.1 Addressing the Economics of Rural Development 
Reports by the Countryside Agency (2004), Wales Rural Observatory (WRO) (Kitchen & 

Marsden, 2006) and the experience of PHA describe how contractors in rural areas of 

Wales are challenged by a lack of skills and specialised supply chains necessary for the 

economic delivery of low carbon homes. However, construction systems have been 

pioneered for the development of low carbon dwellings in rural areas with the potential 

to overcome these problems (Rural Cultural Forum, 2010). These systems draw upon local 

materials and utilise the agricultural capacity of the rural economy to produce materials. 

Examples include the Modcell system (Modcell, 2009), a prefabricated strawbale 

construction system using local ‘flying factories’ and Ty Unnos (Elements Europe, 2009), a 

prefabricated timber construction system sourced from Welsh wood.  

The Centre for Advanced and Renewable Materials (CARM) has identified that Wales is 

well placed within the UK to exploit this emerging technology of locally grown 

prefabricated construction systems through strong links with agriculture, access to R&D 

capabilities and a wide portfolio of funding sources (CARM, 2002). In addition to systems 

such as Modcell and Ty Unnos, there has been a resurgence of interest in traditional 

building materials which could be locally sourced from renewable or recycled materials 

such as straw bale, wood, cob, (mud and straw mixtures), reed and thatch, (Nowak & 

Kolaczkowski, 2016) as well as alternative formulations of natural materials such as 

‘papercrete’ and ‘hempcrete’ (Steen et al. 1994; Pearson, 1989; and Hart, n.d.). 
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There is evidence that the current lack of skills within the construction industry can be 

addressed through the use of modern methods of construction (MMC) (Taylor et al., 

2011). MMCs include techniques such as thin bed mortars, structural insulated panels 

(SIPS) and pre-fabricated construction systems, to meet higher building envelope 

standards (Lee Wakemans, 2010). The CfSH Pilot Project Interim report identified that a 

number of these systems had been used in the twenty-two developments in the scheme 

(Welsh Government, 2011) and examples include: the use of the Ty Unnos Welsh Timber 

Beam System at Dolwyddelan, in North Wales; Wave MMC at St Athan, in the Vale of 

Glamorgan; and Tomorrow’s Energy SIPS building system at Lechryd (ibid). The Pilot 

Project Interim report also explained that two of these systems, Tomorrow’s Energy SIPS 

panels and Ty Unnos, are of Welsh design and assembly. These examples indicate the 

early establishment of a Welsh manufacturing base to respond to demand for low carbon 

dwellings in Wales (Welsh Government, 2011) and highlight opportunities for regional 

economies to develop products for low carbon housing (Roshanfekr et al., 2016).  

A significant obstacle to developing these products is that current standards are based on 

existing materials and technologies rather than specific end use performance criteria and 

as a result it is difficult to gain certification for new materials (CARM, 2002; House 

Builders Federation (HBF), 2011). Flax fibre for thermal insulation is becoming common in 

parts of Europe, such as Scandinavia, France and Germany through products like 

Flachshaus (Flachshaus, n.d.), Bio Fib (Cavac Biomatériaux, n.d.) and Isolina (Isolina n.d.), 

but has struggled to gain approval in the UK because of problems gaining certification 

(HBF, 2011). CARM (2002) describes how gaining certification from British Board of 

Agreement (BBA) involves much time and expense (approximately £17,000 in 2002) 

before a product can appear on a list of approved suppliers offering quality assurance to 

their clients. Further evidence of the difficulty in bringing new products to market is 

illustrated by the fact that only one percent of the UK new build sector is based on 

modular prefabricated systems as against 15% in Germany and 50% in some Scandinavian 

countries (ibid). These problems highlight that whilst there is legislation and funding in 

place to promote the development of methods of constructing low carbon buildings there 

are barriers to their implementation (Mashford, 2001). 

 
  

39 



 

Literature Review 

2.3.2 Approaches to developing Rural Low Carbon Housing  
Authors such as Greenwood (2010), Grant (2007), Keech (2009) and Schoenefeldt (2014) 

argue that SAP should be scrapped in favour of alternative assessment tools, which set 

minimum building fabric requirements, or apply different methodologies. A standard 

frequently cited as an alternative to the CfSH is the PassivHaus Standard (Gale & 

Snowdon, n.d.; Queen’s University Belfast, 2010) which was developed in Germany in the 

early 1990s by Professor Wolfgang Feist of the PassivHaus Institute (Mead & Brylewski 

n.d.). The PassivHaus standard is performance based and requires that annual space 

heating demand does not exceed 15kWh/m2/yr and that primary energy use does not 

exceed 120kWh/m²/yr (ibid). The PassivHaus standard also requires that building fabric U-

values do not exceed 0.15W/m²K, window U-values not exceeding 0.8W/m²K and air 

permeability not exceeding 0.6 air changes per hour at 50 Pa (demonstrated by a 

pressure test of the completed building) (ibid). Advanced whole-house mechanical 

ventilation with heat recovery with at least 75% heat recovery efficiency and electricity 

use no greater than 0.4W/m3 of supply air is also a requirement (ibid). Designs are 

assessed using the work-book based simulation software PassivHaus Planning Package 

(PHPP) and the PHPP may also be used to accredit the compliance of a completed 

building with the PassivHaus standard (ibid). Examples of the use of the PassivHaus 

system in Wales include Y Foel, in Powys (Williamson, 2009), and the Ebbw Vale Welsh 

Future Homes development (King, n.d.) (see Figure 2-4, below) 

Figure 2-4: An example of a Passivhaus dwelling: the Larch House in Ebbw Vale, Blaenau Gwent, South 
Wales, UK (Bere Architects, 2011) 
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Advocates of the PassivHaus system argue that in Austria and Germany the PassivHaus 

standards can be met at little or no additional capital cost when compared to buildings 

built to minimum local standards (Sustain, 2012; Cutland, 2012). This is in part because 

the houses require minimal heating and instead rely mainly on a mechanical ventilation 

and heat recovery system combined with a highly insulated and airtight façade (Cutland, 

2012). However, this standard is not above many of the criticisms levelled at CfSH, in that 

they adopt a one size fits all approach, focus on technical rather lifestyle solutions 

through its use of MVHR systems (Sassi, 2013), and ignore the impact of lifestyle and user 

attitudes on energy use (Broer & Titheridge, 2010; Brotas & Nicol, 2012; Lovell, 2004). 

However, in the UK dwellings built to the PassivHaus standard still have higher capital 

costs (15-20% higher cost) than dwellings built to the letter of current regulations 

(Barnes, 2015).  

An argument made against both the CfSH and the Passivhaus systems is that they fail to 

take into account the context of a development and a Passivhaus dwelling built in a rural 

area will use the same approach as one built in an urban area. One of the newest 

standards to emerge, the Living Building Challenge, developed by Living Futures Institute 

in the United States of America (International Living Futures Institute, 2012) in 2009 

recognises that low carbon solutions may differ depending on their regional context. The 

Living Building Challenge groups projects into categories, called ‘Living Transects’, based 

on local land use. These ‘Living Transect’ categories consist of: Natural Habitat Preserve 

(Greenfield Site); Rural Agriculture Zone; Village or Campus Zone; General Urban Zone; 

Urban Centre Zone; Urban Core Zone, and they inform the general approach to the design 

and assessment of a project (Cascadia Region Green Building Council, 2008). The Living 

Building Challenge approach focuses on the context of a development and is flexible 

enough to accredit both low impact development approaches, such as the Eco-Sense 

Residence (see Figure 2-5, below), and prototype model approaches such as zHomes 

(International Living Futures Institute, 2014) (see Figure 2-6, below).  
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Figure 2-5: The Living Building Challenge certified Eco-Sense Residence, in Victoria, British Columbia, 
Canada (Eco-node, 2010) 

 

 

Figure 2-6: The Living Building Challenge certified zHome development, Issaquah, Washington State, USA 
(International Living Future Institute, 2014) 
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2.4 Analysis of Low Carbon Rural Housing Case Studies 

It was recognised by the author early in the doctoral research project that a review of 

built projects would provide opportunities to learn lessons about successful approaches 

to developing low carbon homes and an examination of case studies was incorporated in 

the objectives (see Chapter 1, Section 1.4). Yin (1981) describes the case study as a 

research strategy, ‘the distinguishing characteristic of which is that it examines: (a) a 

contemporary phenomenon in its real-life context, especially when (b) the boundaries 

between phenomenon and context are not clearly evident)’ (ibid). In the context of this 

research the application of this approach would involve the analysis of low carbon 

dwellings built in the past ten years in rural areas of the UK. Yin (1981) describes the 

process of data collection as an important aspect of case study analysis and Johansson 

(2003) describes ‘triangulation’, where many methods of data collection are combined, as 

important for ensuring the validity of case study research (ibid). Thus, a range of different 

data collection methods were employed for case study analysis in this PhD research 

including primary data collection methods (described in Chapter 3) and secondary 

sources (described in the preceding sections of this chapter), as shown in Figure 2-7, 

below.  

Figure 2-7: Diagram indicating the case studies used in the PhD research and how they relate to studies 
undertaken 
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2.4.1 Case Study Selection 
Johanson (2003) describes selecting a case as critical for case study analysis and outlines 

that subjects should offer an interesting, unusual or revealing set of circumstances. 

Thomas described how a case may be: an outlier (that is atypical); a key case, chosen 

because of the inherent interest of the case or the circumstances surrounding it; or within 

the scope of the researcher’s local knowledge. In the past ten years numerous houses 

have been developed in rural areas that claim outstanding sustainable credentials and 

high levels of energy efficiency which would qualify them as outlier or key cases. 

Examples of high profile projects range in scale from a house built by a woodsman in 

Suffolk with a budget of £25,000 (Ben Law’s eco-house which was the subject of an 

episode of the TV documentary series Grand Designs) (Law, 2005) (see Figure 2-8, below) 

to a proposed multimillion pound ‘eco-bunker’ home designed for an ex-Premiership 

footballer (e-architect, 2012) (see Figure 2-9, below).  

Figure 2-8: The Ben Law eco-house, featured on Grand Designs, in Prickly Nut Woods in West Sussex, 
UK, (Natural Homes, 2012) 
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Figure 2-9: A visualisation of a proposed eco-house for an ex-premiership footballer, near Manchester, 
Lancashire, UK, (e-architect, 2012) 

 

Zainal (2007) describes how the case study analysis method has the disadvantage that it 

involves the use a small number of subjects and how a dependency on a few outliers can 

make it difficult to reach a general conclusion. To minimise these disadvantages it is 

important to select cases carefully and this would mean avoiding some high profile rural 

low carbon dwellings, such as those illustrated above (Figure 2-8 and Figure 2-9). In 

reviewing the literature it was apparent that many of the published examples of low 

carbon houses would not be relevant for the research project for reasons such as: the 

budget available to the developer; the quality of the information available in the media; 

their unrepeatability; and their location. Three case studies were selected: two one-off 

housing projects and one housing system. The reasons for choosing the three schemes 

are explained below: 
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• Built Projects – it was important that the cases studies were built schemes, or in 

the case of building systems had built examples, and that the built dwellings were 

inhabited rather than just being show homes. The reasons for this were: (a) in 

order to draw on the experience of constructing the project and; (b) to learn from 

post occupancy evaluation (described below).  

• Location – it was important that a project was in, or designed for a rural location 

(as defined in Section 1.5.4) whether that is a market town, village or isolated 

dwelling. Of the three case studies selected one is in a small isolated village (with a 

population of 200), one is in a large village (with a population of 3360) and the 

third is a system house developed for rural locations. All the selected case studies 

were in the UK because of the necessity of taking into consideration the legislative 

framework and environmental conditions pertaining to a Welsh context for the 

research project. 

• Affordability – Affordable housing built by a registered social landlord can differ 

significantly from projects by private clients with a budget of millions, both in 

terms of form and aspiration. Affordability emerged as one of the chief obstacles 

to the development of rural dwellings as discussed in Section 2.3.1. Many schemes 

built on a restricted budget are less exciting than those built by private clients but 

on the other hand there are challenges to overcome to meet budget and 

affordability targets. Of the three projects selected two were built by housing 

associations and one scheme, Canmore Place, was built by a private client; but it 

was nevertheless built for affordable housing.  
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• Post occupancy evaluation - Each project, or a suitable associated scheme, was 

subject to post occupancy evaluation (POE) which would provide opportunities to 

draw lessons from the experience of the developers, designers and building users 

on building performance (Miles-Shenton et al., 2010). Literature on POE highlights 

that there is a gulf between designed performance and as-built energy usage 

(Nooraei et al., 2013; Zero Carbon Hub, 2010b). However, only a small percentage 

of new dwellings are subject to POE (Hay et al., 2017) and this limited the case 

studies available. POE can be conducted at different levels of detail (Higher 

Education Funding Council for England, 2006) and of the three case studies one 

was the subject of a comprehensive POE; another was the subject of a less 

detailed POE that focused the thermal comfort of the builders building users; and 

the last project, RuralZED, while not directly subjected to POE was very similar in 

form and approach to its progenitor BedZED, which was subject to detailed POE in 

2003 and 2007 (Bioregional, 2009). 

• Repeatability – there are many note-worthy examples of low carbon dwellings 

built in rural locations based on idiosyncratic solutions, such as the 

aforementioned Ben Law’s eco-house (Law, 2005); however, repeatable solutions 

would provide scope for refinement later in the research and would consider 

applicability in, for example, a standard developer model. Thus, in considering 

possible case studies the question was asked by the author whether a rural RSL 

could reasonably replicate the approach taken by the builder and design team of 

each of the case studies. 

Based on these criteria the following three projects were selected as case studies: 

Canmore Place, in Scotland (Stevenson, 2004); Clay Fields, in England (Gill et al., 2011); 

and the RuralZED construction system, with built examples in Northamptonshire and 

Grande-Synthe (Dunster et al., 2009). A description of the case studies is provided below: 
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Figure 2-10: A view of a terrace and a detached dwelling of Canmore Place (Communities Scotland, 2005) 

 

 

Figure 2-11: Canmore Place Site Plan (Communities Scotland, 2005) 
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Figure 2-12: Canmore Place floor Plan of a typical terrace (Communities Scotland, 2005) 

 

• Canmore Place – This project, shown above in Figure 2-10, is located in Kincardine 

O’Neil, a village in Aberdeenshire, having at the time of the project a population of 

about 200 people (Stevenson, 2004). This scheme consists of fourteen units, with 

twelve units in four terraces and two detached dwellings (see Figure 2-10, Figure 

2-11 and Figure 2-12). The project was commissioned by Communities Scotland in 

January 2002 and completed in June 2002 by Ecological Design Group. The 

housing development was the product of a design study by The Robert Gordon 

University in 1994 investigating the development of affordable rural housing (The 

Robert Gordon University, 1994). The construction of the scheme was followed up 

with an investigation into the performance of the houses involved POE studies 

conducted two and a half years and four and a half years after practical 

completion (Stevenson, 2004). The design took the approach of using timber 

frame design with timber cladding and, as there is no gas mains supply to the 

village, the houses rely on electric storage heaters to provide heating. Whilst these 

houses are not as ambitious as the other case studies, partly because they were 

designed in the late 1990s, they are useful because they illustrate the problems 

associated with development in more remote rural areas.  
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Figure 2-13: View of the south façade of the two storey houses of the Clay Fields development 
(Greeves, 2008) 

 

 

Figure 2-14: The Clay Fields development site plan (Greeves, 2008) 
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Figure 2-15: Ground, first and second floor plans of the Clay Fields three storey house type (Greeves, 
2008) 

 

 

Figure 2-16:Ground and first floor plans of the Clay Fields two story house type (Greeves, 2008) 

 

 

 
51 



 

Literature Review 

Figure 2-17: Sections of Clay Fields house type illustrating passive solar design strategies (Greeves, 
2008) 

 

• Clay Fields – This project, shown above in Figure 2-13, is located in Elmswell, a 

village in Suffolk, near Bury St Edmonds, with a population of 3360 people 

(Elmswellinfo, n.d.). The project was developed by the Orwell Housing Association 

and designed by the architects Riches Hawley Mikhail. The site consists of thirteen 

two bedroom houses, nine three bedroom homes and four one-bedroom flats 

constructed to BRE Ecohomes Excellent rating (which was a forerunner to the 

CfSH) (see Figure 2-15 and Figure 2-16). The dwellings are constructed with a 

timber frame structure and hempcrete walls with a timber and lime render finish. 

The arrangement of the site was a key consideration with buildings orientated to 

maximise solar gain to reduce heating loads (see Figure 2-14). In addition, the 

project incorporates a communal biomass boiler and rainwater harvesting among 

its sustainable features (Hemplime Construction, 2008). POE was conducted by 

Buro Happold, who were the engineers on the scheme, and information was 

gathered by a mixture of sensors, questionnaires and behavioural studies. This 

project is significant as a case study because it highlights approaches to 

developing low carbon housing based on passive solar design techniques (see 

Figure 2-17), an awareness of embodied energy in construction and the POE 

results describe the impact of user attitudes on building energy performance.  
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Figure 2-18: A view of the RuralZED development in Upton, Northamptonshire, UK (ZEDfactory, 2014) 

 

 

Figure 2-19: Illustration of the components of the RuralZED system (Greenfab, 2010) 
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Figure 2-20: RuralZED floor plan for a North/South unit (Alter, 2008) 

 

 

Figure 2-21: RuralZED floor plan for an East/West unit (Alter, 2008) 

 

• RuralZED – This a building system developed by ZEDfactory, a company that 

designs and manufactures low carbon housing. The RuralZED design typology 

builds on the development of the Beddington Zero Energy Development (BedZED) 

urban village in Beddington, South London, completed in 2002 and uses similar 

principles. There are two examples of projects using this system one located at 

Upton, in Northamptonshire, shown above in Figure 2-18, and another in Grande-

Synthe, France. The project in Upton consists of six units and includes a mixture of 
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three bedroom (four person) social housing units for rent and three houses for 

private sale while the project in France is a show home for a new sustainable 

district (see Figure 2-20 and Figure 2-21). The project in Upton was built for the 

Metropolitan Housing Trust and is the first terrace of zero carbon homes in the UK 

to achieve BRE CfSH Code 6 ‘as built’ certification (Zedfactory, 2014). This 

construction system is significant as a case study because it draws on the heritage 

of one of the most high profile low carbon schemes in the UK, which continues to 

be a precedent in the development of low carbon communities (Yüksek & 

Karadayi, 2017; Umbro, 2016); and applies it to a rural context through the use of 

prefabricated construction techniques (see Figure 2-19). One of the most 

interesting aspects of this case study is the holistic approach that was adopted by 

the design team that encompassed operational energy, embodied energy and user 

attitudes through their ‘ZEDliving principles’ (Dunster et al., 2009). In addition, 

RuralZED is unique among the case studies by having a pedigree based on a 

successful low carbon housing scheme and being a system built home highlighting 

points made in Section 2.3.2 about the application of MMCs in housing.  

2.4.2 A Comparison of Approaches 
The three case studies were chosen for the reasons described above: location, 

affordability, repeatability, and POE. However, one of the interesting aspects to emerging 

in analysing and comparing the schemes was that there is a degree of commonality 

between them: all use timber frame construction; all utilise passive solar gain to reduce 

heating loads; all use natural ventilation in the form of single sided, cross and stack 

ventilation; all have some form of open plan arrangement; all use timber as part of the 

external finish; all use a terrace site layout; two of the three schemes use mechanical 

ventilation with heat recovery; and two of the schemes use biomass boilers as the 

principle heating system (see Table 2-2 and Table 2-3, below). Examining these case 

studies would identify whether these similarities were the product of the application of a 

single standard, approach or system or whether the designers had come to the solutions 

independently, which would suggest common design principles for the development of 

affordable low carbon dwellings in rural locations.  
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Table 2-2: Case Study comparison table - overview 

Project 
Name 

Location Client Architect Completion 
date 

No. of 
units 

POE 

Canmore 
Place 

Kincardine O’Neil, 
Aberdeenshire 

Kincardine 
Estate 

Gokay 
Devici/Ecological 

Design Group 
2002 12 

The Robert 
Gordon 

University 

Clay Fields Elmswell, Suffolk 
Orwell 

Housing 
Association 

Riches Hawley 
Mikhail 2008 26 Buro 

Happold 

RuralZED Upton, 
Northamptonshire 

Metropolita
n Housing 

Partnership 
ZEDfactory 2009 6 Bioregional 

Table 2-3: Case Study comparison table - technical 

Name Building Form Rating Structure U-values Micro-renewable 
Technologies 

Roof  Walls  Floor  

Canmore 
Place 

Terrace houses and 
two detached N/A Timber 

frame 0.2 0.2 0.25 None 

Clay 
Fields 

Terrace houses and 
apartments 

Ecohomes 
Excellent 

Timber 
frame 0.12 0.25 0.25 Communal biomass, 

heat recovery 

Rural ZED Terrace houses CfSH Level 6 Timber 
frame 0.1 0.15 0.12 

Communal biomass, 
heat recovery, solar 

thermal  and PV 

 

Canmore Place was developed by Robert Gordon University to provide affordable rented 

housing for economically active people in a rural area with limited housing options. The 

development’s design features include lightweight timber wall construction, cedar shingle 

roof cladding, a flexible and extendable internal layout, and energy ratings in excess of 

statutory requirements and unit sizes in excess of Scottish Housing Handbook Standard 

(Communities Scotland, 2005). A timber frame structure with timber cladding was 

adopted to provide a quick and affordable means of erecting the house using local 

materials. At the time this method of construction was considered unorthodox, and this 

design was resisted by the planners who wanted traditional looking housing with 

standard vernacular features (ibid). However, the planners persuaded over with 

arguments on the grounds of cost and modernity and through public meetings which 

helped to generate a positive community response putting pressure on the planners to 

accept the design (ibid).  
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Clay Fields was the product of a design competition won by the architects Riches Hawley 

Mikhail. The brief of the design competition was to provide a high quality design that 

greatly reduced the carbon footprint without “greenwash” (Hartman, 2007). The houses 

were designed to the Ecohomes Excellent Standard, but more significantly, and unusually 

for house design, dynamic thermal modelling was used in the development of the design 

scheme (Gill et al., 2011). Dynamic thermal modelling is a method to computationally 

model heat and energy flows in a building and will be discussed in more detail in the next 

chapter (Chapter 3). Dynamic thermal modelling was used to develop the solar strategy 

and provide a prediction of the energy use of the scheme. The software predicted that 

the scheme would use 87kWh/m²/yr of power for heating and hot water which compared 

with a SAP figure of 121kWh/m²/yr (Lane 2010). The monitoring of the schemes revealed 

that, on average, the scheme used 93kWh/m²/yr. The solar design of Clay Fields was 

developed to ensure that winter solar gain is maximised by staggering the blocks to avoid 

overshadowing and limiting the height of southern blocks in each group to two storeys. In 

addition, living spaces were designed around a staggered open plan layout which was 

calculated to enable the use of whole house natural cross ventilation to prevent 

overheating that might be a consequence of excessive solar gain (ibid).  

RuralZED is a product of ZEDfactory which is an initiative by Bill Dunster Architects to 

produce carbon neutral buildings as a standardised product. ZEDfactory is built on the 

success of BedZED, which is one of the most high profile low carbon housing schemes in 

the UK. Key to the ZEDfactory approach are the ZEDliving principles which are described 

as: designing out fossil fuels; reducing energy demand to run buildings on native fossil 

fuels; and enabling a high quality of life on a low ecological footprint (Dunster et al., 

2009). These principles go beyond reducing the energy use of the buildings by trying to 

influence building users to adopt green lifestyles. In explaining the development of the 

RuralZED typology Dunster et al. (2009) argues that in rural areas solar access is easier to 

achieve and that the lower densities (1-75 homes per hectare) mean that it can be easier 

to be more resource self-sufficient because less resource is required from outside the 

project’s boundaries to achieve low carbon living (ibid). From this philosophy the 

RuralZED typology was developed to take advantage of these opportunities at densities 

up to seventy-five homes per hectare (ibid).  

 

57 



 

Literature Review 

2.4.3 Building Form and Fabric  
A shared characteristic of all three schemes was that they arranged the majority of their 

dwellings in a terrace layout. Both Canmore Place and Clay fields arranged the houses in 

rows of three units. The RuralZED system was designed to be flexible enough to be used 

either as an individual dwelling, such as at Grande-Synthe, or as a continuous terrace, as 

has been done for the six units at Upton. This approach to site layout was acknowledged 

as a significant factor affecting energy use on the Canmore Place and the Clay Fields 

schemes. Buro Happold’s investigation found that one of the key differences between the 

highest and lowest energy users at Clay Fields was that the most prolific energy users 

lived in end terraces while the lower energy users lived in mid-terraces (Jansen, 2010). 

The study also found that the annual heating savings of a mid-terrace house were 

between 22-29% and that the heat consumption for mid, West and East terraced 

dwellings was 74.9, 95.5 and 105.0 kWh/m²/yr respectively (ibid). Similarly, researchers at 

Robert Gordon University found that energy bills for the terrace houses were much lower 

than for the two detached houses and that was attributed to the terraced houses having 

lower external surface to floor area ratio (Communities Scotland, 2005). These results 

agree with other POE studies that have measured 24-30% differences in energy 

consumption between semi-detached and terraced houses (Yohanis et al., 2008). 

All three schemes had U-values lower than those required by legislation at the time of 

construction. Canmore Place had U-values of 0.2 W/m²K for the roof, 0.2 W/m²K for the 

walls and 0.25 W/m²K for the floor which were much lower than those required by the 

Scottish Building Regulation at the time. At Clay fields the U-values of the dwellings were 

0.25 W/m²K for the walls, 0.35 W/m²K for glazing, 0.12 W/m²K for the roof and 0.25 

W/m²K for the ground floor (Gill et al., 2011). RuralZED had the lowest U-values of all 

with 0.15 W/m²K for walls, 0.12 W/m²K for floor and 0.1 W/m²K for roof (ZEDfactory 

2014). These low U-values were combined with airtight construction in the RuralZED 

system to give a Heat Loss Parameter of 0.62 for mid-terrace units and 0.8 for end of 

terrace units (ibid). With regard to airtightness of Clay Fields the buildings were 

constructed to achieve a mean airtightness value of 3.47m³/m²h at 50Pa (with a standard 

deviation of 0.367m³/m²) this is a 65% improvement on the minimum regulatory 

requirement of 10m³/m²h (Gill et al., 2011) but short of Passivhaus requirements 

described in the previous section (see Section 2.3.2).  
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Passive solar design was a feature of all three projects. In the case of Clay Fields the 

proportions of the glazing on the south façade were based on dynamic thermal modelling 

to ensure that solar gains could be maximised and that an optimal relationship between 

solar gain and daylight penetration could be achieved (Hartman, 2007). RuralZED used a 

continuous glazed south façade (previously used on BedZED) rather than direct solar gain 

in the main living spaces (ZEDfactory, 2014).  The dwellings on the Clay Fields site were 

orientated to take advantage of passive solar heat gain, however in the case of the two 

RuralZED schemes it is not clear whether the orientation dictated the layout of the 

buildings; however, it was a consideration on BedZED. Canmore Place utilised a greater 

area of glazing on the south façade for solar gain to living spaces (Stevenson, 2004). 

2.4.4 Energy Strategy 
The provision of energy for heating, hot water and lighting was an important 

consideration on all three projects (Dunster et al., 2009; Lane, 2010; Stevenson, 2004). On 

the Canmore Place project there was no gas mains supply to the village, a situation similar 

to villages in some rural areas of Wales (see Section 2.1), which led to the adoption of 

electric storage heating. The adoption of electric heating had a negative impact on the 

ability of the scheme to meet its low carbon targets objectives and provide the tenants 

with affordable heating (Communities Scotland, 2005). The Robert Gordon study found 

that whilst the development compared favourably with Communities Scotland’s 

benchmark SAP rating (Scottish Homes, 2000), the majority of the house types in the 

development failed to meet even the lowest category of the Department of Trade and 

Industry’s Energy Performance Indicator rating because the carbon co-efficient for 

electricity is three and a half times worse than that of natural gas in the UK (Borer and 

Harris, 1998).  In addition, POE identified that the cost of heating was a serious issue for 

the tenants with ten of the twelve households interviewed complaining that the heating 

was too expensive despite the low U-values of the houses (Communities Scotland, 2005). 

Other aspects of Canmore Place’s design were identified as contributing to the higher 

than expected energy bills including: an ‘unheated’ attic space, which the tenants had 

been heating due to the lack of a separating layer of insulation between the loft space 

and the ground floor space; in the detached houses a stairwell to the upper storey acted 

as a thermal chimney; and the open plan layout of the housing meant that the tenants 

had to heat the kitchen, dining and living areas to the same temperature (Communities 
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Scotland, 2005). These design flaws highlight how the architectural design and heating 

system specification can affect comfort and heating load. 

Clay fields and RuralZED used similar heating strategies based on a mix of passive solar 

gain, communal biomass boilers and ventilation with heat recovery as the means for 

providing heating. At Clay Fields the decision was made not to use solar panels or wind 

turbines to provide energy but to rely on a biomass district heating system fuelled by 

locally sourced wood chips (Lane, 2010). Whole house mechanical ventilation and heat 

recovery was used to provide background ventilation with a gas boiler for peak loads. This 

worked by extracting air from wet rooms, bathrooms and kitchens; the heat is exchanged 

to filter incoming air from living spaces bedrooms and living rooms (ibid). Similarly the 

ZEDfactory system uses wood pellet boilers as the main means to generate heat for the 

dwellings with a backup condensing gas boiler, which is a system that was used on 

RuralZED Upton development. RuralZED used passive heat recovery ventilation with any 

additional winter heating and domestic hot water provided by evacuated tube solar hot 

water panels and biomass (Zedfactory, 2014). One of the features of the Upton project is 

that it was designed so that its total annual biomass consumption is within the quota 

available per UK resident without using agricultural land required for food production 

(ibid).  

It is interesting that the biomass boiler has been retained as part of the energy mix for 

the RuralZED Upton development and Clay Fields even though it was one of the less 

successful aspects of BedZED. The report ‘BedZED seven years on’ (Bioregional, 2009) 

reveals that the biomass combined heat and power (CHP) unit at BedZED never 

consistently reached the design outputs of 120 kW of electricity and 250 kW of heat and 

was plagued with so many technical problems that it has not been in operation since 

2005 (ibid). In the case of Clay Fields the biomass boiler was also problematic and over 

the monitoring period it supplied 42% of the heat rather than the design target of 70% 

with the rest coming from top-up gas boilers (Lane, 2010). In addition, a floor in the pellet 

store that moves the pellets towards the boiler supply auger has failed. The project team 

claimed that by the end of the monitoring period the problems had been resolved and 

that the utilisation rate had risen to 59% (ibid); however, an article in the local newspaper 

described how the heating had failed after two years (Thewlis, 2010).  
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Clay fields did not have a strategy for micro-generation of electricity, instead the design 

aspiration was to minimise electricity consumption to 13.9kWh/m²/yr but according to 

the POE the residents used an average 40.9 kWh/m²/yr (Jansen, 2010). This meant that 

the dwellings primary energy use was heating and hot water, which was 69% of the total 

operational energy load and that 62% of carbon emissions were from electrical use (Lane, 

2010). RuralZED was the only one of the three schemes to independently generate 

electricity and the Upton project did this with a 3.2kW array of photovoltaic panels on the 

roof (ZEDfactory, 2014). The ZEDfactory literature explains a 100% improvement on a 

building built to current regulations with regard to energy is expected (Zedfactory, 2014). 

However, POE on BedZED has shown that the project was only able to achieve a 45% 

decrease in energy usage compared with a typical resident in the same borough of Sutton 

(Bioregional, 2009; Bioregional, 2016). 

2.4.5 Thermal Comfort 
Thermal comfort was one of the key challenges to emerge from POE of the three projects. 

BedZED’s inhabitants generally found their homes comfortable in winter; however, 42% 

used some form of additional electric heating during the coldest two months of the year 

(Bioregional, 2009) and it is not clear from the literature whether these under-heating 

issues have been addressed on recent RuralZED schemes. On Canmore Place under-

heating was a serious problem which the researchers attributed to under-specification of 

the electrical storage heating system (Communities Scotland, 2005). Another factor which 

may have contributed to this problem is the impact of cold bridges (or thermal bridges). 

Results from studies by Leeds Metropolitan University suggest that this problem tends to 

be under-accounted in timber frame buildings (Bell and Overend, 2001) and the impact of 

cold bridges would not have been picked up by the limited scope of the monitoring of the 

Robert Gordon University study.  

In addition to problems of under-heating, half the tenants of Canmore Place complained 

of overheating in the summer which was attributed to the following: solar gain through 

patio doors to the living room; an inability to leave windows open while they were out of 

the house due to the lack of a security; and a lack of thermal mass (Communities 

Scotland, 2005). The report came to the conclusion that timber frame construction should 

only replace traditional masonry when there is sufficient thermal mass provided 

elsewhere in the dwelling to offset potential overheating (Communities Scotland, 2005). 
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Thermal mass was combined with lightweight construction on RuralZED through the use 

of clay tile flooring and concrete panels to increase internal heat capacity (Zedfactory, 

2014). However, this provision of thermal mass had not been enough to address the issue 

of overheating on BedZED (Bioregional, 2009). Researchers reported that in summer only 

10% of residents felt that the temperature in the summer was just right and 39% of 

households used electric fans for between one and two months of the year to provide 

cooling (ibid). Investigating the reasons for summer discomfort the Bioregional 

researchers reported that many windows were closed when they walked around the 

development in the summer, possibly due to security concerns (ibid). In their report 

Bioregional explain that their experience of the BedZED show home indicates that 

overheating can be addressed by effective ventilation and that opening the high level 

exterior sunspace windows while keeping the interior windows closed will keep the house 

cool as well as secure (ibid). Low summertime electricity consumption indicated that 

residents were not using fans or heaters consistently; however, the presence of these 

items indicates that the building is not fully responding to their comfort requirements 

(ibid). RuralZED literature suggests that overheating issues have been addressed on the 

houses at the Upton development through feature awnings to their glazed facades (see 

Figure 2-18, above), presumably to reduce solar gain in summer. 

In the case of Clay Fields the designers had taken thermal comfort into account early in 

the design of the project through the use of thermal mass in party walls, cross ventilation 

and openable windows provided to stabilise internal temperatures (Lane, 2010). In 

addition, dynamic thermal modelling was used to gauge the potential for overheating and 

this modelling predicted that internal temperatures would peak at 25°C in summer 

months (ibid). The sensors monitoring internal temperatures recorded that internal 

temperatures were around 23.5°C during summer with a peak temperature of 28°C 

recorded for 15 hours over the whole year in one of the south-facing kitchens (ibid). 
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2.4.6 Affordability  
Affordability is one of the major issues of developing housing in rural areas and there was 

a lack of detailed information on the costs of the schemes. The literature on Clay Fields 

provided very little information on the capital cost of the project other than saying that 

the scheme cost £2.9million (Architect’s Journal, 2005). With regard to Canmore place 

there was rather more information on the affordable aims of the project and how it might 

compare to a similar scheme built in the in area.  In the case of RuralZED information was 

available on the cost of a unit when built to certain standards of the CfSH and detailed 

cost breakdowns were available on BedZED. However, no information was provided on 

whether these figures had been achieved on their built schemes in Upton and Grande-

Synthe, or how development costs might differ from an urban ZEDfactory design, like 

UrbanZED or SkyZED, to a rural scheme, like RuralZED (Dunster et al., 2009).  

One of the main drivers for the development of Canmore Place was that the design could 

achieve a 40% cost saving compared with a typical development for the area, without 

having to compromise on space or quality (Communities Scotland, 2011). In reviewing the 

success of this approach the Communities Scotland report (2011) describes how 

ascertaining the true cost savings in this development compared with a standard social 

housing development by house type had been complicated by the design of the house 

types which incorporated built-in convertible accommodation in the attic. The 

researchers came to the conclusion that the Canmore Place project achieved a cost saving 

of 37% when compared with a recent council housing development in the nearby burgh 

of Ballater (ibid). The architect of the scheme calculated the potential cost savings for the 

terraced houses as being 29 –35% lower than standard equivalent social housing with the 

same floor area, in the same area (ibid). However, it is worth noting that these reductions 

in capital cost did come at the expense of one of the low carbon objectives of the project 

namely the use of local materials. The contractor achieved cost savings through bulk 

procurement of materials and products from abroad and as a result there is relatively 

little contribution to the local economy from the build process and the use of local 

materials (ibid). This is significant in relation to the recommendations in the WRO and 

Countryside Agency reports about specification of local materials described in Section 2.2. 
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With regard to RuralZED typical costs of the standard house types range from:  

• A Code for Sustainable Homes Level 3 kit (i.e. assembly required) costs £990/m² or 

£89,000 for 90m² (3 Bedroom home). Alternatively the same house erected costs 

£1545 /m² or £139,000 (RuralZED, 2010). 

• A Code for Sustainable Homes Level 6 kit (i.e. assembly required) costs £1,146/m2 

or £125,000 for 109m² (3 Bedroom home). The same house erected costs 

£1,606/m² or £175,000 (RuralZED, 2010).  

In the BedZED toolkit there is an acceptance that currently low carbon design costs more 

and the report estimates that a six plot carbon neutral terrace, such as the RuralZED 

development in Upton, would add £685,127 to the capital cost of the project when 

compared with a typical development built to the same standard based on the minimum 

standards of the 2010 building regulations (ibid). The RuralZED literature argues that 

based on an 8% annual fuel price escalator in ten years a household living in a three bed 

RuralZED home would save £150 a month on fuel bills (ibid). If this cash normally 

allocated to utility payments was paid into the slightly larger mortgage needed to meet 

the capital cost of the Code 6 home, most households would hardly notice the difference 

to their monthly outgoings, and could see their home increase in value with its A++ home 

energy rating (ibid).  

2.4.7 Tenant Interaction with the Design 
One of the most important aspects of the POE to emerge from the case studies, already 

discussed in relation to other issues such as thermal comfort, was the interaction of the 

building users with the design. The three studies indicated a range of occupant 

behaviours which were unaligned with the designer’s intentions to reduce energy use. 

Ventilation emerged as a recurring issue and, for example, the Canmore Place tenants, 

unaware of the function of the trickle ventilators, were “leaving all windows open all day 

when possible” and in some case leaving at least one window open “all the time” to 

provide background ventilation (Stevenson, 2004). The researchers were unable to 

identify a particular reason for this behaviour and the report explains that it may be in 

response to a perceived need to dehumidify the house or it may be that there were 

broader cultural issues (ibid). In either case the tenant’s perceived need for ventilation 

negated benefits provided by increased levels of insulation provided. Similar behaviour 

was noted at Clay Fields where despite the provision of mechanical ventilation providing 
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background ventilation people were still leaving windows open because they “really like 

the breeze through the house”. It is interesting that in this study that ventilation was also 

related to broader cultural issues and it was recorded that the ability to open windows to 

ventilate the houses was tied to occupants’ sense of satisfaction with the homes (Lane, 

2010). 

The study of Clay Fields was significant in highlighting the scale of impact of occupant 

attitudes and decisions on energy use. Buro Happold’s study found that thermal energy 

consumption by the households varied by a factor 3.25 between maximum and minimum 

consumers (Lane, 2010). This meant that the most frugal household used 46 Wh/m²/yr 

for space heating and hot water compared with the most profligate who used 

145Wh/m²/yr (ibid). Electricity use had a similar pattern with the highest user getting 

through 64.7Wh/m²/yr compared with 17.664.7Wh/m²/yr for the most frugal 3.6 times 

less (ibid). Water was also monitored and had a greater variability with the highest using 

196 litres of water per person per day and the lowest using 28 litres of water per day with 

an average of 116 litres were used per day, of which 25 litres came from the rainwater 

harvesting system which means that on average 91 litres are drawn from the mains 

compared with a UK average of 148 litres (ibid). This demand variation was dependent on 

occupant behaviour and, unregulated energy use which is not explicitly accounted for in 

regulations made a significant contribution to overall carbon emissions. Interviews with 

the tenants of Clay Fields to investigate these trends examined attitudes to the use of 

heat, electricity and water and revealed three factors influencing energy use: 

• “What people believe. For example, if they believed that turning lights off saved 

electricity, then they are more likely to.” (Lane, 2010) 

• “What they consider normal. They may believe, for example, that everybody has 

or ought to have, a 40-inch flatscreen television and a Playstation 3.” (ibid) 

• “How much… people think their behaviour affects the environment.” (ibid) 
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The monitoring identified that tenant attitudes were one of the most significant factors 

affecting energy use; however, it would be an oversimplification to say that these tenants 

were not affected by the building design. But as previously mentioned, higher energy 

users were generally found in mid rather than end terraces and the results of the 

monitoring describe how there were issues around tenant interaction with heating 

systems. In accordance with other literature (Combe et al., 2011) the interviews revealed 

that tenants recording the highest levels of energy use struggled most with their 

thermostatic controls (Lane, 2010). The heating control system was a key consideration in 

the design and it allowed residents to set five different on/off periods a day with different 

temperatures for each period. The system could be turned off manually; however, the 

fact that two thirds of residents were not able to program their thermostats suggests that 

this system was overly complicated.  

Monitoring of Clay Fields revealed higher than expected internal temperatures (Jansen, 

2010) with the average thermostat temperature set at 22°C and the highest house set to 

27°C (Lane, 2010). These temperatures are much higher than 17.3°C, which is the 

prediction of average indoor temperatures of houses in the UK with central heating 

(Palmer & Cooper, 2011). The Department of Energy and Climate Change (DECC) report 

‘Great Britain’s housing energy fact file’ (ibid) and the DECC 2050 calculator tool (DECC, 

2010) highlights a trend that as houses become better insulated and fitted with more 

efficient heating systems internal temperatures rise as occupants invest their energy 

savings in higher levels of comfort (Utley & Shorrock, 2008; Kane et al., 2011). Numerous 

terms have been applied to this effect including: Jevon’s paradox (where it was identified 

that energy efficiency measures in the development of steam engines resulted in higher 

levels of coal consumption) (Alcott, 2005); the ‘snackwell effect’ (whereby dieters have 

been recorded eating more low-calorie cookies than regular cookies) (Lane, 2010); and 

the rebound effect (Kane et al. 2011). However, despite these effects the total energy 

consumption at Clay Fields was 56% lower than the Department for Environment, Food 

and Rural Affairs and Homes and Communities Agency (DEFRA) national average, carbon 

emissions were 63% lower, and water consumption was 39% lower (Lane, 2010). The 

identification of these trends indicates that designers will have to either overcompensate 

energy and carbon reductions in low carbon housing to account for these effects or 

attempt to influence attitudes to achieve significant energy savings. 
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Through their ZEDprinciples the ZEDfactory designers tried to promote green living and 

influence user attitudes and at BEDZed this included features such as car pools, layouts 

encouraging walking and cycling, providing allotments for growing food and encouraging 

recycling. Attempting to address attitudes through design is often considered in, for 

example, school design (Day, 2009) where BREEAM credits are awarded for the design of 

a school as a learning resource (BREEAM, 2008), but is frequently neglected in the design 

of low carbon dwellings (see results of design team interviews in the next chapter 3.2). 

The success of the ZEDprinciples is reflected in the results of user questionnaires where 

86% of BedZED residents said that they buy organic food and 39% grow some of their 

own food (Bioregional, 2009). In addition, residents of BedZED have lower car ownership 

and drive far fewer miles than other residents in the borough of Sutton (ibid). However, 

despite this it is apparent that residents did not achieve of the ambitions the designers of 

One Planet Living (Dunster et al., 2008) and the results show that the average ecological 

footprint of a BedZED resident is 4.67 global hectares (2.6 planets) and this is perhaps an 

indication of the limits for influencing user behaviour through design (Bioregional, 2009; 

Bioregional, 2016).  

2.4.8 Lessons from the Case Studies 
The POE showed that none of the schemes achieved the energy savings envisaged by the 

designers. However, all three schemes were successful in achieving significant savings in 

embodied energy over stock housing built during the same period.  

The question asked at the beginning of this section was whether the similarities between 

the schemes are a product of shared design principles or merely reflective of the current 

trends in developing dwellings. Whilst each of the projects had been developed in a 

shared legislative context each scheme had been the product of different design teams 

examining the issues of developing low carbon rural housing from different perspectives. 

Each of the case studies had different inception points with one being the product of 

university research, another being the product of a design competition and another being 

an offshoot of an earlier low carbon project. This suggests that the similarities between 

the schemes were the product of shared design principles and convergent solutions and a 

re-examination of the key features of the schemes described would support this: 
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• Embodied Energy and Carbon - Embodied energy was a consideration in all three 

schemes; however, there was little evidence of detailed embodied energy 

calculations having taken place. The literature explains that hempcrete was used 

on Clay Fields because of its low embodied energy, the availability of locally grown 

timber was part of the reason for its specification on Canmore Place and the use 

of low embodied energy materials is a key consideration in the construction 

techniques adopted for the RuralZED system. As a result of this all three schemes 

utilised timber frame structures and walls lined with natural materials.  

• Passive Solar Gain - The use of Passive solar gain for heating was a consideration 

on all three projects; however, the way it was employed differed in the three 

schemes. As mentioned previously, the ZEDfactory buildings approached solar 

heating by means of a continuously glazed façade while the other projects made 

use of large windows on the south façade. In the case of Clay Fields consideration 

of the layout was given to the scheme and dynamic thermal modelling was used 

to find an ideal layout and glazing proportions. The use of solar gain on the three 

cases studies in the literature review pointed to its use as an energy saving 

measure; however, the Canmore Place case study identified that there were risks 

of overheating from this approach. 

• Ventilation for Cooling - Ventilation strategies featured in all three schemes either 

through the use of MVHR or natural ventilation. In all the case studies in the 

literature review it was used as a means to address the issues associated with 

overheating. It was also noteworthy that in at least two of the schemes residents 

valued their ability to open windows and control ventilation, often to the 

detriment of the overall energy strategy. 

• Efficient Building Fabric - An analysis of the building fabrics of all of the schemes 

revealed that the case study dwellings had lower U-values than currently required 

by legislation. However, the ability to translate an efficient building fabric into 

energy and carbon savings was linked to other aspects of the building’s design 

such as building form and passive solar strategies. 
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• Terrace Site Layout - The adoption of terraced housing rather than semi-detached 

housing was a feature of all of the schemes and was effective for reducing capital 

costs, embodied energy in construction through the use of multiple internal party 

walls and, most significantly, reducing operational energy by reducing heat loss 

through the external building envelope.  

• Thermal Mass - Thermal mass was a factor which emerged from the literature 

case studies as a method of reducing operational energy and maintaining thermal 

comfort. The omission of thermal mass in lightweight domestic construction 

contributed to overheating in the summer in Canmore Place, and the 

incorporation of thermal mass was seen as important in reducing summer 

overheating in the other two schemes. 

The identification of these shared design principles in the development of these three low 

carbon schemes would be useful for describing core aspects of the prototype 

development model and approaches for low-carbon design (Grierson & Moultrie, 2011). 

The evaluation of case studies had been useful in highlighting possible development 

approaches; however, there were weaknesses in the literature case studies that 

identified areas for further investigation, as explained below:   

• None of the three schemes was subject to entirely independent evaluation. The 

evaluation of Clay Fields was undertaken by the consultant company that had 

worked on the project and the assessment of Canmore Place was undertaken by 

the University that had originally conceived of the project and the review of 

BedZED was conducted by Bioregional who were heavily involved in the project 

and designed and ran the communal biomass boilers. There is nothing to suggest 

that information has not been disclosed but even for the most publicised of the 

three projects the available sources of information is limited.  

• The differing methods of data collection in respect of the schemes made it difficult 

to compare the performance of the schemes accurately using the literature 

available. Each of the POE studies had a different focus making it difficult to 

accurately compare and contrast the approach and performance of the case 

studies. In addition, because each project had several energy saving features it 

was impracticable using the data available to provide quantifiable breakdowns of 

the impact of specific energy saving measures. 
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• There was a lack of detailed quantifiable data on many aspects of the three case 

studies. For example, passive solar heating was a design feature of all three homes 

but the literature did not detail the contribution that solar gain had made to 

reducing heating. Another example was the embodied energy and all three case 

studies had an objective of reducing the embodied energy and carbon; however, 

there was no information in the literature about the extent of reductions 

achieved.  

• None of the review of literature case studies was in Wales. The criteria (referred 

to previously in Section 2.4.1) which were imposed on the selection of case 

studies excluded several possible case studies in Wales. The project that came 

closest to fulfilling the criteria was the Ebbw Vale Passivhaus development; 

however, there is uncertainty as to whether the Valleys meet the criteria for a 

rural area described in Section 1.5.4.  

• Whilst these three case studies represented best practice they are not 

representative of typical developer approaches to the development of low carbon 

housing because: (a) they incorporated aims to promote green living, as in the 

case of ruralZED; (b) applied techniques such as thermal modelling in the design, 

as in the case of Clay Fields; (c) employed a consideration of building form and 

fabric that went well beyond legislation, such as the U-values of Canmore Place. In 

addition, none of these case studies was representative of the low impact 

solutions advocated by Fairlie (2009). 

• Whilst the literature explained the background there was very little information 

on the actual or potential obstacles to the development of these low carbon 

housing schemes. The impact of the issues described in Section 2.2 such as 

affordability and planning were sometimes discussed but other issues, such as 

availability of skills, were not addressed at all. 
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2.5 Summary 

The key points from Chapter Two are summarised below: 

• Section 2.2 provided an overview of the context for research and explained the 

challenges of developing low carbon dwellings in rural Wales. It was highlighted 

the following: there are economic issues relating to rural development; Wales had 

a legislative context separate from the rest of the UK several years ahead of 

England; planning is an obstacle by restricting the availability of sites; there are 

issues with the availability of specialist skills; and there are problems with 

affordability of dwellings in rural areas.  

• Gaps in the literature were identified relating to the experience of developers in 

building low carbon dwellings in rural area; in addition, there is a lack of recent 

information on the rural construction industry. It was noted in the literature that 

there was a lack of up-to-date information about supply chains and how they 

could play a role in addressing the problems of developing building low carbon 

housing in rural areas. 

• Section 2.3 described how the challenges identified in Section 2.2 were being 

addressed through the development of new material and methods of construction 

including the systems like: Ty Unnos, which uses Welsh Timber; or the Modcell, 

which uses flying factories. It also described how materials using locally sourced 

materials had been identified as a possible approach for reducing embodied 

carbon and energy in rural dwellings. 

• Several approaches to developing low carbon housing are identified including the 

Passivhaus, low impact development and CfSH. These models differ based on 

whether they focus on technical solutions; accommodate factors such as lifestyles 

changes; favour low-tech solutions, such as straw bale construction; or high tech 

solutions, such as micro-renewable technologies. 
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• Section 2.4 describes the case study analysis of three low carbon rural housing 

developments: RuralZED, which is system built housing; Canmore Place, which 

developed from a university project; and Clay Fields, which was the product of a 

design competition. An analysis of these three projects identified shared design 

principles such as an awareness of embodied energy and carbon, the use of 

passive solar gain, consideration of ventilation strategies, and the adoption of a 

terrace layout. 

• However, there were weaknesses in the analysis because: (a) none of the case 

studies were in Wales; (b) they were neither representative of typical developer 

approaches nor low impact development principles. 
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3 Research Design and Methodology  

3.1 Chapter Overview 

This chapter begins by introducing the reader to two projects in west Wales 

representative of different approaches to developing low carbon houses in Wales 

(Section 3.2). The two schemes are analysed using: semi-structured interviews (Section 

3.3); embodied energy analysis (Section 3.4); and dynamic thermal modelling (Section 

3.5) and Section 3.6 gives an overview of these initial studies. Section 3.7 identifies and 

assesses techniques that could be used to analyse low carbon design approaches during 

the testing phase of the research project. Section 3.8 describes the process of selecting a 

project to be used for the testing phase of the research project and the evaluation of 

dynamic thermal modelling software. The next section (Section 3.9) describes the 

development of the testing phase of the research project and outlines two phases: one 

focusing on reductions in sensible heating load; and the second focusing on thermal 

comfort. Section 3.10 describes key aspects of the dynamic thermal modelling such as: 

the climate files used; the occupancy profiles; the approach to modelling building 

geometry; how different building fabrics were selected; and the approach to modelling 

ventilation. The final section (Section 3.11) describes the data analysis techniques used to 

interpret the results in the two studies and discusses the limitations of the main study.  

3.2 Description of the Initial studies 

The literature review described three case studies, categorised as the Prototype 

development model, which had common features used to achieve low carbon design 

within an affordable housing budget. In the paper ‘Community action for sustainable 

housing: Building a low-carbon future’ Seyfang (2010) describes two further approaches 

to developing low carbon housing: a low impact development model, using traditional 

techniques, made from local materials and consuming a low level of non-renewable 

resource; and a mainstream approach, legislation driven and focused predominantly on 

technical and economic aspects of design. Reference to the literature provided little 

information on the effectiveness of schemes within these two models and to address this 

lack of information two projects would be examined in detail in this Chapter.  
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Having PHA as the industrial partner on the research project provided opportunities to 

identify a number of schemes that they had built between 2009 and 2014 suitable as case 

studies and representative of mainstream approaches to developing low carbon housing. 

Access to PHA’s design and construction teams and contract documents would inform the 

review of these case studies and support or challenge Seyfang’s (2010) conjecture that 

mainstream developer approaches are focused predominantly on legislative, economic 

and technical aspects of low carbon design.  

There are numerous examples of low carbon housing that represent Seyfang’s (2010) low 

impact development approach in west Wales. These examples include: the Lammas 

development (Lammas, 2013) (mentioned in the previous chapter); the quiet earth 

project eco-house using straw bale construction (Shiamh, 2008), in St Dogmaels (see 

Figure 3-1, below); and ‘the hobbit house’ by Simon Dale (Dale, 2013) (see Figure 3-2, 

below). Whilst these projects are all examples of low impact developments there were 

questions about their suitability as case studies because of their idiosyncratic design, 

issues around planning and building regulations approval, and the extent of published 

information available to the author.  

Figure 3-1: The quiet earth project eco-house using straw bale construction in St Dogmaels in 
Pembrokshire, west Wales, UK (Shiamh, 2008) 
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Figure 3-2. The ‘the hobbit house’ by Simon Dale at the Lammas  eco-village, in Pembrokshire, west 
Wales, UK (Being Somewhere n.d.a) 

 

Of the low impact developments that were available to use as case studies an Eco-house 

in Pembroke Dock was selected because of its proximity to PHA’s Britannia Drive scheme, 

it had been published as an Eco-house case study (Roaf et al., 2013) and because the 

approach taken by the designer had potential for being applied to a developer approach. 

The two projects selected as case studies are described below: 
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Figure 3-3: Photograph of the south elevation of Britannia Drive before installation of the PV panels 

 

 
 

 

Figure 3-4: Britannia Drive first floor plan  
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Figure 3-5: Britannia Drive ground floor plan 

 

 
Figure 3-6: Britannia Drive design stage elevations 
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Figure 3-7: 3D design stage view of Britannia Drive South and West elevations 

 

 

• Britannia Drive – The project selected from PHA’s recent developments is located 

on Britannia Drive in Pembroke Dock and reached practical completion in March 

2010 (see Figure 3-3, above). The schemes consists of six semi-detached houses 

and was developed as part of the Welsh Government’s CfSH pilot project 

(described in Section 1.2) and at the time of writing, in 2017, is the only CfSH code 

four property completed by PHA. Drawing on previous experience of developing 

houses to the CfSH and the restrictions of the social housing budget, the design 

team took the decision to use a tried and tested methodology for the building 

fabric and utilised 1.25kW of PV panels to achieve CfSH code level four. Aside from 

the additional micro-renewable technology the development is typical of projects 

developed by PHA with regard to form and fabric construction (see Figure 3-4, 

Figure 3-5, Figure 3-6 and Figure 3-7). Reference to documents such as the ‘Rural 

Housing Economic Viability Toolkit’ (2010) indicates that this project is 

representative of developer led approache to low carbon design and is typical of 

buildings by rural developers in the UK in terms of design and construction. 
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Figure 3-8: Photograph of the south elevation of the Pembroke Dock Eco-house (Howlett, 2012) 

 

 

Figure 3-9: Pembroke Dock Eco-house first floor plan (Howlett, 2012) 
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Figure 3-10: Pembroke Dock Eco-house ground floor plan (Howlett, 2012) 

 

Figure 3-11: Pembroke Dock Eco-house elevations (Howlett, 2012) 
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• Pembroke Dock Eco-house – This project is less than a mile away from the 

Britannia Drive scheme and was undertaken by a self-builder. The development 

consists of two five-person (three bedroom) houses; one for the designer/builder 

and the other to rent (see Figure 3-8, Figure 3-9, Figure 3-10, above). A low carbon 

footprint and affordability were the main aims of this project and because the 

development numbered less than five dwellings it was exempt from the Welsh 

Government requirements to meet the CfSH (Welsh Assembly Government, 

2010a). The two houses were built using straw bale construction with a structural 

timber frame and recycled or low impact materials, wherever possible. A website 

on the eco-houses (Howlett, 2012) explains that they were designed around 

passive design principles so that the living spaces, such as the main bedroom and 

lounge face south, and have large windows to take advantage of passive solar gain 

(ibid) (see Figure 3-11, above). In addition, passive stack ventilation and 

‘breathable’ walls provide ventilation to the houses without compromising the 

insulation (Howlett, 2012). This project is representative of the low-impact; low-

tech solutions which, according to Seyfang (2010), although viable and celebrated 

remain marginal. 

The two schemes are located in the town of Pembroke Dock on the west coast of Wales, 

which is the third largest town in Pembrokeshire, after Haverfordwest and Milford Haven, 

with a population of nine thousand (Pembrokeshire County Council, 2013). The selection 

of two schemes in the same town would mean that they would be subject to the same 

planning, building regulations and micro-climate. However, the semi-structured 

interviews would reveal some key differences in the application of legislation to the 

schemes arising from the size of the developments, the unconventional nature of the 

construction of the Eco-house and the restrictions on social housing landlords. In 

examining these schemes three aspects of their ecological design were explored, which 

were as follows: 
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• Background, Design Approach and Drivers – It was important that these case 

studies consider the social, institutional and cognitive barriers to low carbon 

design (Eco-innovation, 2009) and to do this semi-structured interviews were used 

key members of the design and construction team to investigate these issues and 

identify the main drivers for the approaches taken.  

• Operational Energy – In Section 1.2 it is described how the energy used in homes 

accounts for more than a quarter of the energy use and carbon emissions in the 

UK (DECC, 2011). Heating energy is the most significant energy load in housing and 

accounts for 66% of total energy use of UK housing (ibid). Thus one of the focuses 

of an examination of these case studies would be their heating load. 

• Embodied Energy – It is proposed in Section 2.3.1 that the local specification of 

locally sourced materials will be one of the areas that sustainability may be 

achieved in rural areas. That proposition was not tested in the literature but these 

case studies provided an opportunity to examine two buildings with different 

approaches to embodied energy, both representative of their model, and 

understand the role of embodied energy in low-carbon development.  

3.3 Semi-structured Interviews Data Collection 

The first step in comparing and contrasting the schemes was to understand the drivers, 

obstacles and opportunities that produced the two approaches. A questionnaire for semi-

structured interviews was prepared with questions based around the following themes:  

• Are the final dwellings achieving the standards set by the design? 

• What are the barriers to low carbon design in rural areas? 

• What factors influenced the design of the project?  

• What was the nature of the relationship of the designers with the tenants? 

•  How successful have the designs been in meeting the users’ comfort 

requirements? 

3.3.1 Methodology  
Semi-structured interviews with members of the design and construction team of PHA’s 

CfSH pilot project in Britannia Drive, and the developer of the Eco-house were 

undertaken and a questionnaire, an ethics application, a consent form and an information 

sheet (See Appendix F and Appendix H) was developed for this purpose. The 

questionnaires were subjected to approval by the Ethics Committee of the School of Art 
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and Design at Cardiff Metropolitan University. Copies of the ethics approval and 

questionnaires are provided in Appendix F. The questionnaire itself was designed to last 

between forty minutes to an hour and was divided into five sections, as follows: 

1. Request for contact information;  

2. Questions about the participants general approach to low carbon housing design;  

3. Questions  about influences on the low carbon design of each scheme;  

4. Questions asked about obstacles to each scheme’s development;  

5. Questions about consideration for the building users in the design process.  

A combination of open and closed questions was used for the semi-structured interview 

questionnaires: closed questions were used to establish the theme of each section and to 

provide easily comparable results and open questions were used to provide more 

detailed answers. Interviewees were provided with opportunities to qualify their 

responses to the closed questions at the end of each section; however, in practice, as the 

interviews were recorded, the interviewees generally explained their answers as they 

responded to each question. 

There are certain disadvantages of using open and closed questions. For one thing it can 

make the examination of results more difficult and also there is evidence that using a 

combination of open and closed questions can mean that interviewee’s shorten their 

responses to the open questions (Vitale et al., 2008). However, in practice it provided a 

useful means to raise points in a structured manner that the interviewee might not have 

otherwise considered. This approach proved particularly effective with regard to 

questions about the relationship of the design team with the building users.  

For the closed questions a seven point Likert scale was employed with interviewees asked 

to rate factors such as, for example, 'whether they saw planning policy as an obstacle to 

development' from 1 (“None at all”) to 7 (“A lot”) (Johns, 2010). The open ended 

questions were generally related to the closed questions and asked questions such as ‘Do 

you think that user behaviour will be a significant factor in the energy efficiency of the 

pathfinder houses since construction?’ To overcome problems of consolidating data 

generated by open and closed questions the software package NVivo was used to analyse 

the results.  
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The small sample of seven key members of the design team of Britannia Drive and the 

designer/builder of the Eco-house allowed one-to-one interviews to be employed to 

gather information for this stage of the research. The interviewees were the following 

professionals:  

•  Development Officer 

• Quantity Surveyor 

• Architect 

• Mechanical Engineer 

• Electrical Engineer 

• Clerk of Works 

• Contractor 

• Code for Sustainable Homes Assessor  

Because of the ongoing nature of the research the interviewer had met most of the PHA 

interviewees on previous occasions and there was a good rapport established between 

interviewer and respondents prior to the interview. The fact that the interviewees were 

aware of the research could have resulted in some social desirability bias in responses 

(Marlowe & Crowne, 1961) and there is evidence that it is socially desirable to be seen to 

promote sustainability in the work place (Payne & Raiborn, 2001). However, given the 

context of the research project it would have been difficult to design social desirability 

bias out of the questionnaire and there is evidence that researchers who are familiar with 

their respondents can arrive at a level of understanding that will result in their answers 

being more honest (Miyazaki & Taylor, 2007). In the case of the designer/builder of the 

eco-houses although there had been an exchange of emails in the run-up to the interview 

there had not been the same level of contact as with the PHA design team.  

3.3.2 Results  
As mentioned in the previous section, the nature of the interview topic meant that there 

was potential for social desirability bias; however, the evidence for this is limited to 

responses in the last section about consideration for the building users in the design. For 

example, a socially desirable response was evident in the answer to the question of 

‘whether user attitudes were a consideration in design process?’. One interviewee 

answered that ‘I would like to say yes but I am just trying to think where we actually 

applied that to our design process - I would say yes.’ Un-evidenced responses, such as 
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this, especially when they conflict with other answers, suggested that, in this case, the 

interviewee was providing a socially desirable response. With regard to acquiescence 

bias, whereby the interviewee has a tendency to agree with all the questions or indicate a 

positive connotation, there was evidence of this from one of the participants. However, 

the acquiescence bias of this participant appears to be limited to sections three and four 

of the questionnaire.  

3.3.2.1 What have been the significant influences on the two approaches 

adopted? 

Responses to initial questions indicated that there was a degree of consensus between 

the members of the CfSH pilot project team on the one hand and the designer/builder of 

the eco-house on the other about the cost-effectiveness of low carbon design strategies 

such as passive solar heating, natural ventilation, natural daylighting, improved insulation, 

thermal mass and improved air-tightness (see Figure 3-12 and Figure 3-13). 

Figure 3-12: Perception of the relative cost-effectiveness of design approaches to achieve low carbon 
housing 
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Figure 3-13: Perception of the relative cost-effectiveness of design approaches to achieve low carbon 
housing 

 

Where the participants did differ was in answer to the question of whether they thought 

that their approach differed significantly from the conventional one. There was a 

consensus among most members of the design and construction team of the PHA CfSH 

Britannia Drive houses that it did not differ significantly from a comparable conventional 

house, as described below: 

 “I would say that it doesn't differ greatly… Which is in a sense a good thing 
because you haven't got to push the boundaries and do silly things. You can do the 
low carbon solution with just standard kind of approaches. Obviously the M&E isn't 
standard any longer – but the building form can be very similar.” 

The mention of building form in the quote above is interesting because building form was 

only mentioned in passing with reference to the Britannia Drive project. However, 

building form was described as being central to the low carbon strategy of the eco-house 

for reducing capital costs and operational energy, as explained below: 

 ‘In terms of things like design and keeping house form compact and relatively 
small you're minimising surface area relative to volume and reducing the build 
cost; keeping it affordable.’ 
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In addition to building form the designer/builder of the eco-house highlighted the way in 

which he approached the design as different from a conventional house; as described 

below: 

‘Yes ‐ partly in that it’s an ongoing process… as I started construction I've been 
experimenting and learning from it so it’s been a developing organic process rather 
than the fixed one you'd expect.’ 

The specification of materials as a low carbon approach drew a mixed response from the 

participants and this is significant because the comments highlighted it as one of the key 

differences in approach between the eco-house designer/builder and the developers of 

the Britannia Drive pilot project. Comments by members of the Britannia Drive 

development team explained that they perceived cost as a barrier in the specification of 

materials with low embodied energy; as explained below: 

‘If you’re building a house you're going to speak to Jewsons and they're going to 
give you the most cost‐effective price on a material and are you actually going to 
ask the question of how much energy has it taken to produce that concrete block? I 
don't think you would. If you did you would probably end up paying a bit extra.’ 

Responses, such as the one above, were in contrast to those from the eco-house 

designer/builder who put the use of locally sourced, natural and recycled materials at the 

core of his approach. When asked about the role of material specification in his approach 

to the development of low carbon housing he gave the following reply: 

‘Critical ‐ It can make a huge difference to the fabric of a house. If you look at 
straw build you've got something that's carbon sequestering ‐ you are locking up 
carbon for the lifetime of the building whereas you if you build in concrete or 
cement although it carbonates to an extent you are still taking up… a massive 
carbon footprint.’ 

These responses indicate that whilst there is overlap between the two projects attitudes 

to embodied energy was one area of significant difference, the importance of which 

would become apparent when the embodied energy is calculated in Section 3.4. 

 

 

 

87 



 

Research Design and Methodology 

3.3.2.2 What have been the significant influences on the two approaches? 

The second section of the questionnaire investigated key influences in the development 

of the two schemes; responses to these questions described how the Britannia Drive 

project team and the Eco-house designer/builder considered planning regulations, 

building regulations and the standards set by the CfSH as major influences (see Figure 

3-14 and Figure 3-15). However, the budget was highlighted by the pilot project 

interviewees as the single most significant influence. Comments by pilot project 

interviewees described how the restrictions of the social housing budget combined with 

legislative requirements were influential in the approach PHA took to development:  

“Affordability is really at the forefront of thinking in most cases. We operate on 
very tight margins ‐ I mean our main source of income is obviously the rent which 
is often bench marked… our grant funding comes conditioned with meeting DQR 
[Design Quality Requirements] and the code... budget is really something which... 
is a big issue.” 

Another influence on the development of the Britannia Drive project, mentioned by 

several participants, was experience on an earlier low carbon scheme that went 

significantly over budget. This earlier scheme, described later in this chapter, contributed 

to a desire not to deviate from PHA’s typical approach in terms of building form and 

fabric. Thus, a micro-renewable led design strategy was adopted to meet the pilot 

project's low carbon aspirations despite there being some debate within the construction 

industry, and the design team, about the merits of this approach (Energy Saving Trust, 

2010). This strategy was referred to by several respondents including the interviewee 

below: 

“I think the way we approached it [was] a little like stepping into the unknown ‐ 
going from the BREEAM standard of Eco homes... we stuck with our traditional 140 
stud so the fabric of the building and the general details didn't change too much. 
What we looked upon was the eco‐bling… to achieve code four taking our standard 
unit and looking at… [adding] the PV system and an efficient gas boiler ...  I think 
we probably did the right thing I don't think we did anything wrong ‐ we achieved 
the code in a cost‐effective way... maybe its not the way the [Welsh] Assembly 
[Government] would like us to approach it.” 
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The debate within the construction industry about the viability of a micro-renewables led 

approach was reflected in the responses of the design team of the pilot project. Whilst 

some interviewees defended the approach (as above), others were more critical, 

explaining that if the PV failed, as found by POE on other similar schemes (Pretlove & 

Kade, 2016), it would undermine the scheme’s environmental strategy, as explained 

below: 

“But you think that it has achieved code four, it’s just with the bolt‐ons, with all the 
PV ‐ it’s not really the right approach ‐ is it? Because if the PV fails the house 
doesn't perform with regard to code four and all the aspirations” 

Legislation and budget appear to be of less significance in the design of the Eco-houses, 

than in respect of the Britannia Drive project. This is evident in responses to questions 

concerning how the CfSH was rated as an influence. Members of the pilot project design 

team all rated the CfSH as a significant influence (with a rating of five or more) (see Figure 

3-14 and Figure 3-15); however, the developer of the eco-house chose not to adopt a 

development approach based on the CfSH, despite being a code assessor by profession. In 

emails the eco-houses’ designer/builder described his reasons for not adopting the CfSH, 

citing the way in which he perceived that it favours large developers using standardised 

solutions: 

“The Code is set up to favour larger developers using standardised solutions and 
actively penalises smaller developers and low‐tech, low energy solutions... The 
Green Guide gives rammed earth walls an A+ rating for having a low 
environmental impact, but you can also get an A+ rating for a concrete block wall 
built with cement mortar, despite the immense environmental cost of cement 
production.” 
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Figure 3-14: Perception of the influence of factors in the development of the low carbon design of the 
pilot project houses.  

 

Figure 3-15: Perception of the influence of factors in the development of the low carbon design of the 
pilot project houses.  

 

 

0 1 2 3 4 5 6 7

Budget

Availability of specialist components

Availability of local materials

BRE standards for CfSH

The local micro-climate

Building Regulations

Planning Regulations - National

Planning Regulations - Regional

How do you rate the influence of the following  factors in the development of 
the low carbon design of the pathfinder houses? 

EcoHouse Respondent

Respondent 1

Respondent 2

Respondent 3

Respondent 4

Respondent 5

Respondent 6

Respondent 7

1

2

3

4

5

6

7

Bu
dg

et

Av
ai

la
bi

lit
y 

of
 sp

ec
ia

lis
t

co
m

po
ne

nt
s

Av
ai

la
bi

lit
y 

of
 lo

ca
l

m
at

er
ia

ls

BR
E 

st
an

da
rd

s f
or

 C
fS

H

Th
e 

lo
ca

l m
ic

ro
-c

lim
at

e

Bu
ild

in
g 

Re
gu

la
tio

ns

Pl
an

ni
ng

 R
eg

ul
at

io
ns

 -
N

at
io

na
l

Pl
an

ni
ng

 R
eg

ul
at

io
ns

 -
Re

gi
on

al

Eco-house rating

Pilot project highest rating

Pilot project lowest rating

Pilot Project (mean)

90 



 

Research Design and Methodology 

 

 

3.3.2.3 Obstacles to the Development of the Pilot Project 

With regard to the perception of obstacles it is apparent that the different approaches of 

the Eco-house and the Britannia Drive project produced quite distinct obstacles. In the 

case of the Britannia Drive project, perception of obstacles differed among the members 

of the development team based on each individual’s professional role within the scheme 

(see Figure 3-16 and Figure 3-17). However, there was almost universal agreement that 

development costs were the most significant obstacle, as described in the comment 

below: 

“I'd say development costs are often an obstacle on all schemes that we deal with. 
The problem we have, if I can elaborate on that, is that a lot of the land that we 
source tends to come predominantly from the local authority ‐ former garage sites 
scrappy bits of land which have often not been developed for the reason that from 
time when the local authority used to develop housing it was often deemed to be 
undesirable. Consequently we have a lot of abnormal costs with developing these 
sites.” 

With regard to the Eco-house development costs were also identified as an obstacle but 

not to the same degree as the in pilot project (see Figure 3-16 and Figure 3-17). No doubt, 

part of the reason for this was because the designer/builder of the eco-house was able to 

draw on free and cheap labour and materials, as explained below: 

“Construction has been very cost‐effective at approx. £60,000 to date (£30,000 per 
house) but there's a lot of free labour and time in that… I've found there is a 
wealth of materials available free or cheap; my clay plaster was dug from a 
neighbour's garden (about 10 tonnes of it!), there was some usable stone and slate 
on site and freecycle and neighbours renovations have been a godsend ‐ free 
second hand kitchen cupboard doors, taps and bathroom white goods, left over 
insulation etc. have all found their way to my site.” 
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Figure 3-16: Perception of obstacles to the development of the pathfinder houses 

 

Figure 3-17: Perception of obstacles to the development of the pathfinder houses 

 

0 1 2 3 4 5 6 7

Development Costs

Availability of specialist Construction Skills

Availability of specialist materials/components

Availability of local materials

The procurement route

Lack of knowledge of the design team

Lack of knowledge of the construction team

Building Regulations

Local Planning Controls

Planning Regulations - National

Planning Regulations - Regional

How do you rate the following as obstacles to the development of the pathfinder 
houses? 

EcoHouse Respondent

Respondent 1

Respondent 2

Respondent 3

Respondent 4

Respondent 5

Respondent 6

Respondent 7

1

2

3

4

5

6

7

De
ve

lo
pm

en
t C

os
ts

Av
ai

la
bi

lit
y 

of
 sp

ec
ia

lis
t

Co
ns

tr
uc

tio
n 

Sk
ill

s

Av
ai

la
bi

lit
y 

of
 sp

ec
ia

lis
t

m
at

er
ia

ls/
co

m
po

ne
nt

s

Av
ai

la
bi

lit
y 

of
 lo

ca
l

m
at

er
ia

ls

Th
e 

pr
oc

ur
em

en
t r

ou
te

La
ck

 o
f k

no
w

le
dg

e 
of

th
e 

de
sig

n 
te

am

La
ck

 o
f k

no
w

le
dg

e 
of

th
e 

co
ns

tr
uc

tio
n 

te
am

Bu
ild

in
g 

Re
gu

la
tio

ns

Lo
ca

l P
la

nn
in

g 
Co

nt
ro

ls

Pl
an

ni
ng

 R
eg

ul
at

io
ns

 -
N

at
io

na
l

Pl
an

ni
ng

 R
eg

ul
at

io
ns

 -
Re

gi
on

al

Eco-house rating

Pilot project highest
rating
Pilot project lowest rating

92 



 

Research Design and Methodology 

The building regulations were not perceived as an obstacle by the designers and builders 

of the Britannia Drive project, probably because of the more conventional nature of the 

scheme. However, for the Eco-house the building regulations and how they are applied 

was considered as one of the most significant obstacles, with a rating of six (see Figure 

3-16 and Figure 3-17). The reason for this was described as follows:  

“Basically I think that building regs, although it’s not prescriptive, although it 
should really be about basic principles; building control officers, in my experience, 
are very heavily rooted in what they know and understand. What they like are 
standardised solutions… I think in terms of low impact development it’s a real 
sticking point. What's being imposed by the Welsh Assembly in terms of policy is 
completely unrelated to what is happening on the ground it’s a completely 
different approach and it’s not marrying up.” 

With regard to the Britannia Drive pilot project the building regulations were given low 

ratings as an obstacle (with six of the seven participants giving it a rating of three or less) 

(see Figure 3-16 and Figure 3-17) highlighting that the ‘tried and tested’ solution adopted 

for this scheme was compatible with the standardised solutions favoured by building 

control officers (as argued above). However, the low ratings also indicate that the stricter 

requirements set by the CfSH have replaced building regulations as a legislative challenge, 

as explained below:  

“I mentioned earlier it was almost looked upon that the building regulations is 
something we tend to achieve as the norm. The code is the thing that seemed to 
focus attention... I didn't see building regulations as being a major obstacle.” 

With regard to the availability of specialist materials and the relevant specialist skills it 

was the Quantity Surveyor, the Development Officer and the Architect who perceived 

these to be obstacles on the pilot project. These participants cited as a particular reason 

for this the difficulty of obtaining an installer for the PV who was accredited under the 

Micro-Renewables Certification Scheme (MCS). This would support the premise that 

there is a skills shortage, particularly as PV is a fundamental element of a low carbon 

strategy. The problem with regard to taking advantage of the feed-in-tariff, and its 

implications in gaining revenue, is described below: 

“I suppose at Britannia the problem we have... we didn't have the MCS 
accreditation at the time and we are now sourcing that through another 
contractor so I guess we have now missed out on twelve months of generation 
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tariff so hopefully once we get the other contractor and get certified, we've had all 
the quotations in now, get the generation meters fitted; then yes we will see some 
payback on it.”  

The difficulty in gaining revenue from the feed-in-tariff suggests that in the short term 

one of the advantages of adopting a micro-renewable led approach has partially been 

negated. In addition, an issue surrounding the installation of the photovoltaic panels on a 

scheme that is dependent on its micro-renewable technologies to meet its low carbon 

objectives raises questions about their performance. However, the pilot project team 

reported that the conventional nature of the house meant that the sourcing of specialist 

materials had not been a problem, as explained in the comment below: 

“No ‐ Because it was timber frame ‐ a pretty standard construction… I'm just 
thinking more of the M&E whether that was influenced... [by a lack of materials] 
because we had the bolt‐ons ‐ it really wasn't... it wasn't an obstacle.” 

In contrast to the Britannia Drive project, the sourcing of specialist materials for the eco-

houses was rated alongside development costs as the second most significant obstacle to 

the development. The reason for the high rating is explained below: 

“Thinking back what I found was using ecological materials there is very much a 
right and wrong time of the year to be for looking for some things. So with straw 
it’s harvested in August ‐ if you start looking in February after a hard winter it can 
actually be very difficult to get hold of it. Things like the hazel rods that you use for 
reinforcing the walls ‐ coppicing stops at the end of March so if you're looking in 
April it can be a real job to find any significant quantities.... So yes availability of 
materials can be an issue.” 

In the ‘Ecohouse’ book (Roaf et al., 2013) it is explained with that sourcing natural 

materials often requires more planning than standard off-the-shelf materials due to the 

seasonal nature of growth and harvest cycles and that there is often a small window of 

opportunity for ordering freshly baled straw, coppiced wood, sheep’s wool and other 

materials (ibid).   

3.3.2.4 Consideration for the Building Users in the Design Process 

The literature case studies in Section 2.4 highlighted that building users can play a 

considerable part in the final energy performance of a project (Combe et al., 2011; Janda, 

2011) and also that design can be a tool to influence user behaviour (Lockton & Harrison, 

2009; Bioregional, 2016). The final set of questions elicited that consideration of many 

94 



 

Research Design and Methodology 

aspects of user behaviour had been neglected in the design of the pilot project, that is, 

apart from provision of a home user guide, and to a lesser extent specification of simple 

control systems. Of the thirty-five answers provided by the participants involved in the 

pilot project in this section fifteen were given a one rating meaning that the interviewee 

believed that the particular item had not been considered (see Figure 3-18 and Figure 

3-19).  

Figure 3-18: Consideration of user behaviour in the development of the pilot project houses 

 

Figure 3-19: Consideration of user behaviour in the development of the pilot project houses 
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In the case of the eco-house the role of user behaviour on building performance was 

complicated by the fact that the designer/builder would be living in one of the properties 

and renting the other. Nevertheless the developer believed that the nature of the eco-

house would influence its tenants as high levels of insulation would reduce heating 

demand, although he conceded that he would be trying to rent the house to someone 

environmentally conscious; as explained below:  

“I think that that you can influence user behaviour by increasing levels of insulation 
so that even if they do want it warmer it’s not going to take that much energy to 
keep it warmer. But obviously if someone moves in and cranks up the thermostat 
so that it is 30 degrees all the time then obviously it is going to have a bearing on 
energy efficiency… I think also that it will tend to be someone more 
environmentally conscious who is going to want to rent a house like that and who 
I'd be more comfortable renting a house like that.” 

The designer/builder of the eco-house explained the importance of choosing someone 

environmentally conscious in the quote below: 

“I think it is a more sensitive type of housing ‐ if you get water into the middle of a 
straw wall somehow that could cause a serious issue and you can't go slapping 
emulsion paint on the walls because that would stop it being breathable but yes it 
is a sensitive house that needs to be treated properly but if you treat it properly it 
will look after you.” 

That the designer/builder of the eco-house is in a position to choose environmentally 

conscious tenants contrasts with housing associations, such as PHA, who often have to 

contend with tenants who have little or no interest in a particular house’s energy saving 

features, reflects the importance of occupancy focus on development strategies. One 

interviewee from PHA made this comment:                                                             

“I think that the other issue is that because the tenants don’t pay for this 
equipment to go on their building they're not that interested in it. If you were 
putting this [PV] on your house you would research it a little bit to see what 
benefits you're going to get from it, you would be keen to see that the system is set 
up to run in the most efficient way possible but because they have no financial 
commitment to it to be honest they're not that bothered with it.” 
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These two sets of responses emphasis the important role that the building users can play 

in the development of approaches to low carbon dwellings. Because the designer/builder 

of the eco-house had some control over the tenancy this provided him with a degree of 

freedom to develop a more ‘sensitive’ design while PHA (without that control) were 

limited to systems that require minimal engagement with the users, such as PV.  

3.3.3 Discussion 
The results of the interviews with the design team confirmed the findings from the 

literature review about the problems associated with developing low carbon schemes on 

a social housing budget in a rural area of Wales. The results demonstrated that 

development costs, and especially capital costs, are the primary concern and it likely that 

budget will continue to be a significant factor in the development of low carbon dwellings 

in England and Wales (Osmani & O'Reilly, 2009). The findings, supported by the literature, 

indicate that many house builders will take a path of least economic resistance in the 

development of low carbon schemes (ibid). Thus, the approach taken by PHA, which 

relied on micro-renewable technologies and, in particular photovoltaic panels, to meet its 

low carbon targets, could be indicative of future affordable housing strategies. 

Interview responses identified that passive design approaches, used on the Eco-house 

and in the literature case studies, and recognised as significant and cost-effective early in 

the semi-structured interviews, had been disregarded in the development of Britannia 

Drive in favour of an approach to meet CfSH and SAP as cheaply as possible. This opinion 

and the extent to which the scheme was driven by costs was expressed in the sentiment 

below: 

“The only reason why they're putting them in [energy saving technologies] now is 
because they can't achieve the code for sustainable homes ‐ they can't achieve the 
ratings without putting them in and that's driving it rather than anything else. 
Rather than thinking well if we put them in it would be better for our tenants... 
Because everything is driven by cost so if it wasn't for the fact that we have no 
choice ‐ if we had a choice they wouldn't put it in just on the grounds of cost… I 
think we're designing to achieve a code pass and that's what I was saying earlier 
about they need to rethink the whole design – for it to start including some of 
these things into the design… light levels and laying the site out to work best with 
the way the sun is shining and everything else I don't think any of that gets 
thought about at all and... you need to start doing that to make some of this stuff ‐ 
the more cost‐effective stuff work.” 
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3.4 Embodied Energy Calculations  

The literature review (Section 2.3.1) outlined arguments that locally sourcing construction 

products in rural areas (Countryside Agency, 2004; WRO, 2004; Roshanfekr et al., 2016) 

could help to stimulate the economy and reduce carbon emissions. However, these 

sources failed to offer evidence to quantify the associated potential savings in capital 

cost, embodied energy and embodied carbon. The semi-structured interviews provided 

evidence for savings in capital cost through the use of materials immediately available on 

or near the site, such as stones for the foundations and clay excavated from a 

neighbouring garden but further research would be required to see how these strategies 

would translate into savings in embodied energy and carbon. Menzies (2011) and 

Hammond (2011) argue that tighter energy standards, cleaner fuels and legislation 

improving the building fabric of new homes (see Section 2.2.1), reducing operational 

impacts, mean that the energy required to manufacture and transport building materials, 

known as embodied energy, will become a more significant proportion of overall building 

energy use and should be more closely monitored in legislation.  

The semi-structured interviews identified an awareness of embodied energy in the 

construction of both schemes; however, whilst the designers and builders of Britannia 

Drive saw the specification of local materials and materials with low embodied energy as 

costly and peripheral to their approach the designer/builder of the eco-house regarded it 

as fundamental aspect of low impact development and important for reducing carbon 

emissions and reducing costs. Embodied carbon and energy had been considered on both 

projects, with reference to the Green Guide and the requirements of the Code for 

Sustainable Homes on Britannia Drive, and through the overall approach on the Eco-

house. However, neither project had conducted an audit of embodied energy and carbon. 

This omission created research opportunities to assess the embodied energy and carbon 

of the two schemes and consider the overall impact on energy use of specifying locally 

sourced and natural materials. 
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3.4.1 Methodology 
The calculation of embodied energy and carbon has gained in significance and numerous 

methods have been devised for the calculation of carbon and energy in building materials 

(Lockie & Berebecki, 2012; Atkins, 2010; Environment Agency, 2013). In addition, a 

number of different embodied energy databases have been developed; some, such as the 

Green Guide (Anderson et al., 2009), have been criticised for a lack of transparency 

(Denison & Halligan, 2010) and for the unreliability of their sources (Dixit et al., 2010). To 

account for embodied energy and embodied carbon of the two schemes in this study a 

transparent, robust and reliable database would be required that covered a range of 

construction materials, including non-standard materials such straw and lime render. 

After considering a number of options the Inventory of Carbon and Energy (ICE) database 

was chosen. The ICE database is the product of a research project at the University of 

Bath funded by the Carbon Trust and the Engineering and Physical Sciences Research 

Council with the aim to assess the implications of embodied energy and carbon in 

construction for new UK buildings (Hammond & Jones, 2011). 

The use of ICE database determined the methodology adopted for the calculations 

because it is based on the energy used in manufacture and does not consider end of life 

options for materials, such as recycling or landfill (Hammond & Jones, 2011). As a result 

this became a cradle-to-gate study considering the energy and carbon that went into 

making materials and transporting them to site; thus end-of-life options were not taken 

into account in the results. Using some databases materials with a high embodied energy 

can have their impact on the environment reduced by assuming that they will be recycled 

at the end of their life; this was not the case with in the ICE database. In addition, the 

ability of some materials to sequester carbon which include timber and other natural 

materials (Slee, 2009), and to a lesser extent lime and concrete, which can carbonate on 

their surface, was disregarded. Thus there was an assumption using the ICE methodology 

that any carbon locked in the material would be released at the end of the building’s life. 

The ICE literature maintains that the inclusion of carbon storage benefits can result in 

negative embodied carbon factors and, more significantly, that there are many possible 

end-of-life scenarios for materials (e.g. incineration, landfill and reuse) making it hard to 

predict what will actually happen to many materials (Hammond & Jones, 2011).  
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One question that this study would examine was whether materials transported a long 

distance would have more impact, use more energy and release more carbon, than local 

alternatives. In many cases it proved difficult to source information on exactly where a 

product had originated mainly because this study was conducted four years after the 

completion of the Britannia Drive project. In the cases where a specific manufacturer 

could not be identified travel distances were based on the number of kilometres to the 

nearest known manufacturing base of a particular material or by reference to suitable 

industry statistics on the transportation of materials. For example, in the case of 

aggregates for Britannia Drive it was difficult to identify a local supplier and so the 

Mineral Products Association average transport distance was employed which was 38km 

(Hammond & Jones, 2011). It is acknowledged by the author that this approach was 

imprecise but for the purposes of a comparative study of two projects the use of these 

measures represented a practical solution.  

The study began by collecting an inventory of items based on drawings, specifications and 

semi-structured interview responses. Calculations were then performed manually using 

excel spreadsheets. The advantage of this approach was that it provided a degree of 

flexibility inputting the data; however, it meant that completing a full embodied energy 

and carbon assessment counting the energy and carbon of every element was a time 

consuming process. In accordance with the recommendations of the ICE literature, a 

balance between the required accuracy of the results and the time available to complete 

the study was achieved by first accounting for the processes and products that were most 

significant and then applying the Pareto Principle to the remaining items.  The Pareto 

Principle states that roughly 80 percent of the embodied energy and carbon comes from 

20 per cent of the products. In practice this principle meant applying a twenty percent 

increase to the results to account for the smaller items such as wall ties, door handles, 

hinges etc. (Hammond & Jones, 2011). 
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3.4.2 Results 
An initial analysis examined the embodied energy of major elements of the two schemes 

on a square metre basis to provide insights into the relative impact of the material 

specification on embodied energy. These figures were then multiplied by the external 

surface area of major elements, like walls, floors or the roof; their overall length in the 

case of linear elements, like guttering and strip foundations; or individual repeat 

components like windows and doors and external works to calculate the overall total 

embodied energy of an element. 

3.4.2.1 Britannia Drive  

The Britannia Drive development used a range of materials typical of developers in the UK 

(Rural Housing Economic Viability Toolkit, 2010; Hatherley et al., 2012b). The external 

walls consisted of 140mm deep timber studs in-filled with mineral wool insulation for the 

inner skin and a rendered 100mm blockwork outer skin, the ground floor used beam and 

block floor construction, the internal walls were plasterboard lined timber stud internal 

partition walls and the loft and first floors consisted of mineral wool insulated layers 

between timber studs and rafters. An analysis of the embodied energy of major 

construction elements on a square metre basis revealed the following: 

• Ground Floor - The ground floor slab was, on a square metre basis, the most 

energy intensive element of the house mainly due the quantity of concrete used 

for the beam and block floor (see Figure 3-20). The most extensive element of the 

ground floor was the aggregate (0.083 MJ/kg) and the weight of the material and 

other heavyweight construction elements like the slab and the floor screed meant 

that this construction was sensitive to transport emissions. Thus, the decision to 

use the Mineral Products Association average transport distance of 38km, which 

assumed that the aggregate would be sourced locally in Pembrokeshire, 

contributed greatly to relatively low transportation energy emissions for these 

heavy elements even though the transport emissions were twice as high as any 

other construction. 
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• Roof – The roof was the second most carbon intensive element of construction 

(see Figure 3-20). The high carbon and energy value was down to the specification 

of fibre cement slates for the roof. Whilst the slates were a lightweight element, 

and thus had low transport energy emissions (see Figure 3-21), the high energy 

value of fibre cement tiles (792.54MJ per m²) contributed greatly to the overall 

energy value of the roof. In fact, the fibre cement tiles had the highest embodied 

energy per square metre of any single item. (By comparison the second highest 

item was the carpet on the first floor with 196.35MJ per m²) on the project. It is 

likely that the fibre cement slate was specified in order to facilitate planning 

consent; however, it is suggested that if another material was substituted for fibre 

cement tiles in future it could achieve significant savings on embodied energy on 

schemes by PHA and others.  

• External Wall – In the case of the external wall it was decided for purposes of 

calculation to separate the two main elements of the walls, the blockwork outer 

skin and the insulated timber inner skin to compare their respective embodied 

energy and carbon. Like the ground floor slab the embodied energy of the 

blockwork element of the external wall was sensitive to transportation due to the 

weight of the material and as Figure 3-21 shows it has the highest proportion of 

transport energy. However, as with the ground floor slab it should be noted that 

assumptions were made about transportation due to a lack of information. In this 

case it was assumed that the blocks would be transported from manufacturers in 

South Wales such as WDL Concrete Products in Aberdare and Gryphonn in Gwent. 

However, a cheaper quote from a manufacturer in England would mean that the 

blocks could have been transported further; conversely, a block manufacturer in 

Pembrokeshire, able to provide locally manufactured blocks at a competitive rate, 

would have reduced transport emissions.  

• First Floor and Loft Floor – The first floor was the third highest embodied energy 

per square metre of construction mainly because of the use of plasterboard, 

particleboard and carpet (see Figure 3-20). The first floor had an almost identical 

construction to the loft floor apart from the addition of the carpet layer. The 

carpet was a lightweight element, and thus had low transport energy emissions, 

but used a significant quantity of energy in manufacture which resulted in a value 

of 196.35MJ per m² for this element. 
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• Internal Walls – With regard to the internal walls this construction had low 

embodied energy due to the use of timber, rather than aluminium studs (see 

Figure 3-20), and the lightweight nature of the element, which resulted in low 

transport energy emissions (see Figure 3-21).  

Figure 3-20: Britannia Drive energy emissions by square metre of construction 

 

 

Figure 3-21: Britannia Drive energy emissions per square metre by proportion of transport energy  
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3.4.2.2 Eco-house 

As a project based on low impact development principles the Eco-house was designed to 

reduce embodied energy through the use of local and natural materials. Thus, the house 

used the following in its construction: rubble from site clearance; wood from trees on or 

near the site; construction waste and excess materials from nearby building projects and 

renovations including kitchen cabinets; off-cuts of wood and slate rubble; bathroom 

fittings and a variety of reused insulation (Roaf et al., 2013). In addition, low impact and 

recycled materials were also used such as: old car tyres for the foundations; straw bales 

for the walls lined with locally sourced clay; and old industrial overalls for the acoustic 

insulation in the walls. For the internal finishes on-site fabrication was employed such as 

wood plank doors with timber Suffolk latches made with off-cuts of site timber (see 

Figure 3-22 below) (ibid).  

Figure 3-22: Pembroke Dock Eco-house drawing of Suffolk latch (Howlett, 2012) 

 

As explained earlier, it was not possible to account for many of the smaller items, such as 

the Suffolk latches, directly in the calculations and the Pareto Principle was applied in 

these situations. As the low impact development approach using pre-used, recycled and 

natural materials was applied as rigorously to significant items, like walls and floors, as to 

smaller items, like latches, there was no need to adjust the figure of 20%. (However, if a 

developer had applied a different approach at the level of fixtures and fittings then the 

20% might have required adjustment).  An analysis of the embodied energy of major 

construction elements on a square metre basis revealed the following: 
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• Ground Floor - The ground floor of the Eco-house achieved significant savings in 

embodied energy. The lightweight ground floor construction of timber frame in-

filled with insulation meant that the only new concrete used on site was 35 

precast paving slabs (one under each tyre pier) (see Figure 3-22 and Figure 3-23). 

The use of this construction method significantly reduced the embodied energy to 

492 MJ per m² which was less than half of the figure of 1104 MJ per m² for the 

Britannia Drive houses (see Figure 3-25 and Figure 3-26). 

 

Figure 3-23: Pembroke Dock Eco-house detail section through tyre foundation (Howlett, 2012) 
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Figure 3-24: Pembroke Dock Eco-house illustration of tyre foundation (Howlett, 2012) 

 

• Roof – The use of recycled slate tiles achieved significant energy savings over 

Britannia Drive. The use of fibre cement tiles contributed greatly to the energy 

used in the manufacture of the Britannia Drive roof and substituting this material 

with recycled slates, as on the Eco-house, which had no embodied energy used for 

manufacture, substantial savings in embodied energy were achieved (see Figure 

3-25 and Figure 3-26).  

• External Wall – Significant energy savings in embodied energy for this 

construction were achieved over Britannia Drive through the use of natural 

materials. The semi-structured interviews revealed that the straw bales used for 

this project were sourced from Buckinghamshire, rather than in west Wales, which 

meant that this material used more transportation energy than any other element 

used on the Eco-house (see Figure 3-26). However, the lightweight nature of the 

material meant that the transport energy values were lower than those of the 

blocks and render used on Britannia Drive, even though it was assumed the latter 

been transported from locations in south Wales. In the book: Ecohouse (Roaf et 

al., 2013) the lime render as used on the external walls is described as the ‘biggest 

baddie’. However based on the calculations of this study, the embodied energy of 

the lime render is low compared with the other elements. This is because of its 
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light weight compared with other elements such as the timber frame, which is 

more significant in energy terms.  Finally, it was explained in the semi-structured 

interview that the internal finish of the external wall was clay excavated from a 

neighbour’s garden. There was no data available on the energy used in the 

extraction of clay so assumptions had to be made about the embodied energy of 

this material. Although there is information on fired clay products such as bricks 

and tiles it is irrelevant because energy is consumed in their production which is 

not the case with the raw clay that was merely excavated and hand applied. 

Eventually low end values for the extraction of aggregate were employed as a 

point of reference for this material based on the assumption that some form of 

mechanised equipment was used to extract it; however, no energy was attributed 

to its transportation.  

• First Floor Ceiling and Floor – The embodied energy and carbon of these two 

elements was almost equal to Britannia Drive because they were of almost 

identical construction and on the Eco-house these were the most energy intensive 

constructions in terms of embodied energy per square metre (see Figure 3-25). 

This was because of the use of materials such as plasterboard and particleboard 

which had rates of embodied energy of 118 MJ/m² and 56 MJ/m² respectively and 

a timber frame with 84MJ/m². Like Britannia Drive the first floor had an almost 

identical construction to the loft floor with the main difference being the addition 

of a carpet layer. Indeed, at 196 MJ/m² the carpet had the single highest 

embodied energy of any construction element on the Eco-house. It should be 

noted that the figures for the embodied energy for the eco-house carpet were 

taken directly from ICE database in the absence of information about the product 

used by the builder of the Eco-house, such as recycled carpet, which would be 

consistent with the philosophy of the project. However, a decision not to 

substitute these values for lower ones to reflect the use of natural materials was 

taken because Crawford (2011) indicates that some natural alternatives to 

synthetic carpet can use more embodied energy and wool carpet requires more 

energy to manufacture than that required to produce nylon carpet (ibid). 

Crawford’s study highlights the debate that exists around life-cycle costing and 

that in certain situations natural materials can have more embodied energy than 

equivalent synthetic materials. 
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• Internal Walls – One of the features of the construction of the Eco-house was its 

use of recycled materials. On the roof the use of recycled roof slates achieved 

significant savings in energy compared with the Britannia Drive Houses and the 

internal walls used old overalls to replace the mineral wool insulation which 

provided acoustic insulation. However, the calculations indicated that when 

compared with Britannia Drive this substitution of materials did not provide a 

significant saving in embodied energy, even though the overalls were assumed to 

have no energy component (see Figure 3-25 and Figure 3-26). This was because 

the lightweight and low energy component of the mineral wool insulation with 

which the overalls were compared only amounted to 17 MJ/m².  

 

Figure 3-25: Eco-house energy emissions per square metre of construction 

  

Figure 3-26: Eco-house energy emissions per square metre of construction 
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3.4.3 Total Embodied Energy 
Finally the total embodied energy of each project was calculated taking into account the 

following: the major elements, described above; linear elements such as guttering and 

strip foundations; individual repeat components like windows and doors; and external 

works, like paving. Figure 3-27, below, shows the total embodied energy used to 

construct each of the two case study houses when all of these items are taken into 

account. Figure 3-27 shows that the total embodied energy of the Britannia Drive case 

study building was 288 GJ. The Eco-house using a less conventional approach, and natural 

and locally sourced materials, used 128 GJ (see Figure 3-27). The reduction of 160 GJ 

means that the Eco-house has less than half of the embodied energy of Britannia Drive.  

Figure 3-27: Comparison of Embodied Energy of the two projects 

 

Figure 3-28 shows the breakdown of the embodied carbon by building construction for 

the two case study projects. The embodied carbon results are similar to the embodied 

energy calculation results; however, whereas the highest contributing element to the 

total embodied energy was the external walls on Britannia Drive, when the embodied 

carbon was examined this became the ground floor slab and foundations. The reason for 

this is that embodied carbon is not merely a function of the emissions of energy 

generated during manufacture of a material but also includes other emissions from 

manufacturing processes such as the calcining of limestone during cement manufacture 

and the emission of greenhouse gases such as methane, nitrous oxide and HCFCs 

(Anderson, 2011). As a result of factoring in these processes the impact of the concrete 

used in the foundations and the ground floor slab increased significantly. The concrete 

0 100000 200000 300000 400000

Ecohouse

Britannia
Drive

Total Embodied Energy (MJ) 

Slab and Foundations
Total
Timber Floor/Ceiling Total

External Wall

Wall - Internal

Roof

Doors Total

Windows Total

109 



 

Research Design and Methodology 

industry maintains that the CO2 released in manufacture is partially reabsorbed in the life 

of a building even when the concrete is underground as in foundations, but as mentioned 

before, the sequestration of carbon was not included in these calculations so these 

effects were not taken into account (Haselbach, 2013).  

Figure 3-28: Comparison of Embodied Carbon of the two projects 

 

The auditing of embodied energy can take several forms using different databases, 

methodologies and boundary conditions for benchmarking the results. As a result 

estimates of embodied energy can vary considerably: results by Monahan and Powell 

(2009) Fuller et al. (2009) found a house built in 2009 with a floor area of 233.5m² had an 

embodied energy of 7.97GJ per m² of embodied energy; while higher estimates for the 

embodied energy of residential buildings have been calculated, with Fay et al. (2000) 

indicating that a 128m² double storey brick veneer house can have an embodied energy 

of 14GJ per m²; and Treloar et al. (2000) estimated that a 123m² double storey brick 

veneer house on a concrete slab house would have an embodied energy of 11.7 GJ per 

m². The scope of variation in the results of embodied energy analysis by other researchers 

suggested that the most practical means of benchmarking the case study houses would 

be against other schemes using the ICE data and methodology. 
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Table 3-1 Benchmarking of the two projects against the ICE database 

Building Type  Percentage 
of new 
properties  

Average 
Floor Area 
(m²) 

Embodied 
Energy (GJ) 

Embodied 
energy 
(GJ/m2) 

Embodied 
Carbon (tonnes 
CO2) 

Embodied 
carbon 
(kgCO2/m2) 

Apartment     (4 
storey building)  

24 

 

50 

330 6.6 24 480 

Apartment (3 
storey building) 315 6.3 23 460 

Terraced House  20 68 330 4.9 25 370 

Semi-Detached  15 76 410 5.6 31 425 

Bungalow 
(Detached)  11 76 620 8.2 47 620 

Detached  31 125 690 5.5 51 410 

Eco-house n/a 110 222 2.0 12 109 

Britannia Drive n/a 96 496 5.1 33 344 

 

The ICE methodology has been applied to a number of domestic building case studies and 

using the results from this analysis benchmarks have been set for a range of dwelling 

types including detached and terraced houses, bungalows (detached), and apartments 

(three storey blocks and four storey blocks) (Hammond and Jones, 2007). Based on these 

benchmarks Britannia Drive is typical of its category while the Eco-house is exceptional 

with levels of embodied energy at a fraction of the other building types (see Table 3-1). 

3.4.4 Discussion 
A question this study aimed to address was to what extent could the local sourcing of 

construction products in rural areas be a means to reduce carbon emissions? This study 

was able to answer this question as follows: 

• On a standard project such as Britannia Drive materials with potentially high 

transport energy, such as aggregate and masonry, were generally locally sourced. 

The caveat to this conclusion is that there was a lack of data on the transport of 

materials used on Britannia Drive and assumptions were made about the travel 

distances of materials such as masonry and aggregate. Nevertheless, this result is 

in accordance with the ICE inventory, which explains that despite receiving much 

attention transport is often a relatively minor contributor to the embodied carbon 

of a project (Hammond & Jones, 2011).  
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• The Eco-house was able to take advantage of local sourcing of materials to reduce 

carbon emissions but these materials were frequently sourced from the site itself 

or nearby. Based on the semi-structured interviews a commercial developer, even 

a social housing developer, could count on the good will of local individuals in 

donating materials, such as clay and site waste, or take advantage of the site 

resources to follow the Eco-house approach to obtain these savings in embodied 

energy (see section 3.1). Moreover, while this approach saved money and carbon 

questions arise about to what extent it contributed to the development of the 

local economy as envisioned by the Countryside Agency (2004) and WRO reports 

(Kitchen & Marsden, 2006). 

• In the case of the Eco-house significant elements of the construction such as the 

straw bales or the timber frame could not at the relevant time be sourced locally. 

These are the sorts of agrarian materials advocated by the Centre for Advanced 

and Renewable Materials for the development of local industries (CARM, 2002) 

(see Section 2.3.2). However, it was also apparent from the calculations that 

although materials like straw bales were not sourced locally that did not have a 

significant impact on the total embodied energy of the project because of the 

lightweight nature of such materials.  

• The calculations indicated that there were more effective ways to reduce 

embodied energy than locally sourcing materials for instance substituting high 

embodied materials for lower energy alternatives or designing out energy 

intensive construction elements. To give a specific example, substituting clay tiles 

for fibre cement roof slates could have produced significant savings in embodied 

energy on Britannia Drive as would designing out concrete foundations and a 

concrete floor slab, which were replaced with recycled tyre foundations and 

lightweight ground floor on the Eco-house. 

As mentioned in the semi-structured interviews (see Section 3.3), embodied energy was 

not high on the agenda of the designers of Britannia Drive and so there was scope for 

embodied energy savings without significantly changing the design by substituting 

materials for example, if cement fibre tile were replaced with recycled slates this would 

produce more significant savings in embodied energy. This result confirms research by 

Giesekam et al. (2016) indicating that embodied energy is not seriously considered in the 
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design of buildings using the mainstream developer model. This was confirmed in study 

by Green Gauge Homes which found that when renewable materials replaced more 

standard materials the embodied energy was reduced by 28% (Green Gauge Homes, 

2012). This saving is significant and, if a similar reduction could be achieved on Britannia 

Drive then a figure of 371GJ could be expected. However, it should be noted that the 

figure of 371GJ  is still some way behind 222GJ for the Eco-house and this indicates that 

fundamental design level decisions are required to make deep cuts (in excess of 50%) in 

embodied energy rather than substitution of materials.  

This study confirmed that it is difficult to compare the results of projects when the same 

methodology is not used for each project. The only practical means of benchmarking the 

case study houses was against other schemes using the same data inventory and 

methodology; which in this instance was by the authors of the ICE data (Hammond & 

Jones, 2007). The lack of a consistent methodology applied across the industry for 

assessment of embodied energy is partly because current legislation has focused on 

operational energy and it seems likely that if, as predicted by various authors, embodied 

energy will gain in significance in reducing carbon dioxide emissions then a standard 

national procedure will be adopted for measuring it. This has already happened for 

operational energy through SAP. The lack of consideration for embodied energy on the 

Britannia Drive scheme along with potentially 371GJ of energy savings through 

substitution did highlight that the Green Guide, and by extension the CfSH, is ineffective 

in encouraging reductions in the embodied energy of new developments.  

For benchmarking embodied energy savings the Eco-house is significant as a case study 

because the savings were so great compared to other projects of its type. However, a lack 

of information on the embodied energy of other low impact development schemes 

means it is difficult to determine how the Eco-house might compare to other projects 

using this approach. In contrast to Britannia Drive, where significant energy savings could 

be made by substitution of materials, it appeared that the only way further savings in 

embodied energy on the Eco-house could be achieved would be by local sourcing of straw 

or timber; but as has already been pointed out, reductions in the transportation energy of 

these relatively lightweight materials would have a limited impact on embodied energy.  
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This study highlighted the potential benefit of specifying lightweight materials to reduce 

embodied energy and bodies like the United Kingdom Timber Frame Association (UKTFA) 

are keen to promote lightweight construction on this basis (UKTFA, 2009). However, 

initial results from the dynamic thermal modelling, described in the next section, 

indicated some benefit to applying thermal mass in construction for reducing heating 

load (see Section 3.5) and the case studies suggested using thermal mass, hempcrete on 

Clay Fields and internal blockwork on BedZED, was important for maintaining thermal 

comfort. When combined these results indicate the need to find a balance between 

reductions in embodied energy achievable through the specification of lightweight 

construction and the desirability of locally sourced thermal mass to maintain comfortable 

internal conditions and reduce heating load. 

3.5 Operational Energy 

In the introduction it is described how energy used in homes, described as operational 

energy, accounts for 27% of energy use and carbon emissions in the UK and 31% of this 

was attributed to space heating (NHBC 2009; DECC, 2011). In assessing operational 

energy of the two schemes a decision was made to focus on regulated load in the form of 

space heating rather than unregulated loads such as electrical items. There are numerous 

factors affecting the space heating of a home including: the external climate, the heating 

system, fabric heat losses, building fabric make-up, local climate, air exchanges and 

ventilation systems. These factors vary in their significance depending on the type of 

house and where it is but the key question for this study was how would these 

parameters influence the operational energy of the two schemes? 

3.5.1 Methodology  
Computer simulation can provide a convenient, cheap and predictor of energy use for 

each building. The use of computer simulation for this study meant that assumptions had 

to be made about factors affecting operational energy, including: heating loads; and build 

quality, each of which the literature case studies (see Section 2.4) indicated could have 

significant impact on energy use. However, the use of computer simulation meant that 

occupant lifestyle factors, such as when the building users are present in the property or 

when they put their heating on (commonly known as occupancy profiles), could be kept 

as a constant in a way that that would be impossible in an inhabited property, which 

would be useful when comparing two houses.  
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The computer simulation technique that was used to assess the energy use of the two 

projects was dynamic thermal modelling. Dynamic thermal modelling would form a major 

part of this research project and discussions about the choice of this technique will be 

provided later in this chapter. Dynamic thermal modelling uses mathematical equations 

to model the heat flows around a building and is commonly used for energy assessments 

of un-built schemes, such as in the case study of Clay Fields (see Section 2.4). Models of 

the Britannia Drive project and the Eco-house were built in the dynamic thermal 

modelling software IESVE (Integrated Environmental Solutions Virtual Environment) (see 

Figure 3-29, Figure 3-30, Figure 3-31 and Figure 3-32) and the heating load (the amount of 

energy required to keep the house comfortable during the heating season) and thermal 

comfort (the length of time in which temperatures would be considered comfortable for 

occupant using standard measures of assessment) of the two schemes were compared. 

The IESVE software combines several individual programmes and for this analysis, 

MODELIT was used to build the house models, SunCast was used to calculate the solar 

shading and Apache used to perform the dynamic thermal simulations. 

Figure 3-29: Britannia Drive IES model south elevation 

 

Figure 3-30: Britannia Drive IES model north elevation     
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Figure 3-31: Pembroke Dock Ecohouse IES model south elevation 

 

Figure 3-32: Pembroke Dock Ecohouse IES model north elevation 

 

3.5.2 Approach to Modelling Building Form and Fabric 
Two of the most significant factors influencing energy use are building form and fabric 

(Catalina et al., 2011) and this is why legislation, such as the Approved document Part L 

(described in Section 2.2.1) and standards such as PassivHaus, described in Section 2.3.2, 

focus on these aspects of building design. A building’s form can influence energy usage in 

a number of ways such as:  

• the quantity of floor area to external surface area;  

• site layout;  

• the use of buffer spaces;  

• the orientation of a building and placement of windows to take advantage of solar 

gains.  
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The two schemes examined used a semi-detached building layout and so unlike the 

terraced dwellings, described in the literature case studies, these buildings would lose 

heat through their gable ends. The Eco-house had a compact form with a floor area of 

131.6m², an external wall surface area of 119.3m² and a volume of 389.7m². Britannia 

Drive had a floor area of 98.0m², an external surface area of 125.6m² and a volume of 

256.0m². The Eco-house also made use of a buffer space by attaching an unheated shed 

to the gable end of the house. Both houses had a north-south orientation with higher 

levels of glazing to the living spaces on the south façade to take advantage of passive 

solar heating gains. The Eco-house had 54.4m² of window in the south façade while 

Britannia Drive had 51.7m² on the façade. Both of the schemes had roof-overhangs which 

would provide some shelter from excessive solar gain to the first floor bedrooms. All of 

these characteristics of the building form were incorporated into the IESVE models (see 

Figure 3-29, Figure 3-30, Figure 3-31 and Figure 3-32). 

The two projects had significantly different building fabrics, especially in terms of their 

wall construction. Britannia Drive used PHA’s standard wall construction which consists of 

140mm deep timber studs in-filled with mineral wool insulation for the inner skin and a 

rendered 100mm blockwork outer skin, and as described in the semi-structured 

interviews (see Section 3.3). The construction of the Eco-house walls was consistent with 

standard straw bale construction techniques, and consisted of 450mm thick straw bales 

with 25-50mm clay and chopped straw on the inside face and 25-50mm lime and sand on 

the external face of the wall (Amazon Nails, 2001; Nowak & Kolaczkowski, 2016). The two 

schemes had significantly different ground floor construction: Britannia Drive used a 

beam and block floor above a raised void; whilst the Eco-house used a raised timber floor. 

The internal walls of both schemes consisted of insulated layers between timber studs 

and the internal upper floors consisted of insulated layers between timber floor joists and 

so these elements had an almost identical thermal performance.  
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Calculating the thermal fabric properties for the Britannia Drive houses was a straight 

forward process. The project used standard materials and the thermal properties of each 

element was available in the IESVE materials database. The Eco-house used non-standard 

materials which made the calculation of the fabric properties of the house more difficult. 

The ‘Eco-house’ book (Roaf et al., 2013) provided a total U-value of 0.13 W/m²K for the 

wall; however, more detailed values for conductivity, density and heat capacity were 

required for the dynamic thermal modelling calculations.  

The thermal properties of straw bale construction are the subject of debate according to 

the literature (Hilton, 2007; Atkinson, 2008; Goodhew & Griffiths, 2005). One reason for 

this is that straw bales consist of hollow stems and their thermal performance differs 

depending on whether straw fibres are predominantly aligned perpendicular to the wall 

(as they were on the Eco-house) or parallel to the wall. In addition, the nature of straw 

means that there can be variations in quality and therefore sources such as the BRE 

provide performance ranges rather than specific figures (Sutton et al., 2011). Finally, in 

contrast to standard walls where one material is laid next to another, straw bale walls 

have transitional layers. Thus, in calculating the thermal properties there was an 

assumption that the lime is worked into the straw on one side and clay on the other, 

which results in a 20mm intermediate layer consisting of a mixture of straw and the 

covering material (Atkinson, 2008). The figures used for the thermal conductivity, density 

and heat capacity of the elements of the straw bale walls used for dynamic thermal 

modelling are provided in Table 3-2, below, and the values sourced from Atkinson (2008) 

and Goodhew & Griffiths (2005). 

Table 3-2: Pembroke Dock Ecohouse wall make up and fabric properties 

 

Material (outside to 
inside) 

Thickness 

M 

Conductivity 

W/mK 

Density 

J/(kg.K) 

Heat capacity 

Kg/m² 

Earth plaster  0.025 0.800 1900 1000 

Earth/straw bond 0.020 0.430 1005 1500 

Straw bale  0.435 0.060 110 2000 

Lime/straw bond 0.020 0.465 655 1700 

Lime render  0.025 0.870 1200 1400 
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3.5.3 Results 
The comparative analysis of the two schemes began with an examination of the thermal 

properties of the constructions which revealed that the external straw bale walls of the 

Eco-house had considerably lower U-values than the Britannia Drive houses (see Table 

3-3 and Table 3-4). For other elements of the building fabric the differences in U-values 

were not as significant:  

• the windows and doors were almost identical in performance;  

• the ground floor ceiling/first floor are similar in construction and almost identical 

in thermal performance;  

• the ground floor performances differed as the result of the beam and block 

construction of Britannia Drive which had higher U-values than the timber floor of 

the Eco-house.  

• On first appearance the roof constructions appear to be significantly different (see 

Table 3-3 and Table 3-4); however, this is a product of the Britannia Drive houses 

having unheated lofts and thus the insulation layer ends at the first floor ceiling 

whereas the Eco-house has a warm roof, with insulation packed between the roof 

joists. However, conversations with the Eco-house designer indicated that the loft 

space would not be actively heated and therefore the dynamic thermal modelling 

treated the loft as an insulated, but unheated buffer space, with the first floor 

ceiling being the boundary of the thermal envelope. 
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Table 3-3: Eco-house building fabric properties  

Eco-house Building Fabric Information 

Building Fabric 

U value 
W/m²K 

Internal Heat 
Capacity 
KJ/m²K 

Admittance 
Value 

Admittance 
time lead 
(hours) 

Decrement 
Factor  

Decrement 
time lag 
(hours) 

External Wall  0.11 91.96 4.60 3.01 0.03 0.00 

First Floor Ceiling  0.16 16.90 1.33 4.82 0.90 4.00 

Ground Floor Ceiling  0.16 16.90 1.33 4.82 0.90 4.00 

Ground Floor  0.11 19.50 1.40 4.68 0.01 1.00 

Warm Roof 0.13 10.40 0.81 4.94 0.97 2.00 

Internal Wall  0.29 7.80 0.68 3.93 0.99 1.00 

Timber Doors 2.16 22.79 2.41 1.14 0.97 1.00 

Timber Double Glazed 
Windows  1.95 - - - - - 

 

Table 3-4: Britannia Drive building fabric properties  

Britannia Drive Building Fabric Information 

Building Fabric 

U value 
W/m²K 

Internal Heat 
Capacity 
KJ/m²K 

Admittance 
Value 

Admittance 
time lead 
(hours) 

Decrement 
Factor  

Decrement 
time lag 
(hours) 

External Wall  0.21 19.95 1.45 4.45 0.41 8.00 

First Floor Ceiling  0.11 11.97 1.02 4.76 0.81 5.00 

Ground Floor Ceiling  0.11 11.97 1.02 4.76 0.81 5.00 

Ground Floor  0.18 54.40 2.43 2.55 0.00 12.00 

Cold Roof 2.84 8.50 2.87 0.38 1.00 0.00 

Internal Wall 0.37 11.97 0.91 3.92 0.984 1.00 

Timber Doors 2.16 22.79 2.41 1.14 0.97 1.00 

uPVC Double Glazed 
Windows  1.95 - - - - - 

 

The outputs from the IESVE software described the building fabrics of both buildings as 

lightweight in terms of their thermal mass; however, the position of thermal mass in the 

straw bale walls meant that the Eco-house had significantly higher levels of internal heat 

capacity than the Britannia Drive scheme (see Table 3-3 and Table 3-4). This is because 

thermal mass is not simply a function of the density of a wall construction; indeed, the 
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embodied energy analysis identified that a typical square metre panel of Britannia Drive 

wall weighs around 112.3kg compared with 38.22kg for an equivalent area of wall of the 

Eco-house (see Section 3.4). More significant is the location of thermal mass in a 

construction and the placing of heavyweight elements outside the insulation on Britannia 

Drive meant that they had less impact on thermal performance than the eco-house, 

which had its most significant element of thermal mass (the clay plaster), on the inside 

face of the wall, resulting in a higher thermal heat capacity (see Table 3-3 and Table 3-4). 

The admittance value is the ability of a material to exchange heat with the environment 

when subjected to cyclic variations in temperature and it shows the extent to which, for 

example, a construction can absorb and release heat gains inside a building (The concrete 

centre, 2009). The admittance value for the PHA wall is 1.45W/m²K (see Table 3-4) and 

for the Eco-house 4.6W/m2K (see Table 3-3) (for reference a wet plastered, lightweight 

blockwork wall would have an admittance value of 4.05 W/m2K (ibid)). These results 

indicate that even where a lightweight construction is used, as in the case of the Eco-

house walls, then the thermal properties of a heavier weight wall can be replicated by the 

careful placement of thermal mass elements and insulation.  

The decrement factor is the ratio between cyclic temperature on the inside surface of a 

wall compared with the outside surface and describes the attenuation of heat as it travels 

through a wall (The Concrete Centre, 2010). The decrement factors of the Eco-house and 

Britannia Drive are walls are 0.03 and 0.41 respectively (see Table 3-3 and Table 3-4). This 

means that when there is a fluctuation in external temperature, the impact through the 

fabric would be dampened by 3% and 41% respectively. For example, this means that 

when the Eco-house wall experiences a 20°C daily variation in temperature on the outside 

surface this translates to a 0.6°C variation on the inside surface. In contrast the PHA wall 

will experience a more significant 8.2°C variation based on a 20°C daily temperature 

variation.  

Aside from the walls, the most significant difference between the two constructions was 

the design of the ground floor. The decrement delay was twelve hours for the Britannia 

Drive ground floor, with its heavyweight floor construction, and one hour for the Eco-

house floor (see Table 3-3). The Concrete Centre (2009) literature advises designing for a 

decrement delay of around 10 to 12 hours to ensure that during the summer, peak heat 

gains passing from the outer to inner surface will not get through until late evening or 
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night, when the risk of overheating has reduced and the cool night air can offset the 

effect of a warmer internal temperatures (ibid). However, the contribution of these 

thermal mass benefits on Britannia Drive would be limited to the ground floor rooms 

namely the kitchen, lounge, toilet and hall. 

The models were analysed using the Apache element of the IESVE software suite to see 

the influence that building form and fabric would have on energy use. Each model was 

run twice in Apache, to highlight any errors in the models and to see how the houses 

would perform in different conditions:  

• Initially the models were run in an ‘unoccupied state’ without internal heat loads 

and with a heating set point of 19°C based on the National Calculation Method 

(NCM) (Building Research Establishment (BRE), 2009). This meant that whenever 

the internal temperature within one of the main spaces (bedrooms, kitchen, 

lounge, hall, landing, bathroom and toilet) fell below 19°C the heating would be 

activated. This run of the simulation would provide an indication of the energy 

required to keep the building comfortable during the heating season, excluding 

ventilation losses, and the length of the heating season for each of the houses.  

• The second run of the modelling software used National Calculation Method 

(NCM) (BRE, 2009) occupancy profiles, ventilation profiles and internal heat gains 

which should provide a more realistic picture of energy use over the course of a 

typical year. The inclusion of internal heat gains from cooking, and other activities, 

and accounting for ventilation losses in the NCM simulations would highlight the 

potential for overheating in each of the two schemes. Two principle outputs were 

examined to understand of thermal performance of the houses these were: (1) 

space heating; and (2) internal thermal comfort. Sensible heating load was used as 

the measure of space heating and the number of hours of dry resultant 

temperatures in a room that were over 25°C was used as a measure of thermal 

comfort, based on Charter Institute of Building Service Engineers (CIBSE) Guide A 

(2006a).  
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Table 3-5: Dynamic thermal modelling results for Britannia Drive and the Eco-house 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction in 
heating load over 
Britannia Drive 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Britannia Drive 
(Thermal fabric test) 2.83 - 30.74 16:30 16th Aug 399 

Eco-house          
(Thermal fabric test) 1.77 37.39 31.78 16:30 16th Aug 1952 

Britannia Drive   
(‘Occupied’) 2.17 - 31.78 16:30 16th Aug 521 

Eco-house             
(‘Occupied’) 1.21 44.24 35.30 16:30 16th Aug 2931 

 

Table 3-6: Britannia Drive and Eco-house modelling heating profiles 

  Eco-house Britannia Drive 

Date 

Heating plant 
sensible load 
(MWh) 

Solar 
gain 
(MWh) 

External 
conduction 
gain (MWh) 

Heating plant 
sensible load 
(MWh) 

Solar 
gain 
(MWh) 

External 
conduction 
gain (MWh) 

Jan 01-31 0.4389 0.1703 -0.6093 0.5806 0.1423 -0.7233 

Feb 01-28 0.3386 0.228 -0.5672 0.4791 0.1892 -0.6677 

Mar 01-31 0.173 0.4897 -0.6546 0.3242 0.4081 -0.7308 

Apr 01-30 0.0474 0.5596 -0.6046 0.1937 0.4299 -0.6256 

May 01-31 0.0041 0.593 -0.5812 0.075 0.4109 -0.4784 

Jun 01-30 0 0.6944 -0.6796 0.0006 0.4645 -0.4562 

Jul 01-31 0 0.6029 -0.6046 0.0094 0.4148 -0.421 

Aug 01-31 0 0.563 -0.5703 0.0008 0.4092 -0.416 

Sep 01-30 0.0085 0.4357 -0.4651 0.0525 0.3424 -0.4034 

Oct 01-31 0.0787 0.3602 -0.4443 0.1806 0.3015 -0.4847 

Nov 01-30 0.2969 0.2071 -0.5082 0.4173 0.1769 -0.5968 

Dec 01-31 0.3869 0.162 -0.5495 0.5181 0.1396 -0.6573 

Summed total 1.773 5.0659 -6.8386 2.8319 3.8295 -6.6612 
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Figure 3-33: Britannia Drive heating profiles based on continuous occupancy 

 

Figure 3-34: Eco-house heating profiles based on continuous occupancy 

 

The use of dynamic thermal modelling allowed the following to be identified:  

• the contribution of passive solar gain to heating and overheating;  

• it allowed the contribution of the building fabric to reductions in heating load to 

be understood;  

• it was able to provide a month-by-month breakdown of energy usage;  

• it was also able to provide diurnal (day-to-night) breakdowns of temperature (see 

Figure 3-33 and Figure 3-34, above).  
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This analysis was able to identify the following: 

• The first run of the simulation, the fabric test, without internal gains, highlighted 

that the Eco-house required 1.77 MWh of heating a year to maintain the main 

spaces at a temperature above 19°C compared to 2.83 MWh for Britannia Drive 

(see Table 3-5, above). This result alongside others indicate that the heating year 

of Britannia Drive would be two months longer that Eco-houses (see Figure 3-33 

and Figure 3-34, below) highlight that the Eco-house would have considerably 

lower heating loads than the Britannia Drive scheme.  

• The second run of the simulation, using NCM internal gains, occupancy profiles 

and ventilation profiles, agreed that that the Eco-house would require significantly 

lower levels of heating to maintain the main spaces at a comfortable minimum 

temperature with an annual sensible heating load of 1.21 MWh. Indeed, in 

percentage terms the difference between the two projects saw an increase from a 

37.39% reduction in sensible heating in the first test to 44.24% in the second test 

(see Table 3-5).  

Analysis of the respective energy contributions of solar gain, the heating plant and loss of 

heat through the thermal fabric using dynamic thermal modelling helped to identify that 

the lower sensible heating load of the Eco-house was mainly due to the building fabric. 

The Eco-house having significantly lower levels of external conduction gain than Britannia 

Drive during the heating season reducing heat loss (see Figure 3-33 and Figure 3-34; and 

Table 3-6). However, these results also identified that solar gain played a significant part 

with 30% of the total energy contribution for the Eco-house in December and 21% of the 

heating contribution for Britannia Drive in the same month coming from this source (see 

Figure 3-33 and Figure 3-34). However, these results suggested that reductions in annual 

sensible heating load came at the expense of summer comfort:  

• The first run of the simulation, the fabric test, without internal heat gains, 

indicated that the eco-house had 1952 hours a year with temperatures above 

25°C and a peak temperature of 31.78°C (see Table 3-5, above). This figure 

compared with Britannia Drive with 399 hours of temperatures above 25°C and a 

peak temperature of 30.78°C (see Table 3-5). This result indicates that the Eco-
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house would have significantly longer periods where temperatures would be more 

uncomfortable than the Britannia Drive scheme.  

• The second run of the simulation, using NCM profiles, provided confirmation of 

these initial findings with 2931 hours of temperatures over 25°C for the Eco-house 

and 521 hours for Britannia Drive (see Table 3-5). The results indicated that high 

temperatures were the result of summer solar gains but did not provide 

information on the extent to which these solar gains were being moderated 

through the use of thermal mass, which the literature case studies indicated could 

be effective in addressing overheating (see Section 2.4).  

A detailed examination was made of the internal temperatures of the two north 

bedrooms of each scheme during a two week period (9th – 23rd August), when the highest 

internal temperatures were recorded, and this revealed that the building fabric played a 

significant role in keeping internal temperatures high in the Eco-house (see Figure 3-37 

and Figure 3-38, below). The south bedroom of the Eco-house had smaller daily variations 

in temperature than Britannia Drive which resulted in the Britannia Drive Houses 

recording higher temperatures in these rooms than the Eco-house (see Figure 3-37 and 

Figure 3-38). The reasons for the lower diurnal variation of the Eco-house are not 

immediately apparent but literature indicates that it is likely that they are due to the 

broader roof overhang on the Eco-house combined with the higher levels of thermal mass 

(Holmes & Hacker, 2007).  

Figure 3-35: Ecohouse heating profile based on NCM occupancy profiles 

 
-0.6

-0.4

-0.2

1E-15

0.2

0.4

0.6

Internal gain (MWh)

Heating plant sensible load (MWh)

External conduction gain (MWh)

Vent/infiltr. latent gain (MWh)

Solar gain (MWh)

126 



 

Research Design and Methodology 

Figure 3-36: Britannia Drive heating profile based on NCM occupancy profiles  

 

A weakness in the modelling and data collection methods was that the results were not 

detailed enough to identify whether the success of the Eco-house in using solar gain was 

entirely due to the larger area of glazing or whether properties of the building fabric such 

as the use of higher levels of thermal mass, contributed. It was not possible to determine 

the extent to which the lower heating levels required for the Eco-house could be 

attributed to lower U-values or other characteristics such as: its more compact form; its 

use of the shed as a buffer space; its larger area of glazing on the south façade; or its 

higher levels of thermal mass (see Figure 3-35 and Figure 3-36, above). To examine the 

benefit of these characteristics to reductions in sensible heat load it would be necessary 

to carry out further dynamic thermal modelling using a different approach. The 

identification of this weakness is significant because it would influence later approaches 

to dynamic thermal modelling and would lead to the use of the one-factor-at-a-time 

(OFAT) method (Frey et al., 2003), described in Section 3.9. 

Another weakness was that the NCM profiles used fixed ventilation rates and so it was 

unable to take into account the ventilation strategies employed by the designers of each 

scheme, such as the use of stack and cross ventilation on the Eco-house (Figure 3-33 and 

Figure 3-34, above). The fixed ventilation rates of the NCM did indicate that this 

technique has benefits for quickly introducing ventilation for cooling, but for research 

purposes it would be necessary to progress to more sophisticated modelling techniques, 

such as the Macroflo element of the IES software, in order to study different ventilation 
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strategies when assessing the risk of overheating. The identification of this weakness is 

significant because it would lead to the use of Macroflo with the Humphreys Algorithm, 

described in Section 3.10.5. 

Figure 3-37: Dry resultant temperatures of the eco-house and Britannia Drive north bedrooms for the 
peak cooling week 

 

Figure 3-38: Dry resultant temperatures of the eco-house and Britannia Drive north bedrooms for the 
peak cooling week 
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3.5.4 Summary 
When taken with the results of the semi-structured interviews the results of the thermal 

modelling are informative, as explained below:  

• The comparative analysis of the two schemes in respect of the building fabrics 

revealed that the external straw bale walls of the Eco-house had much lower U-

values than the walls of the Britannia Drive house and it is apparent from the 

detailed results that the performance of this building fabric contributed to a lower 

sensible heating load.  

• Examining building fabric also highlighted that even where a lightweight 

construction is used, as on the Eco-house walls, then the thermal properties of a 

heavier weight wall can be replicated by the careful placement of thermal mass 

elements and insulation.  

• The limitations of the study meant that it was difficult to determine the benefits of 

the use of thermal mass for reducing sensible heating load and peak 

temperatures. For example, the internal temperatures of the south bedroom of 

the Eco-house showed smaller daily variations in temperature than the Britannia 

Drive Houses; however, the reasons for this could have been due to the broader 

roof overhang on the Eco-house as well as the higher levels of thermal mass. 

• The results indicate that the Eco-house would require much less heat to maintain 

comfortable internal temperatures than Britannia Drive. However, because the 

Eco-houses incorporated a variety of energy saving features (including a compact 

form, a shed as a buffer space, a larger area of glazing on the south façade, high 

levels of thermal mass and low U-values) further research would be required to 

assess the benefit of these features on schemes such as Britannia Drive. 

The study indicated that the application of energy saving measures would increase the 

potential for overheating. The use of the NCM was shown to be problematic in assessing 

the potential for overheating; this was apparent from Figure 3-34 and Figure 3-35, and it 

suggests that although the use of this technique in modelling has validity it is necessary to 

supplement it with more sophisticated modelling techniques such as the Macroflo aspect 

of the Integrated Environmental Solutions (IES) software (IES, n.d.a). 
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3.6 Initial Studies Overview 

The semi-structured interviews identified that judged against their respective aims both 

of these projects were successful: the pilot project team successfully delivered a CfSH 

level four house within the social housing budget and the straw-bale eco-house achieved 

a low-impact home at low cost. Whilst by their own standards both of these projects have 

achieved their aims it is apparent that when the results of the embodied energy and 

operational energy calculations for each project were taken into account the eco-house is 

significantly more energy efficient.  

The developer of the eco-house, using the low impact development model, applied a 

holistic design approach, considering both embodied and operational energy reflecting 

his concerns about appropriateness of a CfSH based approach for small developers using 

low-tech solutions. His concerns, and those of some members of the pilot project design 

team, about the use of PV to raise the code rating of the scheme, raise questions about 

the appropriateness of the CfSH based approach adopted by the Welsh Government and 

reflects unease among some sustainability consultants that the CfSH favours standardised 

high-tech solutions (Climate Works, 2011; Hatherley et al., 2012b).  

The studies highlighted the problems associated with developing low carbon schemes on 

a social housing budget and indicated that even on exemplar schemes affordability is the 

primary concern. This result reflecting evidence that budget will be a significant factor in 

the development of low carbon dwellings in England and Wales (Osmani & O'Reilly, 2009; 

Oyebanji et al., 2017). This study highlights that savings in capital cost, operational energy 

and embodied energy could be achieved through the use of local materials and the 

adoption of a more compact form, as on the Eco-house. However, there are problems in 

widening the use of straw bales, for instance. It has been used on social housing schemes 

in the UK (Harris, 2012) but nevertheless it is debateable whether it would be appropriate 

for a social housing developer, such as PHA, to replicate this straw bale approach because 

the material may be vulnerable to maltreatment by tenants and there are issues 

surrounding sourcing this materials. Financial barriers were identified by members of the 

pilot project design team, but they could be overcome by a departure from the 

standardised approaches of the developer model. However, questions remain about 

whether the present legislative context, both at local and national level in Wales, 
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provides incentives for developers to adopt non-standard low carbon building solutions 

within the social housing framework. 

At the start of the section the question was posed of whether the Pembroke Dock Eco-

house with its savings in embodied and operational energy presents a viable response to 

the need to mitigate climate change, as identified by Seyfang (2011). Comparing the 

£60,000 build cost of the Eco-house, even factoring in labour based on guide figures from 

the House Builder’s Bible (Brinkley, 2013), this scheme is still half the development cost of 

Green Meadow, as shown in Table 2-1, of Chapter 2. However, despite these benefits, 

these results indicated that this particular low impact development route was not an 

approach that could be followed by developers due to concerns about the robustness of 

materials; issues around sourcing natural materials; and issues about the legislative 

context of low impact development in the RSL framework. Nevertheless there were 

lessons that could be drawn from this exercise which would form the basis of the testing 

phase of the research project. 

3.7 Development of the Testing Phase of the Research Project 

The case studies in the literature review identified features to achieve significant energy 

savings including: the use of passive solar gain to provide ‘free’ heating; using a compact 

form to reduce external surface area; lightweight timber frame construction; the use of 

thermal mass; and levels of insulation higher than required by legislation. The results 

from the analysis of the Pembroke Dock Eco-house indicated that similar design features 

had been used to achieve savings in operational energy, embodied energy and embodied 

carbon on a low impact development scheme. These design features, used on the Eco-

house and in the literature case studies, could be incorporated in more conventional 

dwelling schemes to reduce energy and carbon emissions; however, questions remained 

about which features had been most successful in achieving energy savings and what 

savings could be achieved if applied to a project using the mainstream developer model.  

To test the approaches described above it would be important to identify a suitable data 

collection method. The use of several different methods of data collection in the initial 

studies provided indications about what would be the most relevant to meet the research 

objectives, as described below:  
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• Semi-structured Interviews - semi-structured interviews had proved a useful 

means to obtain information about the experience of the designers and 

developers of Britannia Drive and their opinions about the development of low 

carbon buildings in rural areas. In taking the research forward, it would have been 

possible to prepare a further questionnaire asking the participants about how they 

saw the scope for potential savings in energy by the application of the approaches 

described above. However, the results would have been entirely subjective, 

difficult to quantify against building performance and likely to lead to a repetition 

of the findings from the earlier study, described in the initial studies, in Section 

3.3. 

• Embodied Energy Calculations - The examination of embodied energy and carbon 

provided indications about the scope for reducing the embodied energy and 

carbon on developer projects like Britannia Drive. Many of the most significant 

questions about the development of low embodied energy dwellings were 

answered by the initial study. For example, the potential for locally sourced 

materials to reduce embodied energy and the potential benefits from the use of 

natural materials had been examined and quantified. There might be benefit in 

researching the scope for substituting the more energy intensive construction 

elements in Britannia Drive for low energy alternatives; however, this had been 

the subject of the Green Gauge Homes study (Powell & Monahan, 2009). Another 

study could have been to accurately identify the sources of local materials for the 

case study houses and to examine the resultant benefits to local suppliers. 

However, such a study would be only relevant for developers in Pembrokeshire 

and had been considered in a study detailing the development of the Ty Unnos 

system (Thomas, 2013). 

• Operational Energy - The study of operational energy where dynamic thermal 

modelling had identified overall energy savings and the contribution of passive 

solar gain. However, it was not evident whether these overall energy savings were 

a product of the building’s form or fabric or how particular features like glazing 

and thermal mass had interacted. To a limited extent it had been possible to 

identify how the use of passive solar gain or the building fabric had contributed to 

reductions in heating energy but gaps in the information suggested that this 

should be the primary focus of further research for the following reasons: 
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o These initial results suggested that there would be benefit in analysing a 

number of features both individually and in concert to achieve energy 

savings.  

o The research also suggested that a study of operational energy would be of 

benefit for housing developers throughout Wales, provide quantifiable 

results and have the greatest potential to expand rather than re-iterate the 

results from the initial studies.  

o The operational energy study of the initial studies had provided interesting 

results indicating that the application of energy saving measures would 

increase the potential for overheating. As only two houses were examined 

further research would be required to ascertain whether this effect was 

specific to this study or more far reaching.   

o Further studies in this area would provide opportunities to look beyond 

the NCM, which was shown to have limitations in assessing the potential 

for overheating due to the way it modelled ventilation, by applying more 

sophisticated analysis techniques.  

3.7.1 A Review of the Choice of Assessment Methods  
The initial studies had used dynamic thermal modelling to assess the potential 

operational energy savings of the Eco-house and Britannia Drive. However, there are 

several different methods to examine or predict the energy use of a development and to 

assess different development options. As part of the process of developing a 

methodology three approaches were considered for assessing the energy performance, 

as described below:  

• Physically building a number of alternative houses and measuring their 

performance in both occupied and unoccupied states. Examples of where this 

approach has been applied include: the innovation park at the BRE in Watford 

(BRE, 2012); Riccarton Eco-village, proposed by Heriot Watt University (Roaf, 

2012), in Edinburgh; and the Creative Energy Homes project by the University of 

Nottingham (n.d.) (Gillott et al., 2010), in Nottingham. Physically building a range 

of alternative houses would be useful in providing information on low carbon 

construction, as-built performance and, depending on the quality of monitoring, 

interaction of the design with the building users. However, this approach would be 
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time consuming and expensive, costing potentially hundreds of thousands of 

pounds, and thus outside the budgetary limits of the research project. 

• Steady state calculation methods are frequently used to assess energy usage for 

domestic buildings. Examples of steady state modelling include tools such as PHPP 

and SAP, described in Sections 2.2.1 and 2.3.2.  Steady state calculation methods 

rely on a series of simple equations to predict energy use (Murphy et al., 2011). 

The simplicity of the equations reduces the likelihood of error and it takes less 

time than detailed simulation (ibid). However, steady state calculation methods 

are restrictive in the values that can be measured, especially in comparison with 

dynamic thermal simulation, and limited in responding to changes of building 

context. For example, SAP energy ratings are independent of location (Murphy et 

al., 2010) and the RIBA carbon footprint tool (2009a) explains that ‘three identical 

dwellings built in Cornwall, Cheshire and Caithness [would] all have the same SAP 

rating’ (ibid). Thus, the SAP does not provide sufficiently detailed predictions of 

occupants’ fuel costs or of the availability of affordable warmth (RIBA, 2009b; HBF, 

2011; Hughes et al., 2016). In addition, Steady state calculation methods are 

designed for manual calculations and so struggle to respond to changes in building 

form or fabric outside the parameters of the system. For example, neither SAP nor 

PHPP can currently factor-in the dynamic effects of thermal mass in climates with 

a high diurnal range, solar gain or changes in occupancy patterns (Ingram et al., 

2011). In addition, as mentioned in 2.2.1, steady state approaches fail to take 

account of diurnal temperature variations and makes simplistic assumptions about 

ventilation and window opening (Tillson et al., 2013; Evans, 2015). As a result of 

this inflexibility steady state calculation methods are playing a diminishing role in 

building thermal analysis (RIBA, 2009a) and were deemed inappropriate for this 

research study. 

• Dynamic thermal modelling predicts the energy performance of buildings using 

mathematical models to determine the interplay of heat exchanges (Jankovic, 

2017; Ingram et al., 2011). One advantage of using dynamic thermal modelling 

software for comparing the thermal performance of different design options is 

that numerous models can be replicated quickly and with little cost, especially in 

comparison to physically building several units. Dynamic thermal modelling 

software can also account for local weather factors, and the effects of thermal 
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mass and occupancy (ibid), unlike many steady state calculation tools (Ingram et 

al., 2011). The complexity of dynamic thermal modelling means that it requires 

more expertise and there is a greater potential for making calculation errors 

(Ingram et al., 2011; Imam et al., 2017).  Commercial software for dynamic 

thermal modelling is generally more expensive than steady state counterparts 

(Ingram et al., 2011) and this frequently places it beyond the budget of small 

design and engineering firms. This, together with the time required for modelling, 

and also the absence of legislation requiring its use for domestic building 

assessment in the UK, means that these tools are not generally utilised on 

domestic scale projects. This fact is reflected in the RIBA guide Climate Change 

Toolkit: Low Carbon Design Tools (2009a) which only cites steady state tools, SAP 

and PHPP, for domestic assessment with dynamic tools reserved for non-domestic 

projects (ibid). 

In adopting a method for testing design approaches it was apparent that physically 

building and monitoring several units would be beyond the budgetary and time 

constraints of this research project. Steady state modelling had already been used in the 

development of the PHA’s schemes, through the use of SAP calculations and there might 

be benefit in using another steady state calculation method, for example PHPP, to 

examine different design approaches (Murphy et al., 2011). However, the use of steady 

state calculations would have limited the range of design options that could be tested, 

and utilising an alternative provided greater potential for importing knowledge from 

outside PHA’s current system of development, in accordance with John Kay’s principles 

(Kay, 2011a), described in Section 1.5.3. 

To expand on the last point, in the design of PHA’s projects dynamic thermal modelling 

was not used by their consultants, which included engineers, architects and CfSH 

assessors. Dynamic thermal modelling was used for Clay Fields, described in Section 2.4, 

but that was exceptional for a domestic project because it was a competition project. 

However, the results from the initial studies (see Section 3.5) and initial modelling 

studies, described in the next section (Section 3.8), and literature (Wang et al., 2009; Attia 

et al., 2012) indicated that this technique would provide research opportunities to assess 

the thermal performance of passive design approaches in greater detail than would be 

possible using steady state models. In this research project, the potential problems of 
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using dynamic thermal simulation were obviated by the author’s previous experience 

using this software, which meant that the potential learning curve difficulties could be 

overcome and the scope for errors reduced. The cost of the software was brought within 

the budget of the research project by accessing student editions of commercial software.  

3.7.2 Dynamic thermal Modelling and Post Occupancy Evaluation 
This research project used monitored case studies as a starting point for identification of 

low carbon strategies applicable to rural social housing developers. However, the 

examination of the literature case studies did highlight some of the limitations of post 

occupancy evaluation. For example there was limited amount of performance data 

available on the impact of individual strategies such as the use of the thermal mass or the 

contribution of passive solar gain to reductions in sensible heating load (see Section 2.4.8 

of Chapter 2). Monitoring of Britannia Drive and the Eco-house was considered to 

evaluate these two primary case studies; however, in the course of this research 

constraints such as user engagement on small schemes and the cost of equipment meant 

that monitoring this was not feasible reflecting concerns in literature such as Hay et al., 

(2017) about obstacles to the application of POE in practice.  

The literature case studies highlighted that POE was good at identifying later stage design 

issues, (RIBA Work Stages 4-7) (RIBA, 2013) including the following:  

• the occurrence of cold bridges and thermal bypass (RIBA Work Stage 4), see 

Section 2.4.5; 

• value engineering and build quality (RIBA Work Stage 5), see Section 2.4.6 and 

Section 2.4.4;  

• interaction of the building with occupants (RIBA Work Stage 7), see Section 2.4.7;  

• commissioning problems (RIBA Work Stage 6), see Section 2.4.4;  

However, the POE of these case studies was less effective for assessing early stage design 

decisions (RIBA Work Stages 0-3). For example the studies were unable to confirm the 

following:  
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• if energy design tools could be employed to identify energy savings, and used 

during the design rather than as compliance tools (RIBA work stage 1).  

• whether the site could have been better utilised to reduce external surface area 

(RIBA work stage 2);  

• or if the room and window arrangements could be adjusted to maximise passive 

solar gain (RIBA Stage 3);  

Many of these early stage design decisions can have a significant impact on energy use 

(Hetherington et al., 2010; Yüksek & Karadayi, 2017; Alencastro et al., 2017; Imam et al., 

2017) and decisions made at these early stages are directly influenced by legislation like 

Planning, Building Regulations and Welsh Government requirements for RSLs (WG, 2016e; 

Welsh Assembly Government, 2010b; WG, 2016a).  

3.8 Initial Investigations of Dynamic Thermal Modelling 

As explained in Chapter 2, Section 2.4, and illustrated in Figure 2-7, the comparison of the 

Eco-house with Britannia Drive was not undertaken in isolation but was one of several 

parallel investigations conducted in the early stages of the research project. The role of 

these initial investigations was multiple and included: evaluating dynamic thermal 

modelling software; examining the approach of PHA; and finding a suitable development 

to test the approaches described in Section 3.8.3.4. The following two sections describe 

these studies, the software packages evaluated and the way in which the projects were 

assessed. At the end of this section these studies are discussed with regard to choosing a 

software package, understanding PHA’s approach to design and choosing a development 

for the testing phase of the research.  

3.8.1 Description of Dynamic Modelling Software Analysed  
An objective of initial modelling used in this research project was to select a suitable 

software package for later modelling in more depth. Software selection was important 

because building simulation tools can affect results for building simulations depending on 

the conditions they are testing (Behrendt et al., 2012). The Royal Institute of British 

Architects (RIBA) ‘Low Carbon Toolkit: 05 Low Carbon Design Tools’ (2009a) provides an 

overview of software packages used to examine energy performance and lists SAP, PHPP, 

SBEM and iSBEM, Hevacomp, Designbuilder and IESVE as suitable software tools for 

assessing the design performance of low carbon buildings and there are several others 

not listed in the RIBA document (Attia et al., 2009). SAP, PHPP, SBEM, iSBEM and Carbon 
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Checker are steady state modelling tools and so they were discounted for this research 

for the reasons set out in the previous section (Section 3.7.1).  

This process of elimination left IESVE, Designbuilder and Hevacomp. The last two are 

based on the Energyplus software developed by the US Department of Energy and using 

both of these software packages could lead to repetitious results so it was decided to 

choose one of them. In evaluating these software packages Designbuilder was chosen 

over Hevacomp because of its interface and its accessibility for academic users. The two 

dynamic thermal modelling software packages selected for initial modelling are described 

below: 

• Designbuilder – This was developed by DesignBuilder Software Ltd commercially 

in 2002 (Designbuilder, n.d.). As mentioned above, it is based on the EnergyPlus 

software which was a dynamic simulation package developed by the US 

Department of Energy in the late 1970s and early 1980s using the BLAST and DOE-

2 simulation programs (Jankovic, 2017). DesignBuilder incorporates environmental 

performance analysis tools within the software so there is no need to exchange 

data with external analysis packages (Designbuilder, n.d.). The software allows the 

user to calculate heating and cooling loads using an ASHRAE-approved 'Heat 

Balance' method implemented in EnergyPlus. Simulations can be run of models 

using real hourly weather data to check how the building would behave under 

actual operating conditions (ibid). The software can aid analysis of key design 

parameters such as: annual energy consumption, overheating hours and CO2 

emissions, which can be shown in annual, monthly, daily, hourly or sub-hourly 

intervals; energy consumption can be broken down by fuel and end-use; and the 

software comes with UK NCM databases (ibid).  

• IESVE (Integrated Environmental Solutions Virtual Environment) - IESVE is a 

commercial software product developed by Integrated Environmental Solutions 

Ltd (IES) in the UK and consists of a system of integrated building performance 

analysis tools (IES, 2011). IESVE provides a three-dimensional geometric 

representation of the building to which data can be attached pertaining to the 

building elements and zones for calculating heating and cooling loads and for 

providing an energy analysis (ibid). The main simulation engine is ApacheSim, a 

dynamic thermal simulation tool that provides the mathematical modelling of the 
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heat transfer processes. ApacheSim can be linked dynamically to MacroFlo for 

dynamic simulation of natural ventilation, and Apache HVAC, which provides 

dynamic simulation of HVAC systems and components (IES, n.d.b). Simulations 

may be carried out in a variety of steps using different components of the 

software and, for example, daylight analysis can be carried out using Radiance or 

CFD modelling undertaken using Macroflo or detailed shading and solar 

penetration analysis can be carried out via SunCast. These components provide a 

versatile product able to undertake a range of investigations (Doyle, 2008). 

3.8.2 Description of Projects Analysed 
In concert with selecting the software tools several projects were examined to further 

understand the PHA’s and mainstream developer approaches to low carbon design and to 

assess each project’s suitability as a test case. With PHA as the industrial partner it was 

possible to examine a number of housing projects, as they start several new 

developments a year (PHA, 2016). Over the course of the research project PHA had 

developed several schemes considering low carbon design approaches and three projects 

stood out as examples of best practice within the organisation. The first of these, 

Britannia Drive, was presented previously, and the other two schemes, are described 

below. To avoid repetition the Britannia Drive study will not be presented here; however, 

it will be discussed in the outcomes at the end of the section. 

3.8.2.1 Stranraer Road 

This was a development of sixteen units for a steeply sloping site on Stranraer Road in 

Pembroke Dock (where the Britannia Drive and Eco-house schemes were also developed). 

Two designs were developed for the site:  

• The first design was developed by PHA in collaboration with a sustainability 

consultant with a view to it being PHA’s scheme for the Welsh Government CfSH 

pilot project. This initial design had large glazed openings on the south façade to 

take advantage of solar gain and solar shading in the form of overhanging 

balconies and brise soleil to moderate summertime overheating. The design also 

featured mezzanine levels and a ground floor partially set into the sloped bank of 

the site. A cost analysis of this design revealed that the scheme would be too 

expensive to build based on the social housing budget available. (It is worth noting 

that Stranraer Road is the scheme referred to in the semi-structured interviews, in 
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Section 3.3.2, and discussed with reference to reasons why the designers of 

Britannia Drive decided to use a standard approach combined with micro-

renewable technologies to meet CfSH level 4).  

• In response to the cost analysis a second scheme was designed with a more 

compact and spatially efficient form. In contrast to the original scheme which 

featured mezzanine levels, and half a storey below the ground floor level at the 

front of the site, the revised project had a more standard sectional layout with an 

entire storey below the ground floor level at the front of the site (see Figure 3-39 

and Figure 3-40, below).  

Figure 3-39: Designbuilder rendered visualisation of the north elevations of the two Stranaer Road 
schemes with the original scheme on the right and the revised scheme on the left 

 

Figure 3-40: Designbuilder visualisation of the south elevations of the Stranraer Road schemes with the 
original scheme on the left and the revised scheme on the right 
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The study of Stranraer Road compared the thermal efficiency of two designs using two 

software packages, IESVE and Designbuilder, described in the previous section (Section 

3.8.1). The approach to modelling the schemes kept the number of independent variables 

to a minimum. For example, several different fabrics were considered in the initial design 

for the Stranraer Road houses and one approach would have been to examine the 

performance of each of these building fabric options. However, the building fabric in the 

final drawings of the initial design was the same as the revised design, so this parameter 

remained constant in the study. (Note: this was the same building fabric used on the 

Britannia Drive project - see Table 3-4). With building fabric a constant the focus of the 

study would be on building form, the impact of ground coupling on heat loss, use of solar 

gain and the role of solar shading in moderating unwanted solar gains. With regard to the 

assessment of the software this study would examine the following: the ease of building 

models within each package; the difficulty of modelling complex forms such as balconies 

and fin walls (as shown in Figure 3-39 and Figure 3-40, above); the way in which the 

ground coupling is modelled; and the ways in which passive solar gain is accounted.  

Figure 3-41: 3D view by the architect of the south elevation of the original scheme  

 

Figure 3-42: 3D view by the architect of the south elevation of the revised scheme  
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3.8.2.2 Green Meadow  

This project consisted of two, three-bedroom (five person) houses in Pembroke, a town 

near Pembroke Dock with a population of some seven thousand (Pembrokeshire County 

Council, 2013). This scheme was initially developed using a Thermo Polymerized Rock 

(TPR) product (Affresol, n.d.), which consists of structural panels made of recycled plastic 

bound together with resin, developed by a manufacturer in Swansea. The scheme and the 

TPR material used is representative of new products, described in Chapter 2, Section 

2.3.2, manufactured in Wales and developed for the Welsh construction sector to provide 

low carbon products. In addition to using this innovative method of construction, it was 

intended that the Green Meadow dwellings would be showcase homes built to CfSH level 

five. However, due to issues with obtaining BBA approval for the TPR product the original 

scheme was revised to CfSH level three with a standard approach using 140mm deep 

timber studs infilled with mineral wool insulation for the inner skin and a rendered 

blockwork outer skin, used on Stranraer Road and Britannia Drive, and described earlier, 

see Figure 3-43 and Figure 3-44, below.  

Figure 3-43: Designbuilder visualisation of the Green Meadow scheme showing the south facade 

 

Figure 3-44: Designbuilder view of the Green Meadow scheme showing the north facade 
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The study of Green Meadow compared the building constructions; the TPR and timber 

frame options, along with a third building construction added to provide a point of 

reference. A number of materials were considered to provide a comparative point of 

reference for the TPR panels but concrete was chosen because of its high thermal mass 

and because the TPR panels were closest to pre-cast concrete panels in terms of 

appearance and method of construction. The concrete wall option was developed by 

substituting concrete for the TPR material in the wall build-up; however, by coincidence 

the concrete wall had the same U-values as the standard PHA wall and this provided an 

opportunity to examine the role of thermal mass on comfort and energy performance.  

In contrast to the Stranraer Road study, building form was maintained as a constant for all 

three models and only the building fabric was adjusted and in this way, the primary focus 

of this investigation would be to assess the impact of different building fabrics on heating 

load and thermal comfort. For the standard PHA wall and the in-situ concrete wall the 

material properties were obtained from the individual software databases. However, 

information on the TPR panel system was obtained directly from the manufacturer and 

inputted into the software. Table 3-7, below, provides the thermal properties of the three 

wall constructions examined for Green Meadow. Finally, with regard to testing the 

software, this study provided an opportunity to examine the following: the ease of 

inputting non-standard materials in each of the packages; the ability of the two software 

packages to model thermal mass; and the ability of the software to model complex forms 

such as dormer roofs.  

Table 3-7: Values of the different building fabrics explored in the Green Meadow study 

Building Fabric U value 
W/m²K 

Internal Heat 
Capacity 
KJ/m²K 

Admittance 
Value 

Admittance 
time lead 
(hours) 

Decrem
ent 
Factor 

Decrement 
time lag 
(hours) 

Standard External Wall  0.21 19.95 1.45 4.45 0.41 8.00 

TPR External Wall  0.19 177.45 2.76 1.59 0.09 3.00 

Concrete External Wall  0.21 162.45 3.49 1.33 0.15 12.00 
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3.8.3 Evaluation of the Green Meadow and Stranraer Road Schemes 
The initial aim of the analysis of the two schemes was to understand and assess the 

approaches that had been taken on the two schemes. This would involve examining the 

impact that the changes to the building form would have on energy performance would 

have on the Stranraer Road Project, and the impact that changes to the building fabric 

would have on the Green Meadow development. 

3.8.3.1 Stranraer Road  

The results from the initial analysis of building form and its impact on thermal 

performance on the Stranraer Road study identified that the revised scheme benefited 

from a compact form and a higher level of ground coupling than the original scheme to 

achieve a lower sensible heating load than the original scheme, developed with a 

sustainability consultant (see Table 3-8 and Table 3-9). This result is apparent from both 

the monthly and annual the sensible heating loads of the IESVE and Designbuilder models 

as shown in the graphs below (see Figure 3-45 and Figure 3-46). This result can be partly 

explained by the revised scheme being set into the ground by a full storey, rather than a 

half a storey, as compared to the original scheme, reducing external surface area and 

increasing ground coupling (see Figure 3-39) (an approach which would have created an 

internal bathroom with no natural daylight which would in turn increase the lighting 

electrical load and require mechanical ventilation).  

Table 3-8: Table of IESVE results from the Stranraer Road study 

IESVE 

Stranraer Road - BRE 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.8 0.67 0.49 0.37 0.16 0.02 0.03 0.01 0.09 0.26 0.56 0.67 

Average 
Temperature 
(°C) 16.8 16.9 17.8 18.2 19.6 21.9 20.9 22.5 20.7 19 17.4 17.2 

Stanraer Road - PHA 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.74 0.61 0.42 0.27 0.13 0.01 0.02 0.01 0.67 0.22 0.52 0.62 

Average 
Temperature 
(°C) 16.5 16.6 17.9 18.5 20.1 22.7 21.5 23.2 21.1 18.9 17.2 16.9 
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Table 3-9: Table of Designbuilder results from the Stranraer Road study 

Designbuilder 

Stranraer Road - BRE 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 2.32 1.92 1.48 0.89 0.57 0.07 0.00 0.02 0.12 0.6 1.45 1.98 

Average 
Temperature 
(°C) 16.7 16.8 17.1 17.5 17.9 19.5 21.1 20.4 19.1 17.7 17.1 16.9 

Stanraer Road - PHA 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 1.85 1.51 1.1 0.59 0.38 0.03 0.00 0.00 0.05 0.39 1.11 1.57 

Average 
Temperature 
(°C) 16.7 16.9 17.3 17.8 18.2 19.9 21.7 21.2 19.7 18 17.2 16.9 

 

Figure 3-45: A graph showing the sensible heating load for the IESVE models from the Stranraer Road 
study 
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Figure 3-46: A graph showing the sensible heating load for the Designbuilder models from the Stranraer 
Road study 

 

 

3.8.3.2 Green Meadow 

The results from IESVE and Designbuilder confirmed that the TPR and the in-situ concrete 

would have similar thermal responses (see Table 3-10 and Figure 3-43, below). These 

results show that the TPR and the concrete have similar levels of thermal response to 

changes in temperature relative to the lightweight standard external wall. The results 

from the IESVE models also support the argument that the introduction of thermal mass 

could reduce peak summer temperatures (The Concrete Centre, 2009; Tuohy et al., 2005; 

Hacker et al., 2005); however, this conclusion was not supported by Designbuilder, as 

shown by IESVE Models having average temperatures for May of 18.2°C (Lightweight) 

17.7°C (Affresol) and 17.7°C (Concrete) whilst Designbuilder Models having average 

temperatures for May of 21.0°C (Lightweight) 21.1°C (Affresol) and 21.0°C (Concrete), 

(see Table 3-10 and Table 3-11) this result will be discussed further below.  
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Table 3-10: Table of IESVE result from the Green Meadow study 

IESVE 

Green Meadow - Lightweight 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.82 0.70 0.54 0.36 0.16 0.01 0.03 0.01 0.09 0.28 0.59 0.69 

Average 
Temperature 
(°C) 15.2 15.3 16.1 16.8 18.2 20.8 19.6 21.0 19.0 17.1 15.8 15.6 

Green Meadow - Affresol 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.79 0.68 0.52 0.34 0.14 0.00 0.01 0.00 0.06 0.25 0.57 0.66 

Average 
Temperature 
(°C) 15.2 15.2 15.8 16.4 17.7 20.1 19.2 20.7 18.9 16.9 15.7 15.6 

Green Meadow - Heavyweight 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.81 0.69 0.52 0.35 0.14 0.00 0.01 0.00 0.06 0.25 0.58 0.67 

Average 
Temperature 
(°C) 15.2 15.2 15.8 16.4 17.7 20.1 19.2 20.7 18.8 16.8 15.7 15.5 
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Table 3-11: Table of Designbuilder results from the Green Meadow study 

Designbuilder 

Green Meadow - Lightweight 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.72 0.53 0.32 0.06 0.04 0.00 0.00 0.00 0.00 0.07 0.35 0.61 

Average 
Temperature 
(°C) 17.5 17.8 18.4 20.0 21.0 24.3 26.5 25.6 23 20.1 18.3 17.8 

Green Meadow - Affresol 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.68 0.49 0.28 0.05 0.03 0.00 0.00 0.00 0.00 0.04 0.30 0.56 

Average 
Temperature 
(°C) 17.5 17.9 18.5 20.1 21.1 24.3 26.5 26.4 23.5 20.5 18.4 17.9 

Green Meadow - Heavyweight 

  Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Average Heating 
Load (MWh) 0.7 0.51 0.3 0.06 0.03 0.00 0.00 0.00 0.00 0.05 0.32 0.58 

Average 
Temperature 
(°C) 17.5 17.9 18.5 20.0 21.0 24.2 26.5 26.1 23.3 20.3 18.4 17.8 
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Figure 3-47: A graph showing the sensible heating load for the IESVE models from the Green Meadow 
study 

 

Figure 3-48: A graph showing the sensible heating load for the Designbuilder models from the Green 
Meadow study 
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3.8.3.3 Determining a Software Package 

As well as examining building form and fabric these two modelling studies were used to 

evaluate software packages for use during the testing phase of the research project. 

Because each study had a different focus they each proved useful in examining different 

aspects of the software. A summary of what was learned from each of the studies with 

regard to analysing the two software packages is provided below: 

• Stranraer Road – The first step in evaluating the software was examining the ease 

with which it was possible to build the geometry of the project. Stranraer Road 

had challenging geometry, especially the initial design, which had mezzanine 

levels, balconies, extended party walls, retaining walls and other features. 

Nevertheless, both of the software packages were able to accommodate these 

features. Designbuilder was effective at modelling ground coupling, because the 

software had already incorporated this approach within the analysis tool, whilst 

IESVE required additional inputs. However, increasing the ground coupling was 

not one of the approaches that had been identified at the beginning of the 

chapter and would not be the subject of further investigation.  

• Green Meadow – Building an accurate three-dimensional representation of each 

house highlighted that the model building tools in Designbuilder were more user-

friendly than IESVE. Indeed, the difficulty of building a dormer roof in IESVE meant 

that this feature was omitted from the IESVE models. Modelling the thermal 

effects of the building fabrics identified that IESVE was able to calculate the 

thermal qualities of the lightweight, TPR and heavyweight wall constructions 

without additional inputs. Designbuilder required the use of hanging partitions 

(additional walls that do not touch the ceiling) or user inputs detailing the number 

of square metres of thermal mass for thermal mass to be accounted for in its 

calculations. The use of these additional inputs raised questions for future 

modelling, for example, if you have significant quanities of thermal mass in a wall 

but it is not exposed should it be included in the square metre figure, or where 

should hanging partitions be built and should they reflect the volumetric quantity 

of thermal mass in a wall? These questions raised doubts about how the 

Designbuilder interface interacts with EnergyPlus to account for thermal mass in 

models. 
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The initial studies had indicated that each of the software packages had their own 

strengths and weaknesses. Both IESVE and Designbuilder had been capable of building 

the more challenging geometry of the Stranraer Road houses although the dormer roof 

on Green Meadow was difficult using IESVE. Despite Designbuilder’s advantages in 

building geometry and modelling ground coupling, IESVE was chosen as the software tool 

for the main study. The reason for this was its ability to model thermal mass without 

additional inputs. The literature case studies and initial studies had indicated that thermal 

mass could be significant in the thermal performance of design approaches and this was 

one of the key research enquiries of the testing phase of the research project.  

3.8.3.4 Choosing a Test Project 

With IESVE established as the software tool for dynamic thermal modelling the next step 

was to decide on a case to use for further modelling to test approaches to low carbon 

design and explore the limitations identified in the initial studies. Three PHA projects had 

been examined: Green Meadow, Stranraer Road and Britannia Drive and they each had 

strengths and weaknesses as case studies, as described below: 

• Green Meadow – The standard nature of the houses and their construction 

method made this project appealing as a case study because it was be 

representative of UK developer approaches. However, the layout with windows on 

the gable ends and the small size of the scheme, which was only two units, would 

limit options for exploring alternative site layouts, such as terrace plan.  

• Stranraer Road – The initial design of this scheme incorporating approaches, such 

as increased levels of passive solar gain, identified as significant in the 

development of low carbon housing. The Stranraer Road project also offered the 

possibility to explore the issue of ground coupling, which is the extent to which is 

positioned above or in earth, and this could provide interesting research 

opportunities. However, the atypical nature of the scheme, with a ground floor 

below street level would challenge the notion that the findings from a study based 

on this project could be applied to other developer projects. 

• Britannia Drive - The Britannia Drive project provided opportunities to examine 

different development patterns such as the terrace form, used in the literature 

case studies. In addition, unlike Stranraer Road, Britannia Drive was typical which 

meant that design changes applied to the scheme would be relevant to other 
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developer projects. A weakness of the scheme, for its use as a research project, 

was that the small site would limit the scope for examining changes to site 

orientation and the plan layout of the houses would mean that rearrangement of 

internal rooms would be required to explore more compact forms. 

Based on a comparison of these three schemes Britannia Drive (known hereafter as the 

site) was adopted as the project on which the approaches, described in Section 3.7, 

would be tested. 

3.9 Development of the Methodology 

In developing the research an approach was taken to optimise one of PHA’s built schemes 

to examine the opportunities for energy saving within the parameters of the project. This 

would, in principle, provide opportunities to maintain the affordability of the original 

scheme and highlight the scope of the developer model to achieve energy savings in the 

current legislative context. Optimisation in this context would mean developing 

successive iterations of the original scheme examining opportunities for reducing sensible 

heating load whilst maintaining a level of thermal comfort. The optimal solution would be 

developed with reference to approaches identified in previous case studies and drawn 

from the Prototype and Low Impact Development Models. Optimisation in this research 

does not refer to automated processes and genetic algorithms which have been used in 

studies to examine approaches to developing low-carbon dwellings (Nguyen & Reiter, 

2014; Charron & Athienitis, 2006; Attia et al., 2013). However, this study was informed by 

research using simulation-based optimisation by applying a rational, iterative design 

process based on a limited range of parameters.  

Sensitivity analysis was used to understand the rates of change with respect to alterations 

in design parameters and variables such as building fabric construction, quantity of 

glazing and adopting higher u-values on sensible heating load and thermal comfort. 

Sensitivity analysis was applied in this research by use of the following:  

• parallel data sets, such as identical models using continuous occupancy patterns 

and National Calculation Method (NCM) occupancy patterns (BRE, 2009);  

• the application of the one-factor-at-a-time (OFAT) method (Frey et al., 2003), at 

the initial stages of the testing programme;  
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• the use of scatter plots and bivariate data analysis  (Bryman, 2015) to understand 

more complex interactions of parameters, at the later stages of the testing phase.  

Hamby (1994) identifies that sensitivity analysis in modelling is used to determine the 

following:  

• parameters requiring additional research for strengthening the knowledge base;  

• parameters that are insignificant and can be eliminated from the final model;  

• inputs that contribute most to output variability;  

• consequences that result from changing a given input parameter.  

Sensitivity analysis techniques were adopted because dynamic thermal modelling can be 

complex and ways in which models in software, such as IESVE, respond to changes in 

inputs is not always transparent (Oakley and O’Hagan, 2004). Sensitivity analysis was also 

used to inform decisions regarding aggregation and exclusion. Aggregation refers to 

simplified representation of complex real world systems and exclusion refers to a decision 

to omit any portions that are judged not to be important with respect to modelling 

objectives (Cullen and Frey, 1999). In this research the initial modelling played an 

important role in exclusion by identifying the most significant aspects of low-carbon 

design, such as sensible heating load and thermal comfort, which would be the focus of 

this research. In addition, exclusion would be applied iteratively to exclude approaches 

identified as being ineffective at delivering energy savings. These approaches would not 

be applied to the optimal models at the later stages of the testing programme. 

3.9.1 Reducing Operational Energy and Heating Load 
In analysing reductions in space heating load a comparative analysis approach was 

adopted whereby different design options were benchmarked against the original 

scheme rather than against an absolute standard, such as a representative dwelling built 

to a zero carbon standard (Bryman, 2015; Creswell & Clark, 2011). The disadvantage of 

the comparative analysis approach was that it was difficult to set the building design 

options within the broader context of aspirations by the British and Welsh Governments 

to develop zero carbon dwellings (Welsh Assembly Government, 2009d). However, the 

use of comparative analysis meant that design solutions developed for the study would 

be relevant to PHA’s current (in 2012) approach and would not significantly deviate from 
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the affordability and build-ability of the original scheme. There would be three phases to 

the operational energy study that are described below, and illustrated in Figure 3-49: 

• The first phase would explore the design of individual dwellings and investigate 

the impact of upgrades and adjustments to building fabric, such as introducing 

thermal mass, providing additional glazing on the south façade and improving the 

U-value of the building fabric. For the first study, the physical shape of the 

building, such as plan form and overall massing was not adjusted. For this first 

phase of the study a one-factor-at-a-time (OFAT) method (Frey et al., 2003), also 

known as the OAT method (Omer & Khee, 2012), would be adopted whereby one 

variable would be changed at a time. The OFAT method has been criticised for not 

estimating interactions or for missing optimal setting of factors (Frey et al., 2003); 

however, the initial modelling had identified the OFAT technique as having 

potential for exploring the effectiveness of individual approaches.  In addition, it 

was appreciated that this analysis technique could aid the understanding of more 

complex models that would be developed in the second and third stages of this 

study. 

• The second phase explored alternative approaches to the development of all six 

residential units on the site and investigated the impact of developing the 

dwellings as a terrace rather than semi-detached houses. For this second set of 

studies the buildings’ form were adjusted; however, the floor area of the original 

scheme was maintained as a constant, since any significant increase in floor area 

would undermine the affordability of any alternatives and any reduction would 

reduce the ability to compare results. 

• The most successful approaches from the first two phases were then 

amalgamated into two final schemes. The first of these two final schemes would 

represent the optimum solution, at least within the scope of the study, providing 

the greatest reductions in sensible heating load. The second scheme would 

demonstrate that significant reductions in sensible heating load are achievable 

whilst maintaining affordability in terms of capital cost. 
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Figure 3-49: Diagram illustrating the Britannia Drive heating load dynamic thermal modelling studies 

 

3.9.2 Overheating and Thermal Comfort 
The initial modelling studies, described in Section 3.8.1, mostly used the National 

Calculation Method (NCM) (BRE, 2009), which raised doubts about its suitability and 

accuracy for modelling natural ventilation. To address these concerns a parallel set of 

models using more sophisticated techniques for modelling ventilation were developed for 

an analysis of thermal comfort. The use of modelling techniques which would allow the 

dynamic relationships between building form, fabric and ventilation to be explored would 

be important for assessing overheating because in the UK natural ventilation is the prime 

means of providing cooling in housing (Itard & Meijer, 2008).  

To understand the relationship between space heating load and thermal comfort 

bivariate data analysis techniques (Bryman, 2015) would be used augmented by future 

weather files. Future weather files would be utilised in order to:  

• expand the data set, which would aid the identification of trends;  

• determine how houses which incorporate approaches for reducing space heating 

load would respond to predicted changes in climate;  
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• respond to recommendations that the design of a building should not be based on 

past climatic data but should take into account environmental changes predicted 

during the planned life of the building (Aebischer et al., 2007).  

The two phases of the thermal comfort study are described below:  

• The first set of models would investigate a range of possible development options 

for the houses at Britannia Drive based on passive design approaches from the 

operational energy study. This study would use the results obtained from the 

investigation of the impact of upgrades and adjustments to building fabric, such as 

introducing thermal mass, providing additional glazing on the south façade, 

improving the U-values of the building fabric and reducing external surface area 

and then examine their impact on thermal comfort, see Figure 3-50 below. This 

analysis would focus on peak high temperatures and the number of hours of 

temperatures above 25°C. These models would use the National Calculation 

Method and a continuous occupancy profile, both of which will be explained later 

in this chapter (see Section 3.10.2). 

• The second study would take the same models but rather than using National 

Calculation Method for ventilation would dynamically model airflows and window 

opening behaviour. This would be done using the Macroflo aspect of the IES 

software package and the Humphreys adaptive algorithm, which is one of a 

number of models for predicting user window opening behaviour (Borgeson & 

Brager, 2008). The Humphreys algorithm, which is explained later in this chapter 

(see Section 3.10.5) is based on a regression analysis of window opening 

behaviour in offices (Tuohy et al., 2007). This study would provide a parallel data 

set to compare with the results from the first study for both thermal comfort and 

heating load which would highlight the effect of modelling techniques and 

national standards on interpretation of issues of thermal comfort and operational 

energy in buildings. 

  

156 



 

Research Design and Methodology 

Figure 3-50: Diagram illustrating the Britannia Drive thermal comfort dynamic thermal modelling 
studies 

 

3.10 Thermal Modelling Study Variables and Controls 

Dynamic thermal modelling provides opportunities for the replication of models with one 

or more modifications to allow a range of variables to be examined including: methods of 

construction; occupancy patterns; building geometry; and climate (Jankovic, 2017). In 

order to identify trends in the data one or more variables would be changed while other 

aspects of the design would be maintained as constants. Initial comparison of the 

Pembroke Dock Eco-house and Britannia Drive, in Section 3.5, demonstrated the 

problems of simply comparing one complete design, incorporating a number of low 

carbon features, with another. In the study in Section 3.5, it has not been possible to 

identify the individual contribution of each low carbon element to reductions in 

operational energy, and this was regarded as one of the weaknesses of the study.  

These findings indicated the advantages of applying an OFAT methodology, whereby 

individual parameters are changed whilst others are maintained as constants as a means 

to test the low carbon design approaches. As the modelling developed it would be 

necessary to integrate more parameters into an optimal design resulting in more complex 
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models. Therefore, a number of modelling approaches were employed ranging from the 

use of simple continuous occupancy profiles to the more sophisticated modelling of 

airflows using Macroflo  (IES, n.d.a) combined with algorithms based on regression 

analysis of occupant behaviour to check the results in order to highlight modelling errors 

and cross reference the effectiveness of design approaches.  

3.10.1 Climate profiles  
Weather files are used by dynamic thermal modelling software to provide a geographical 

context for the thermal calculations. Two sets of weather data were used: one set for the 

models focusing on operational energy and another set for the models focusing on 

thermal comfort. It would have been preferable to use one weather file for all of the 

modelling. However the Aberporth weather file was most relevant for the site while the 

Ammanford weather file took account of changes in weather patterns predicted as a 

result of climate change (European Environment Agency, 2012), and provided a data set 

covering a greater range of conditions than, for example, would be possible using an 

individual Design Summer Year (DSY) weather file. For the initial models described in the 

previous section (Section 3.8), the Aberporth Example Weather Year (EWY) was used. The 

Aberporth EWY file was also used for the operational energy study because it provided a 

data set relevant to the geographical locations of the schemes in west Wales, being based 

on data within forty kilometres of the site. An EWY matches the characteristics of an 

entire year, in terms of the means and standard deviations of its monthly data, to the 

average monthly values for a number of years of data (i.e. the most typical year out of a 

set of many years of data) (University of Exeter, 2010). The Aberporth EWY was obtained 

from the IES software and the characteristics with regard to the maximum, minimum and 

mean temperatures are provided in Table 3-12, below.  

In the case of the thermal comfort study, one of the objectives was to consider the future 

climate and there are two main methods for providing future climate conditions using 

dynamic thermal modelling. One method is to use the weather data from a suitable 

location warmer than the area proposed for the modelling. Keeffe and McHugh (2011) 

used this methodology when a project in the UK was modelled using data from Nice in 

France and Casablanca in Morocco. The other option is to use ready-made weather files 

and the publication of the UK Climate Projections (UKCP09) resulted in the production of 

predicted weather files up to 2080 taking into account probabilistic projections of climate 
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change. In choosing an approach it was judged that the use of ready-made future climate 

files was likely to produce more accurate predictions than selecting locations warmer 

than west Wales. It was considered that predicted weather files would be more accurate 

because the use of ready-made weather files would involve fewer assumptions from the 

modeller. In practice it was found that the pre-prepared weather files required a number 

of decisions to be made by the user about the quantity of CO2 that would be emitted 

globally in the next seventy years, until the 2080s, and the degree of variability in climate 

though selecting the weather files, all of which would be based on assumptions. 

The DSY climate files used for this research were from the University of Exeter who have 

developed a method for the creation of future probabilistic reference years for use within 

thermal models (University of Exeter, 2010). The Exeter University weather files sampled 

differences between the base UK climate from 1961 to 1990 and the required future time 

period taking into account monthly and annual changes to relative humidity, mean air 

temperature, maximum air temperature, minimum air temperature and cloud cover 

(ibid). To create a consistent weather pattern over the year, appropriate percentiles were 

provided for each month to produce either a probabilistic test reference year or 

probabilistic near extreme weather year as required (ibid). Using this method involved 

choosing a relevant weather file, selecting a percentile weather year and selecting a test 

reference year. The 90th percentile would give an indication of the greatest extent of likely 

future warming and the 10th percentile give an idea of the likely minimum change within 

current theories and models. For this PhD study the 50th percentile was chosen, the 

characteristics of which, in terms of maximum, minimum and mean temperatures, are 

provided in Table 3-12, below. 

Table 3-12: Aberporth EWY and Ammanford TRY dry bulb monthly Min/Max/Mean temperatures  

Data Set 

Minimum Temperature Maximum  Temperature 
Mean Temp. 

(°C) (°C) Time/Date (°C) Time/Date 

Aberporth EWY -3.1 04:00 15th February 27.6 16:00 14th August 9.89 

Ammanford TRY Control  -5.2 09:00 18th February 26.8 16:00 18th May 10.1 

Ammanford TRY 2030 -1.8 08:00 13th January 29.0 17:00 26th August 11.9 

Ammanford TRY 2050 -5.1 08:00 16th January 30.8 17:00 31st July 12.6 

Ammanford TRY 2080 -1.7 08:00 08th February 33.0 16:00 22nd June 14.3 
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3.10.2 Occupancy Profiles  
The length of time a room or building is occupied can affect its thermal performance 

(Marshall et al., 2016). Literature by the Timber Frame Association (UKTFA, 2009), the 

Concrete Association (The Concrete Centre, 2009) and Marshall et al. (2016) describes 

how the interaction between occupancy patterns and building fabric operates. This 

literature identifies that a lightweight building, with rapid thermal response time (i.e. it 

heats up quickly) can reduce heating demand for dwellings with intermittent occupancy 

patterns. Conversely, a heavyweight building can be better suited for patterns of long or 

continuous occupancy by reducing heating load (Hastoe Housing Association, 2000). In 

dynamic thermal models internal heat loads from electrical products, lighting and the 

occupants themselves are attached by the profiles to the hours of occupancy (internal 

heat loads for each room are provided in Table 3-13, below), which affects the thermal 

comfort of a room or building. Because of the potential impact of occupancy and the 

range of different occupants who inhabit social housing; two occupancy profiles were 

used for the dynamic thermal modelling studies in this research, which are described 

below: 

• A continuous occupancy profile whereby the property would be considered 

occupied for 24 hours was used and this allowed the number of variables to be 

minimised and reflected occupancy patterns that had been identified for some 

social housing occupants. From discussions with PHA it was learned that near 

continuous occupancy is not unusual in social housing for reasons of ill health, 

lifestyle and disability. Thus a continuous occupancy profile is not unsuited for 

these initial models. For these models heat gain from occupancy was set to 75W 

sensible heat and 55W latent heat as per Chartered Institute of Building Services 

Engineers (CIBSE) Guide A (2006a) was applied to each room to reflect heats gains 

from occupancy for a degree of activity associated with general habitation.  

• In parallel with the continuous occupancy a variable occupancy profile was used 

based on the National Calculation Method (NCM) (DCLG, 2008b). The NCM 

occupancy profile was obtained from the IESVE software and it was based on 

intermittent patterns of occupancy when the data was used for SBEM calculations 

(ibid). Whilst the SBEM calculation method is usually applied to non-domestic 

energy calculations domestic data sets are provided in the IESVE software for 

mixed-use developments (BRE, 2009). Details of the occupancy profiles in terms of 
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hours of occupancy and heat gains for each room are provided in Table 3-13, 

below.  

With regard to the heating set point, it was set at 19°C for the continuous occupancy 

model and 21°C during hours of occupancy for the models using NCM occupancy profiles. 

Thus, when internal temperatures fell below this 19°C threshold during the heating 

period the boiler was activated. Cooling, when required, was provided by additional 

natural ventilation through opening windows and this will be discussed in Section 3.10.5. 

Table 3-13: Table of NCM occupancy hours and internal heat gains  

Room Occupancy hours Sensible Heat Gains 

Lighting 

(W/m²) 

 

Misc. 

(W/m²) 

People 

Morning Afternoon Max 
Sensible 

Gains 
(W/person) 

Max Latent 
Gains 

(W/person) 

Occupancy 
(m²/person) 

Bathroom 07:00-10:00 19:00-23:00 7.8 1.61 60 60 53.37 

Bedroom 00:00-09:00 22:00-24:00 5.2 2.90 67.5 22.5 43.59 

Circulation 07:00 - 24:00 5.2 1.57 90 90 64.50 

Dining 07:00-10:00 18:00-22:00 7.8 3.06 67.1 42.9 59.12 

Kitchen 07:00-10:00 19:00-23:00 15.6 20.59 56.0 104.0 42.19 

Lounge - 16:00-23:00 7.8 3.9 67.5 22.5 53.32 

Toilet 06:00-10:00 18:00-22:00 5.2 1.61 70 70 41.12 

3.10.3 Building Geometry  
The findings from the case studies, discussed in Chapter 2, and from the studies described 

in Section 3.8, indicate that geometry and building form could influence energy efficiency 

and thermal comfort in a number of ways. For example, the Stranraer Road case study 

indicated that a compact form can be used to reduce heating load and that features such 

as solar shading can be used to reduce the potential for uncomfortably high internal 

temperatures. To explore the effect of building geometry, the original Britannia Drive 

case scheme would be changed in a number of ways to explore the impact of form on 

comfort and energy use including: adjusting the shape of the houses and the site layout 

to reduce external surface area; increasing the glazing on the south façade and changing 

the shape of the building to take advantage of solar gain. Descriptions of the nature of 

the changes to the form of the original Britannia Drive scheme are provided below:  
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• The starting point was the original design of the Britannia Drive case study which 

had the principle elevations on the north and south facades. The south façade had 

three windows facing the street; the north façade had four windows facing the 

back garden; and the east and west facades, while significant in area, had no 

glazing (see Figure 3-51 & Figure 3-52, below). The first change in building 

geometry was provided by taking advantage of the blank east and west facades 

(i.e. having no doors or windows) to adjoin the houses to create a terraced form. 

This would, in principle, achieve savings in sensible heating load by reducing 

external wall surface area (Wright, 2008), which in this case would be reduced 

from 125.2m² for a semi-detached to 87.2m² for a mid-terrace house (see Figure 

3-53, below). 

Figure 3-51: Photograph of the south elevation of Britannia Drive showing the blank gable ends 

 

Figure 3-52: Overhead view of Britannia Drive site model representing the original scheme 
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Figure 3-53: Overhead view of Britannia Drive site model showing the terrace arrangement 

 

• Building geometry was also adjusted through the introduction of additional 

windows to the south façade. These would take advantage of passive solar gain to 

the south-facing rooms to reduce sensible heating load. By varying the quantity of 

south-facing glazing it would be possible to examine the potential for reducing 

sensible heating load and explore the impact of passive solar gain design on 

thermal comfort conditions. Increasing the quantity of glazing was achieved by the 

addition of an extra 1.68m² window unit rather than by means a continuous 

glazed façade like the RuralZED scheme (see Chapter 2 and Figure 2-18). A 

continuous glazed façade with a buffer space was not used because it would very 

probably affect affordability, and it would raise questions about how the buffer 

space would be used. Increasing the quantity of glazing would have cost 

implications because windows are several times more expensive than exterior 

walls (Davis Langdon, 2014). However, if only from a researcher’s perspective, it 

was important that this option was considered. 

• A further step in adjusting building form was to attach the shed space to the end 

of the building, as used on the Eco-house (see Section 3.4.2.2). This would slightly 

reduce the external surface area of the house and provide a small buffer space.  

• Physically changing the shape of the building was undertaken as part of the 

analysis of different site development options based on a terrace layout. Two 

alternative building forms were examined: 
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o The first option remodelled Britannia Drive so that it utilised a long thin 

plan, with the same area and room volumes as the original plan. This 

arrangement located the houses in a suitable build zone in between the 

front drive and back gardens. This layout is referred to as the ‘narrow 

terrace’ in this PhD thesis and had a wall surface area of 122.4m² for an 

end terrace and 98.3m² for a mid-terrace (see Figure 3-54, below). 

Figure 3-54: Overhead view of Britannia Drive site model showing the narrow terrace arrangement 

             

o A second set of terrace models was based on a cube, which is an efficient 

form with regard to ratio of internal volume to external area, to reduce 

space heating load (Catalina et al., 2011; Wibberding, 2006). As with the 

narrow terrace this layout had the same volume as the original case study. 

This layout is referred to as the ‘compact terrace’ in this PhD thesis and 

had an external wall surface area of 104.8m² and 68.7m² for a mid-terrace 

which compared favourably with 125.2m² for the original semi-detached 

houses (see Figure 3-55, below). 

Figure 3-55: Overhead view of Britannia Drive site model showing the compact terrace arrangement 
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The models in all studies were analysed using Suncast in the IESVE dynamic thermal 

modelling software package. The Suncast component of the IESVE software package takes 

account of building orientation and solar shading to calculate solar gain and is essential 

for examining the impact of changes in geometry. PHA’s design for the dwellings at 

Britannia Drive located windows immediately under the eaves and this feature would be 

maintained as constant for all of the changes in geometry and, again, the Suncast 

software was used to analyse the effect of shading provided by this design feature and 

others such as the porch canopy (see Figure 3-56, below).  

Figure 3-56: View of Britannia Drive model showing the modelling of overhangs and porch canopy. 

 

The only changes made to the internal geometry of the case study houses were minor 

ones which were required for the changes in layout. With regard to the modelling of the 

internal geometry one of the most significant features is an opening created through the 

floor of the landing to the ceiling of the hall. This was done to represent the stairwell and 

account for vertical airflows between the two storeys. By incorporating this feature the 

buoyancy potential of air between floors, which can affect natural ventilation, and 

heating and cooling strategies (Laverge et al., 2011) could be accounted for in the 

calculations.      
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3.10.4 Building Fabric Properties 
It was described in Section 4.1 how a building’s construction can affect energy efficiency 

and user comfort in a number of different ways, but significantly through thermal 

transmission of heat through the building fabric and thermal mass. In providing variations 

of building fabric it was decided to focus on thermal transmission and thermal mass to 

develop four different fabric options for the models: one based on the original building; 

one based on increasing thermal mass; another based on using higher performance 

insulation to reduce thermal transmission; and a last one combining higher performance 

insulation and thermal mass. The points below describe how this was achieved: 

• Specification one is based on PHA’s standard method of construction, which was 

described earlier, was used on the Britannia Drive, Stranraer Road and Green 

Meadow schemes, see Section 4.2. The external wall construction consists of 

140mm deep timber studs, in-filled with mineral wool insulation for the inner skin 

and a rendered 100mm blockwork outer skin; which provided a U-value of 0.21 

W/m²K (see Table 3-14, below). Whilst this construction does contain elements 

associated with heavyweight construction, such as concrete block, the sequencing 

of the material meant that it acts more like a lightweight construction. A 

description of the thermal properties of the exterior wall is provided in Table 3-14, 

below: 

Table 3-14: Description of PHA standard exterior wall make up and thermal properties of the each 
element 

Material (Outside to Inside) 
Thickness  
(mm) 

Conductivity 
(W/(mK)) 

Density 
(kg/m³)  

Heat Capacity 
(J/(kgK)) 

External Render  20 0.50 1300.0 1000.0 

Concrete Blockwork (medium density) 100 0.51 1400.0 1000.0 

Cavity  50 - - - 

Plywood  10 0.15 560.0 2500.0 

Timber Stud (20%)/ Infilled with Mineral 
Wool Insulation (80%) 140 1.21/0.035 593.0/30.0 837.0/1000.0 

Gypsum Plasterboard  25 0.16 950.0 840.0 
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• Earlier modelling of the Eco-house indicated that thermal mass within a building 

fabric could be increased by moving thermal mass elements so that heavier 

weight materials are on the inside face of a construction. (Making such a change is 

sometimes referred to as flipping an exterior wall elsewhere in this thesis.) Thus, 

increasing the thermal mass of PHA standard wall construction could be achieved 

by using the high thermal mass elements already in the Britannia Drive wall 

construction and reversing the wall build-up so that the blockwork was  on the 

inside face and the timber frame packed with insulation was on the outside face 

(see Table 3-15, below). The results from Table 3-15, below, show this has a 

considerable effect on the internal heat capacity and admittance value of the 

exterior wall and reversing the wall construction increased the admittance value 

by a factor of three. It is worth noting that these external wall build-ups were 

reflected in the internal walls where a number of models in this study replaced the 

plasterboard lined stud partition walls with plastered medium blockwork. 

Table 3-15: Description of reversed wall make up and thermal properties of the each element 

Material (Outside to Inside) 
Thickness  
(mm) 

Conductivity 
(W/(mK)) 

Density 
(kg/m³)  

Heat Capacity 
(J/(kgK)) 

External Render  20 0.50 1300 1000 

Particleboard (medium density) 10 0.14 800 1300 

Timber Stud (20%)/ Infilled with Mineral 
Wool Insulation (80%) 140 1.21/0.035 593/30 837/1000 

Plywood  10 0.15 560 2500 

Cavity  50 - - - 

Concrete Blockwork (medium density) 100 0.51 1400 1000 

Gypsum Plastering 15 0.42 1200 837 
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• Another specification considered the impact of replacing the mineral wool 

insulation between the timber studs with higher performance polyisocyanurate 

(PIR) insulation to reduce the U-value of the major construction elements and 

examine its impact on operational energy. The decision to improve the U-values of 

the wall by the substitution of mineral wool insulation with PIR insulation was 

taken to maintain the 140mm stud wall of the original construction. An alternative 

would have been to use a 200mm stud wall infilled with mineral wool insulation. 

However, this option would have had implications for the structure, the layout of 

the site and other aspects of the building design. PIR insulation is commonly used 

in the UK construction industry (IAL Consultants, 2013) and its thermal properties 

would be similar to SIPs panels, which were discussed in Chapter 2, Section 2.3.2. 

It is recognised that this substitution of materials would have cost implications, as 

solid slab insulation, such as PIR, can be as much as three times as expensive as an 

equivalent amount of mineral wool insulation (Davis Langdon, 2014). 

Nevertheless, this approach represents an efficient means of upgrading PHA’s 

standard specification for exterior walls without departing from their current 

approach. It should also be noted that this substitution of materials would have a 

negative impact on the embodied energy of the external wall, by replacing a 

material with an embodied energy of 16.6 MJ/kg with a material of 80-90 MJ/kg 

(Hammond & Jones, 2011). As Table 3-16, below, shows this substitution of 

materials improved the U-value from 0.21W/m²K to 0.16W/m²K, but did not 

significantly affect the admittance and decrement values.  

Table 3-16: Description of exterior wall make up with PIR insulation and thermal properties of the each 
element 

Material (Outside to Inside) 
Thickness  
(mm) 

Conductivity 
(W/(mK)) 

Density 
(kg/m³)  

Heat Capacity 
(J/(kgK)) 

External Render  20 0.50 1300.0 1000.0 

Concrete Blockwork 100 0.51 1400.0 1000.0 

Cavity  50 - - - 

Plywood  10 0.15 560.0 2500.0 

Timber Stud (20%)/ Infilled with PIR 
Insulation (80%) 140 1.21/0.021 593.0/30.0 837.0/1000.0 

Gypsum Plasterboard  25 0.16 950.0 840.0 
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• The final building fabric combined the two previous constructions: the reversed 

building fabric and the PIR insulation. By employing this approach the fabric 

construction would combine the low thermal transmittance of the PIR insulation 

with the thermal mass of the internal blockwork wall construction. The decrement 

factors of the PIR insulation with thermal mass wall is 0.32 which means that 

when there is a fluctuation in external temperature, the impact through the fabric 

will be dampened by 32%. In practical terms this means that a PIR insulation and 

thermal mass exterior wall, with a decrement factor of 0.32 experiencing a 20°C 

daily variation in temperature on the outside surface, would have a 6.4°C variation 

on the inside surface. 

Table 3-17: Description of reversed wall make up with PIR insulation and thermal properties of the each 
element 

Material (Outside to Inside) 
Thickness  
(mm) 

Conductivity 
(W/(mK)) 

Density 
(kg/m³)  

Heat Capacity 
(J/(kgK)) 

External Render  20 0.50 1300 1000 

Particleboard (medium density) 10 0.14 800 1300 

Timber Stud (20%)/ Infilled with PIR 
Insulation (80%) 140 1.21/0.021 593/30 837/1000 

Plywood  10 0.15 560 2500 

Cavity  50 - - - 

Concrete Blockwork (medium density) 100 0.51 1400 1000 

Gypsum Plastering 15 0.42 1200 837 
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It was interesting to note that the PHA standard construction, used on the Britannia Drive 

scheme in 2010, had U-values better then or equivalent to the minimum current 

requirements of the building regulations, implemented by the Welsh Government in 

2013, with wall U-values of 0.21W/m²/K required for external walls and 0.15W/m²/K for 

roofs (WG, 2016a). An overview of the building fabric properties examined in this study is 

provided below in Table 3-18. 

Table 3-18:Britannia Drive building fabric properties 

Building Fabric U-value 
W/m²K 

Internal Heat 
Capacity KJ/m²K 

Admittance 
Value 

Decrement 
factor  

Standard External Wall 0.21 19.95 1.45 0.41 

Reversed Standard Wall  0.21 134.07 4.37 0.34 

PIR Insulation External Wall 0.16 19.95 1.49 0.39 

Reversed Wall w/  PIR insulation 0.16 134.07 4.37 0.32 

Standard Internal Wall  0.37 11.97 0.90 0.99 

Blockwork Internal Wall  1.62 79.00 3.28 0.59 

Standard First Floor Ceiling 0.11 11.97 1.10 0.81 

PIR Insulation First Floor Ceiling 0.08 11.97 1.03 0.61 

 
 

3.10.5 Modelling of Airflows  
Controlled and uncontrolled ventilation has the potential to be one of the most 

significant variables for heat loss (Banfill et al., 2011; Nguyen & Reiter, 2014). This is 

because heat can be lost through ventilating the building whether that results from 

infiltration, which is a product of air-tightness, or user behaviour, such as opening 

windows when the space heating is activated, as described in the Canmore Place and Clay 

Fields case studies, in Chapter 2, Section 2.4.  In addition, natural ventilation provides the 

principal means by which houses are cooled in the UK (Hacker et al., 2005). The different 

approaches to modelling ventilation applied in this PhD study are described below:  
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• The NCM method – The NCM method is based on national standards (DCLG, 

2008b) and applies a consistent airflow of 0.1876l/s/m² for inhabited rooms during 

occupancy hours. This approach was only used for the models using the NCM 

occupancy profile. This method fails to take account of behaviour based on 

internal temperatures, external conditions or occupant behaviour (Doyle, 2008) 

and this was one reason why the advanced modelling techniques, described 

below, were used. Figure 3-57, below, shows the ventilation throughout July, 

using the Aberporth EWY, for the Britannia Drive Model (described in Section 3.5), 

and demonstrates a consistent daily ventilation flow, unrelated to external 

temperatures (see Figure 3-57, below).  

Figure 3-57:A graph showing the levels of ventilation for a test house at the Britannia Drive case study 
using the NCM ventilation profile 

 

Dry bulb temperature – Ammanford TRY 

Auxiliary (NCM) ventilation 

  

171 



 

Research Design and Methodology 

 

• Infiltration – This ventilation technique provides constant background ventilation 

reflecting the levels of air-tightness of a building. Infiltration was incorporated into 

all of the models and was generally set at 5.8m³/m²h, which reflected the results 

of air pressure tests on the Britannia Drive houses. In the second study, examining 

thermal comfort, the air-tightness of several models was adjusted to explore the 

impact of infiltration on comfort and sensible heating load. A value of 3.4m³/m²h 

for infiltration was used, which was based on the air pressure tests of the Clay 

Fields case study (Gill et al., 2011), in Chapter 2. Figure 3-58, below, shows the 

constant nature of the infiltration ventilation which is shown as a horizontal line 

on the chart. 

Figure 3-58: A graph showing the levels of ventilation for a test house at the Britannia Drive case study 
using the NCM ventilation profile 

 

Dry bulb temperature – Ammanford TRY 

Infiltration 
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• Advanced Modelling - Dynamic thermal modelling software was used in this 

research to allow airflows to be modelled to take into account: external wind 

speed; wind direction; opening shape; external temperature; the sheltering of an 

opening; and user behaviour (IES, n.d.a). This advanced modelling was achieved by 

combining Macroflo (ibid) with the Humphreys Algorithm (Tuohy et al., 2007), 

both of which are described below: 

o MacroFlo is a simulation program for IESVE used for the design and 

appraisal of naturally ventilated buildings (IES, n.d.a). MacroFlo runs 

alongside Apache, exchanging data at run-time to achieve a fully 

integrated simulation of air and thermal exchanges (ibid). MacroFlo 

simulates the flow of air through openings in the building envelope and 

can be used to examine infiltration, single-sided ventilation, cross-

ventilation and stack ventilation (ibid). Openings are associated with 

windows, doors and holes created in the geometry model and, working 

from an editable database of opening types, the user can assign opening 

properties to windows and doors in the model. Opening type properties 

allow for the specification of the degree and timing of window opening 

and its dependence on room temperature and these properties can then 

be saved to a template (ibid). 

o The Humphreys algorithm is the product of regression analysis of window 

opening behaviour in offices undertaken by researchers at Energy Systems 

Research Unit, at the University of Strathclyde, and Oxford Institute for 

Sustainable Development, at Oxford Brookes University (Tuohy et al., 

2007). This analysis found that the proportion of time that windows are 

opened is related to temperature and occupants were most likely to open 

windows when both the indoor and external temperatures were high. 

(ibid) Regression analysis of this behaviour produced the equation below, 

with the two main variables being Tg, the indoor temperature, and Tao_i, the 

outdoor temperature.  

Equation 3-1: The Humphreys algorithm (Tuohy et al., 2007). 

log �
𝑝𝑝
1
− 𝑝𝑝� = 0.17𝑇𝑇𝑇𝑇 + 0.166𝑇𝑇𝑇𝑇𝑇𝑇 𝑖𝑖 − 6.4 

173 



 

Research Design and Methodology 

Incorporating the Humphreys algorithm was challenging because it meant converting the 

formula into an IESVE Profile. IESVE allows for the use of complex environmental and user 

interactions through the use of Profiles in the Apache component of the software (IES, 

n.d.b). Profiles are used to describe the time and variation of thermal input parameters 

and examples include: scheduling plant equipment to go on or off; modulating casual 

gains and ventilation rates; specifying window opening; and defining time-varying set-

points (ibid). In addition to simple Profiles based on daily or hourly change, used for 

example to set heat loads in the NCM models, IESVE allows for the use of formula profiles 

where the value is not specified numerically, but instead defined as a mathematical 

function of weather and simulation variables. The formula is inputted by use of operators, 

which form the language of this aspect of the software and include common arithmetic 

operators and parentheses. This allowed the terms of the equation that formed the basis 

of the Humphreys equation to be substituted with the profiles operators so for example 

Tg became ‘ta’ and Tao_i became ‘to’ when inputted as a formula profile.  

In applying the algorithm in IESVE an opening template was set up specifically for 

windows with the Humphreys Algorithm formula profile applied to it. Doing this meant 

that the modelling followed the same patterns used in ESP-r as described in the paper 

‘Comfort Driven Adaptive Window Opening in Behaviour and the Influence of Building 

Design’ (Tuohy et al., 2007). The algorithm was set to run hourly and an occupant was 

considered ‘too hot’ or ‘too cold’ based on the relative difference between external and 

internal temperatures the probability of a window being opened or closed was then 

calculated from the operative temperature and the outdoor dry temperature from the 

weather file. The calculated probability is then compared with a random number 

between 0 and 1 generated by IESVE and if the calculated probabilities are higher than or 

equal to the randomly generated number the window will be opened; if the random 

number is less than the calculated probability of the window is closed. In practice this 

meant that if external temperatures were high the windows were likely to be open and if 

external temperatures were low the windows were likely to be closed; however, the 

probabilistic aspect of this technique meant this was always not the case, as 

demonstrated. Nevertheless, unlike the ventilation flows in the NCM models (see Figure 

3-57), the ventilation rates did broadly follow internal temperatures, with higher rates of 

ventilation on warmer days, as demonstrated in  
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Figure 3-59, below, showing airflows for a model in July using the Aberporth EWY (see 

Section 3.10.1). 

Figure 3-59: A graph showing the levels of ventilation for a test house at the Britannia Drive case study 
using Macroflo and the Humphreys algorithm. 

 

Dry bulb temperature – Ammanford TRY 

Macroflo external ventilation 

These approaches to ventilation each had their own drawbacks: for example, the NCM 

method does not accommodate the dynamic interactions of user behaviour, local 

weather patterns and the building fabric (Doyle, 2008); and the Humphreys Algorithm 

was developed based on data from offices rather than domestic dwellings. However, 

Tuohy (Tuohy et al., 2007) argued that the approach could be applied ‘in all applications 

where natural or hybrid ventilation is being considered including summer and winter 

performance for current and future climates’ (ibid). The Humphreys algorithm only 

responds to temperature fluctuations, and not other conditions that influence occupants’ 

to take account aspects of user behaviour, other than temperatures, that influence 

occupant window opening behaviour such as CO2 levels, humidity, noise levels or other 

social factors (Haldi & Robinson, 2009; Borgeson & Brager, 2008; Fabi et al., 2012). 

However, the validity of both of these approaches is based on the NCM approach being 

the current national standard for dynamic thermal modelling and the advanced modelling 

approach best reflecting the behaviour of users and airflow patterns of naturally 

ventilated buildings in the real world. 
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3.11 Assumptions and Validation 

In defining the scope of the study it was recognised that the accuracy of the results would 

be dependent on a number of assumptions. For example, it was assumed that the 

dynamic modelling software would provide a reliable and representative model of 

thermal performance and the results would reflect the performance of building. However 

the validity of such assumptions was tested wherever possible and also reference was 

made to relevant literature. So in the case of the example above, and the software 

representing the thermal performance of buildings, the validity of the assumptions was 

challenged as follows:  

• Firstly, reference to literature identified studies where the software was tested 

against real world conditions such as those by Professor Jankovic (2017) in his 

book ‘Designing Zero Carbon Buildings Using Dynamic Simulation Methods’.  

• Secondly, independent validation studies for the various software considered, 

such as Design Builder (CIBSE, 2006b; Designbuilder, 2014) and IESVE (CIBSE, 

2006b; IES, 2012a) (see Section 3.8.1), were consulted. Where these validation 

studies were not available or if there were independent sources challenging the 

validity of software then this software would be rejected.  

• Thirdly, software was comparatively tested to examine the ease by which the 

modeller could replicate building features, geometry and aspects of building 

construction, such as thermal mass, as described in Section 3.8.3.3 (when IESVE 

was tested against Designbuilder). 

In some cases relevant literature was not available to validate an assumption, for 

example, the assumption that the NCM represents patterns of energy use in social 

housing based on occupancy profiles (DCLG, 2008b). The same applies to assumptions 

about patterns of airflow when used for ventilation (ibid). In these cases sensitivity 

analysis techniques were employed and multiple data sets were created using the same 

models but different approaches simulating the conditions being examined. In the case of 

occupancy profiles a set of models was created based on the NCM calculation, which is 

the national standard, and an alternative set was created based on continuous 

occupancy, informed by discussions with PHA. In the case of modelling airflow, similarly, 

one set of models was produced based on the NCM, whilst another was developed based 

on more advanced modelling techniques, Macroflo (IES, n.d.a) and the Humphreys 
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Algorithm. With these two data sets the accuracy of the models could be verified. 

Verification is a process of making sure that the model is doing what it is intended to do 

and identifying when it responds in an unacceptable way to changes in one or more 

inputs (Frey and Patil, 2002). The use of parallel data sets was an important part of the 

verification process because it allowed the performance of the two data sets to be 

compared. Verification was also useful for identifying and addressing issues associated 

with the complexity of dynamic thermal modelling. Using these data sets it was possible 

to identify an issue and then investigate the source of the problem.  

Finally, Frey and Patil (2002) noted that if the model response is reasonable from an 

intuitive or theoretical perspective, then the model users may be reassured by the 

qualitative behaviour of the model even if the quantitative precision or accuracy is 

unknown. Frey and Patil (2002) termed this approach extrapolation and explained that it 

is used as part of the overall process of validation in sensitivity testing. Extrapolation was 

used to assess the parallel data sets to analyse the performance of models against 

theoretical assumptions based on the literature. So, for example, it was identified in 

various literature that high thermal mass is better suited to continuous patterns of 

occupancy and, conversely, low thermal mass is more suited to intermittent occupancy 

patterns (UKTFA, 2009; The Concrete Centre, 2009). It was therefore expected that there 

would be a difference in performance between the models using NCM occupancy profiles 

and those using continuous occupancy profiles. If results were to emerge from those 

different models that challenged this theoretical perspective it would be necessary to 

investigate whether the models were built correctly and whether the software was 

operating correctly and, thus, it would constitute part of the checking and validation 

process. 
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3.11.1 Defining Comfort 
In the case of defining thermal comfort reference to literature was more difficult as a 

means of validation and addressing assumptions because there were several definitions 

of thermal comfort. Section 3.9.2 explained that a 25°C threshold would be used in the 

main study to define the upper temperature for comfort in this thesis. This threshold is 

based on CIBSE Guide A (2006a), where a temperature of 25°C is applied for all rooms 

with the exception of the kitchen and toilet, where the upper comfort temperature is 

defined as 23°C. However, other methodologies have placed more emphasis on 

examining the sensitivity of individual rooms to thermal comfort and proposed that a 

range of temperatures be used (Peeters et al., 2009).  

In addition, the use of thermal comfort standards as characterised by threshold 

temperatures has also been criticised on two grounds. The first is that the use of thermal 

comfort standards was based on climate chamber laboratory experiments on Americans 

and Europeans, with in most cases, the subjects carrying out sedentary activities whilst 

wearing standardised uniforms, and this it is argued, makes them unrepresentative 

(Chappells & Shove, 2004). The second criticism has been that it disregards the effect of 

adaption, which in this context is defined as the changing evaluation of the thermal 

environment, because of changing perceptions (Auliciems & Szokolay, 2007; Shafaghat et 

al., 2016). Different forms of adaption identified in studies include: psychological 

adaptation based on experiences; behavioural thermoregulation which includes 

modifications a person makes consciously or unconsciously to modify heat and mass 

fluxes governing the body’s thermal balance; and physiological adaption, generally 

described as acclimatisation (ibid). Critics explain that in the domestic environment, 

conditions are quite different from the early laboratory tests and personal adaptation 

such as adding or removing a layer of clothing can take place quickly and, in turn, rapidly 

affect perception of internal comfort (ibid).  

Adaptive thermal approaches have been developed that respond to these criticisms 

(Nicol & Humphreys, 2002; Shafaghat et al., 2016) and are based on the principle that the 

temperature that people find comfortable varies according to numerous factors (de Dear 

& Brager, 1998; Zhang & Altan, 2011), but most significantly with the mean outdoor 

temperature (Palmer & Cooper, 2011). Proponents of this approach argue that this is 

especially true for people in buildings that are free running (relying on natural ventilation 
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for cooling), such as the houses in this study (de Dear & Brager, 1998; Nicol & Humphreys, 

2010). The adaptive thermal comfort approach relies on designers to provide 

opportunities for occupants to adapt their environment to meet their comfort 

requirements (Nicol et al., 2012). It should be noted that the Humphreys algorithm, 

described in Section 3.10.5, is informed by the development of adaptive thermal comfort 

principles (Nicol & Humphreys, 2010; Tuohy et al., 2007).  

In the book ‘Adaptive Thermal Comfort: Principles and Practice’ the authors Nicol, 

Humphreys and Roaf (2012) advocate the use of a Nicol graph as a means for assessing 

adaptive thermal comfort. A Nicol graph is a tool for understanding the heating and 

cooling required to provide comfort in a building by indicating the optimum temperature 

which a building should aim to achieve on a monthly basis (ibid). A Nicol chart is prepared 

in two stages; firstly by calculating the mean outdoor temperature (Tom) for each month 

based on the mean daily maximum temperature (Tomax) and the mean daily minimum 

temperature (Tomin), as described in Equation 3-2 below: 

Equation 3-2: Mean Temperature (Roaf, 2012) 

𝑇𝑇𝑇𝑇𝑇𝑇 = (𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 + 𝑇𝑇𝑇𝑇𝑇𝑇𝑖𝑖𝑇𝑇)/2 

Secondly, the Humphreys formula is then applied to find the comfort temperature (Tcomf) 

using the mean outdoor temperature (Tom), as described in the Equation 3-3 below: 

Equation 3-3: The Humphreys formula (Roaf, 2012) 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 = 0.53(𝑇𝑇𝑇𝑇𝑇𝑇) + 13.8 

Literature was referred to which explained that in a situation where there is a possibility 

of changing clothing or activity and the comfort zone would be +/- 2°C (ibid). This was the 

case in the houses examined and in the absence of any other benchmarks to assess 

comfort a 4°C band centred on the optimum was taken as the comfort zone for this study 

(Santamouris & Sfakianaki, 2009).  

Whilst adaptive thermal comfort analysis was identified as a useful tool the analysis of 

thermal comfort standards as defined by a 25°C threshold temperature would be used as 

the main means of assessing thermal comfort in this research for the following reasons:  
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1. Because of its simplicity, it would be time consuming to prepare and compare 

Nicol graphs for the large number of models used in this study. 

2. Because there are questions about the adaptability of some people such as the 

sick and elderly to changes in climate (EuroHEAT, 2009; McMichael et al., 2003; 

Swart et al., 2009). 

3. Because it was found that when the optimum temperature changed on a monthly 

basis under various conditions it was difficult to compare the results of various 

models.  

For these reasons Nicol graphs were only prepared for a few key models from Section 4.6 

of Chapter 4 to understand the impact of adaptive thermal analysis techniques on 

perceptions of thermal comfort. 

3.12 Summary 

The key points from Chapter 3 are summarised below: 

• Section 3.1 described how the analysis of case studies in Chapter 2, Section 2.4 

had contributed to the development of the methodology of the research project 

by identifying key design principles for the development of low carbon housing in 

rural areas. It was identified that these design principles could be used for the 

basis for an analysis and evaluation of rural low carbon development models. 

These design principles included: consideration of embodied energy; passive solar 

gain; efficient building form and fabric; and thermal mass. 

• Section 3.7 described the process of choosing suitable data collection and 

assessment methods for testing design principles. It outlined the data collection 

methods used in previous chapters and assessed their suitability for answering the 

research questions, addressing gaps in the knowledge and testing the low carbon 

approaches described in the point above. It explained that operational energy was 

taken as the focus for the research and explained how this would be examined 

using dynamic thermal modelling. 

• Section 3.8 described initial investigations based on case studies to examine 

dynamic thermal modelling software tools and described the process of choosing 

a suitable project on which the design approaches outlined at the start of the 

chapter would be tested. It explained that IESVE was chosen over Designbuilder as 
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the dynamic thermal modelling software to take the research forward and that 

Britannia Drive, which was the focus of the studies in Chapter 3, was chosen over 

Stranraer Road and Green Meadow as the test-bed project for the approaches 

identified at the start of the chapter. 

• Section 3.9 described how the dynamic thermal modelling would be a two stage 

analysis focusing on (a) reductions in sensible heating load and (b) thermal 

comfort. This section also explained that the OFAT approach would be used to 

examine the impact of individual adjustments to the Britannia Drive. It was 

identified that there are weaknesses in the OFAT method and as a result bivariate 

analysis would also be used to understand the more complex interactions 

between climate, occupancy, building form and building fabric. 

• Section 3.10 described the variables and controls for the dynamic thermal 

modelling. These variables were described as climate profiles, occupancy profiles, 

building geometry, building fabric properties and modelling of airflows. In the case 

of modelling of airflows it was described how an innovative algorithm based on 

regression analysis of window opening would be combined with Macroflo to 

accompany the use of NCM and continuous occupancy profiles to model 

ventilation and assess thermal comfort.  

• The final section described the assumptions inherent in the use of dynamic 

thermal modelling and explains how sensitivity analysis techniques have been 

used to address this issue. It is explained that thermal comfort remains an area of 

debate among academics and the built environment community. It explained that 

a threshold temperature of 25°C is applied to define the upper limit of thermal 

comfort generally but that a limited amount of analysis would be done using the 

adaptive thermal comfort principles (Nicol et al., 2012).  
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4 Results 

4.1 Chapter Overview 

This chapter describes the results from the modelling of alternative approaches to 

developing the Britannia Drive case study. The first phase of the study explores the 

impact of individual improvements to the houses (Section 4.2.1) and the second stage 

examines the effect of combining approaches (Section 4.2.2). Section 4.3 describes a 

modelling study examining the alternative approaches to developing the site. This section 

focuses on assessing the savings in space heating load that could be achieved by 

developing the Britannia Drive case study as a terrace rather than a series of semi-

detached houses, and the broader potential for changes to building form to provide 

savings in energy. Section 4.4 takes the most successful aspects from the studies in 

Sections 4.2 and Section 4.3 and combines them to create two sets of amalgamated 

models. The first of these two amalgamated models identifies optimums solution for 

reducing sensible heating load (Section 4.4.1) and the second of the two amalgamated 

models outlines an affordable solution that could achieve significant savings in sensible 

heating load without significantly adversely affecting the capital cost of the project 

(Section 4.4.2). The following section examined the relationship of thermal mass and 

passive solar gain (Section 4.5). The next two sections (Section 4.6) consider the 

implication of the approaches examined in terms of overheating and adaptive thermal 

comfort (Section 4.7). The final section provides a summary of findings (Section 4.8). 
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4.2 Modelling of the Individual Buildings  

This chapter examines and discusses whether the energy saving approaches described in 

the previous chapters (Chapters 2 and 3) could be applied to the developer model, in this 

case represented by Britannia Drive, to achieve significant savings in operational energy. 

The first two phases of the study are described as follows: 

• The first phase explored the design of individual dwellings and investigated the 

impact of notional upgrades and adjustments to building fabric, such as 

introducing additional thermal mass, providing additional glazing on the south 

façade and improving the U-value of the building fabric on reducing heating load 

(see Table 4-1, below).  

• The second phase examined whether combining upgrades to the building fabric, 

such as increasing thermal mass, passive solar gain and insulation, would 

significantly affect sensible heating load. This study would consider whether there 

were dynamic relationships between the different approaches. The second phase 

of the study was divided into two stages: a first stage examined the impact of two 

upgrades on thermal performance; and a second stage examined the potential 

energy savings of three improvements to the building fabric (see Table 4-2, 

below). 

The focus of this study was to identify savings in operational energy and in particular 

space heating; however, the potential for overheating is not ignored. Two principle 

outputs were examined to gain an understanding of the impact of reducing space heating 

on thermal comfort: peak dry resultant temperature; and the number of hours over 25°C.  
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Table 4-1 Britannia Drive single house table of approaches tested – individual improvements 

Model Individual Approach Tested 
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Table 4-2 Britannia Drive single house table of approaches tested – composite improvements 
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4.2.1 Individual Improvements 
An initial set of models considered the impact of individual improvements including 

increasing solar gain, increasing thermal mass to interior spaces and improving the 

insulation (Models A to G in Table 4-9, Table 4-5, Table 4-7 and Table 4-9). A baseline 

model (Model A) was built that used a continuous occupancy profile resulting in an 

outcome of 4.51MWh for space heating per annum (see Table 4-9, below). By comparison 

this figure is lower than some other models for UK household space heating using 

continuous occupancy, such as that presented in the NERA Economic Consulting report 

(2010), which had a figure of 6.3MWh for terraced, semi-detached and bungalow 

properties (NERA, 2010). However, the NERA figure included hot water loads (ibid), which 

are not accounted for in the models in this study. Moreover it should be recognised that 

Britannia Drive represented best practice in the development of low carbon housing by 

PHA at the time the project was built, in 2010, while the NERA figures are based on 

typical new build UK housing, in 2010. 

Using the continuous occupancy profile on Models A to G, see Table 4-1 above, there was 

considerable variation in performance with the least successful strategy achieving a 0.2% 

reduction in sensible heating load (Model H) relative to the baseline Model (Model A) and 

the most successful achieving an 11% reduction in heating load (Model H) over the 

baseline model (Model A) (see Table 4-3). There was also a wide disparity in the number 

of hours of temperatures over 25°C in the models. For the majority of the models the 

number of hours of temperatures above 25°C increased; however, a few models showed 

a reduction in the number of hours of temperatures above 25°C relative to Model A, 

which had 53 hours of temperatures over 25°C (see Table 4-9, below). Model D had the 

least potential for overheating with 19 hours of temperatures above 25°C (Model D) (see 

Table 4-5) compared to Model A, whilst Model C had the most potential for overheating, 

with 209 hours (see Table 4-7), nearly a four-fold increase over Model A (see Table 4-9, 

below). 

The second set of models using the NCM values (Models A-NCM to G-NCM in Table 4-10, 

Table 4-6, Table 4-8 and Table 4-10) was used to confirm and check the results from the 

first set of models using the continuous occupancy profiles (Models A to G). Overall, the 

quantity of energy required to heat the Britannia Drive houses was lower for the models 

using the NCM profiles than for those using the continuously occupied profiles. The lower 
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sensible heating loads for the NCM models were reflected in the baseline model (Model 

A-NCM), which used 2.27MWh per year (see Table 4-10, below). A sensible heating load 

of 2.27MWh per year for Model A-NCM was nearly half of the heating load of Model A, 

using the continuous occupancy profile, but almost the same (within 1%) as the Britannia 

Drive SAP calculation DER figure of 2.29MWh, obtained from PHA.  

It might be coincidence that the NCM and SAP figures for heating load are so close; 

however, it is more likely that they are the product of similar assumptions and calculation 

inputs used in the two methodologies. Whilst the figure for the dynamic thermal 

modelling models was in line with the predictions for the SAP calculations it should be 

noted that literature on the performance gap indicates that predictions of energy use can 

be inaccurate by as much as 100% (Zero Carbon Hub, 2010b; Hughes et al., 2016). 

Therefore the continuous occupancy figures might be closer to actual energy use than the 

NCM values. When comparing the continuous occupancy models (Model A to G) with the 

NCM models (Models A-NCM to G-NCM) there was a broader range of results with one 

approach actually increasing heating load by 1.8% (Model F) (see Table 4-6) and the most 

successful reducing heating load by 15.9% (Model J) (see Table 4-10). This is compared 

with a low of 0.2% (Model K) (see Table 4-9) reduction in sensible heating load and 11.0% 

(Model J) (see Table 4-9) reduction in sensible heating load high for the continuous 

occupancy profile models.  

There was a significant increase in the number of hours of temperatures over 25°C for the 

NCM models when compared with the continuous models. Model A-NCM had 469 hours 

of temperatures above 25°C, significantly higher than its equivalent model using the 

continuous occupancy profile with 52 hours (Model A) (see Table 4-9 and Table 4-10, 

below). A number of models in the NCM data set were able to achieve significant 

reductions in overheating when compared with Model A-NCM with the lowest achieving 

288 hours of temperatures over 25°C (Model E-NCM), a reduction of 181 hours over 

Model A-NCM (see Table 4-6). By comparison, the model with the greatest number of 

hours of overheating had 735 hours of temperatures over 25°C (Model C-NCM), an 

increase of 266 hours compared with Model A-NCM (see Table 4-8).  
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4.2.1.1 Models Increasing the Performance of the Insulation (Model H and Model 

H-NCM) 

The use of higher performance insulation (i.e. insulation with lower levels of thermal 

conductivity) was identified as one of the most common means to reduce heat loss in 

building in the literature review (see Section 2.3.2) and the improved levels of insulation 

and lower U-values of Model H, using the PIR insulation, proved to be one of the most 

effective means of reducing the sensible heating load. The application of this approach on 

Model H produced a 10% reduction in sensible heating load when compared with the 

original scheme (Model A) based on the continuous occupancy profiles (see Table 4-9). 

This result confirmed that the approach of the literature case studies (Canmore Place 

(Communities Scotland, 2005); Clay Fields (Zachery et al. 2010); and RuralZED 

(ZEDfactory, 2014), which had used higher levels of insulation than required by 

legislation, would have played a significant part in achieving energy savings over housing 

built to the minimum legislative standards of Part L. However, as mentioned previously, in 

Chapter 3, Section 3.10.4, the higher relative cost of this approach meant that this would 

be among the more costly of the individual improvements to implement.  

The NCM models confirmed the findings from the continuous occupancy profile models 

that indicated improved levels of insulation would be one of the most effective means for 

reducing sensible heating load. The NCM model using this strategy, Model H-NCM, 

achieved almost exactly the same result, in terms of proportional energy saving, as the 

models using a continuous occupancy profile, with an 11% reduction in sensible heating 

load over the baseline model (Model A-NCM) (see Table 4-10, below). There was a slight 

increase in the performance of NCM model (Model H-NCM) when compared with the 

continuous model using the same strategy (Model H); however, this increase was only 

one percent.  
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Table 4-3 Britannia Drive single house, individual improvements (improved insulation) table of results 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduction in 
sensible heating 
load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 17:30 15th Aug 53 

Improved Insulation 

(Model H) 
4.06 10.0 27.82 17:30 15th Aug 69 

 

Table 4-4 Britannia Drive single house, individual improvements (improved insulation) NCM table of 
results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction in 
sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 16:30 15th Aug 469 

Improved Insulation 

(Model H-NCM) 
2.02 11.0 31.76 16:30 15th Aug 539 

 

4.2.1.2 Models Increasing Thermal Mass (Models E, F and G; and Models E-NCM, 

F-NCM and G-NCM) 

Several measures affecting the thermal mass of the house were explored including: 

reversing the external wall construction, Model E; replacing the lightweight internal 

plasterboard partitions with concrete blockwork walls, in Model F; and combining the 

reversed external wall with internal concrete blockwork walls of Model G. The results 

from the continuous occupancy profile models indicate that reversing the building fabric 

on its own, as in Model E, could provide a modest (2.0%) reduction in sensible heating 

load (see Table 4-5, below). Reversing the building fabric reduced the peak internal 

temperature by 1.45°C and reduced the time that the house was warmer than 25°C by 34 

hours compared with Model A, indicating that the housing would be less susceptible to 

overheating (see Table 4-5, below). The approach of Model E reduced the heating load by 

2.0% when compared with the baseline model (Model A) (see Table 4-5). Model F 

achieved a similar reduction in the number of hours of temperatures above 25°C to the 
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reversed external wall of Model E, which had 19 hours of temperatures over 25°C, with a 

figure of 20 hours (see Table 4-5, below) and a 3.65% reduction in sensible heating load. 

Finally, Model G combined the two approaches to achieve a 4.2% reduction in sensible 

heating load relative to Model A (see Table 4-5). 

Literature on the use of thermal mass states that its effectiveness in providing savings in 

heating energy is dependent upon occupancy with lightweight building fabrics being 

suited to shorter period of occupancy (UKTFA, 2009) and heavyweight building fabrics 

being better suited to long periods of occupancy (The Concrete Centre, 2009). Thus, it 

was expected that changing the occupancy profile from a continuous occupancy profile to 

an intermittent occupancy profile, based on the NCM values, would decrease the 

effectiveness of thermal mass as an energy saving strategy. Indeed, this was the case and 

there was a decrease in the effectiveness of thermal mass in the three instances this 

strategy was applied on the NCM models. On Model F-NCM where the internal blockwork 

walls replaced plasterboard walls sensible heating load actually increased by 1.8% over 

the original model (Model A-NCM) (see Table 4-6, below). Whilst the internal blockwork 

increased sensible load the reversed external wall (Model E-NCM) achieved a 1.3% 

reduction in sensible heating load over the original model (Model A-NCM) (see Table 4-6). 

The reason why internal blockwork model (Model F-NCM) should decrease the 

effectiveness of energy performance and that reversing the fabric of the external wall, as 

in Model E-NCM, should maintain an energy saving is not clear. One explanation is that 

these results are a product of the way in which the IESVE software models heat flows and 

that the thermal mass in an external wall does more than absorb and release heat, as 

described by the admittance values, but it also attenuates heat as it travels through, as 

described by the decrement value in Chapter 3, Section 3.5.1.  

The case studies in Chapter 2, Section 2.4, highlighted that thermal mass can be an 

effective means of addressing overheating and this was confirmed by the NCM models 

using this strategy (Models E-NCM to G-NCM) which were all able to achieve reductions in 

the number of hours of temperatures over 25°C when compared with the original model 

(Model A-NCM). As with the continuous models using thermal mass based approaches 

(Models E and G) there was very little difference in the performance of the first two NCM 

models using thermal mass based approaches (Models E-NCM, F-NCM and G-NCM) when 

it came to addressing overheating. The internal blockwork model (Model E-NCM), with 
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279 hours of temperatures above 25°C, was slightly more effective in preventing 

overheating than the reversed external fabric model (Model F-NCM), which compared 

favourably with 288 hours of temperatures above 25°C; however the difference between 

the two results was less than 1% (see Table 4-6, below).  

Table 4-5 Britannia Drive single house, individual improvements (thermal mass) table of results 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduction in 
sensible heating 
load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 17:30 15th Aug 53 

Reversed External Wall 

(Model E) 
4.42 2.0 26.10 16:30 15th Aug 19 

Internal Blockwork 

(Model F) 
4.35 3.6 25.70 13:30 16th Aug 20 

Thermal Mass  

(Model G) 
4.32 4.2 24.93 13:30 16th Aug 0 

 

Table 4-6 Britannia Drive single house, individual improvements NCM (thermal mass) table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction in 
sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 16:30 15th Aug 469 

Reversed External Wall  

(Model E-NCM) 
2.23 1.8 29.07 16:30 16th Aug 288 

Internal Blockwork 

(Model F-NCM) 
2.31 -1.8 29.24 16:30 16th Aug 279 

Thermal Mass  

(Model G-NCM) 
2.24 1.3 27.87 13:30 16th Aug 164 
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4.2.1.3 Models Increasing Solar Gain (Models B, C and D; and Models B-NCM, C-

NCM and D-NCM) 

Despite being used in all of the literature case studies increasing the quantity of glazing 

on the south façade was one of the least effective means of reducing sensible heating 

load in the models using a continuous occupancy profile. Increasing glazing on the south 

facade by 1.68 m² (Model B) (see Figure 4-1) produced a reduction in sensible heating 

load of 0.6% when compared with the baseline model (Model A) (see Table 4-7) and had a 

negative effect on thermal comfort increasing the number of hours of temperatures 

above 25°C by 44 hours (see Table 4-7). A further 1.68m² of glazing on the south façade, 

providing an additional 3.36m², on Model C (see Figure 4-2), reduced sensible heating 

load by 0.7% when compared with Model A, a 0.1% increase over Model B (see Table 

4-7). Furthermore, the additional glazing of Model C aggravated overheating problems 

and produced a peak internal dry resultant temperature of 29.74°C; 2.19°C higher than 

the original model, along with 209 hours of temperatures above 25°C (see Table 4-7, 

below). A further 1.68m² of glazing for Model D (see Figure 4-3) reflected the results of 

the Models B and C with 206 hours of temperatures above 25°C and only modest (0.6%) 

reductions in sensible heating load (see Table 4-7). These results suggest that passive 

solar gain on its own can only provide modest reductions in heating loads and that these 

reductions would be accompanied by a higher potential for overheating.  
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Figure 4-1: View of IES Model B with 1.68m² additional window area 

 

Figure 4-2: View of IES Model C with 3.36m² additional window area 

 

Figure 4-3: View of IES Model D with 5.04m² additional window area 
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Based on the NCM occupancy profiles the contribution of passive solar gain to reducing 

sensible heating load more than doubled when compared with models using the 

continuous occupancy profiles (see Table 4-7, below). For example, reductions in sensible 

heating load increased from 0.6% and 0.7% on Models B and C to 1.3% and 1.8% on 

Model B-NCM and Model C-NCM (see Table 4-10); however, by rank passive solar gain 

remained one of the least effective means of reducing heating load. The reason why 

passive solar gain as a heating strategy should double in effectiveness on the NCM 

models (Models B-NCM to D-NCM) when compared with the continuous models (Models 

B to D) is partially explained by the fact that the overall heating requirement nearly 

halved in the NCM models resulting in the relative contribution of solar gain increasing 

(see Figure 4-4 and Figure 4-5, below). As with the continuous occupancy models, modest 

energy savings from passive solar gain were accompanied by higher internal 

temperatures and longer hours of overheating. However, the NCM models had 

significantly higher internal temperatures and a greater number of hours of temperatures 

above 25°C than Model A-NCM: Model B-NCM had 607 hours of temperatures over 25°C; 

whilst Model C-NCM had 735 hours; and Model D-NCM had 854 hours above 25°C (see 

Table 4-8, below). 
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Figure 4-4: NCM passive solar gain on 3.36m additional window model  

 

 

Figure 4-5: NCM passive solar gain on 3.36m additional window model  
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Table 4-7 Britannia Drive single house, individual improvements (increased solar gain) table of results 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduction in 
sensible heating 
load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 17:30 15th Aug 53 

Solar Gain (1.68m²) 

(Model B) 
4.48 0.6 28.48 17:30 15th Aug 97 

Additional Solar Gain 

(3.36m²) (Model C) 
4.47 0.7 29.74 17:30 15th Aug 209 

Additional Solar Gain 

(5.04m²) (Model D) 
4.48 0.6 29.73 17:30 15th Aug 206 

 

Table 4-8 Britannia Drive single house, individual improvements NCM (increased solar gain) table of 
results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction in 
sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 16:30 15th Aug 469 

Solar Gain (1.68m²) 

(Model B-NCM) 
2.23 1.8 29.07 16:30 15th Aug 607 

Additional Solar Gain 

(3.36m²) (Model C-
NCM) 

2.24 1.3 33.17 16:30 15th Aug 735 

Additional Solar Gain 

(5.04m²) (Model D-
NCM) 

2.24 1.3 33.95 16:30 15th Aug 854 
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4.2.1.4 Mid-terrace and Gable End Shed Models (Models J and K; and Models J-

NCM and K-NCM) 

Two models examined the impact of building form and massing on energy use at this 

stage of the study. One model explored the effect that developing one of the Britannia 

Drive houses as a mid-terrace (Model J) would have on sensible heating load and another 

model examined the impact of adding a shed to the gable end of the house to act as a 

buffer space (Model K), as had been done on the Eco-house (see Chapter 3.2). Attaching 

the shed to the gable end of the house (Model K) (see Figure 4-6, below) only achieved a 

0.2% reduction in sensible heating load, relative to Model A, and was the least effective 

means to reduce heating load (see Table 4-9). Converting an individual house from a 

semi-detached into a mid-terrace (Model J) was the single most effective means of 

reducing sensible heating load observed in the first stage of the study, with an 11% 

reduction in sensible heating load over the original design (Model A) (see Table 4-9). 

Figure 4-6: IESVE view of Model K showing shed space to the gable end of the house 

 

The 11% reduction achieved by the mid-terrace model is significant because it was 

greater than the 10% reduction achieved by upgrading the specification of insulation in 

Model H (see Table 4-4). The importance of this result is that it demonstrates that 

clustering a development to reduce heating load would be a more effective means of 

reducing the carbon footprint of new-build housing in Wales than increasing the 

insulation standards. However, it was recognised that across a development of six units, 

only four houses could have benefit from this strategy.  
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The models using the NCM values confirmed that turning a semi-detached Britannia Drive 

house into a mid-terrace house would achieve the most significant savings in sensible 

heating load. Indeed, the proportional contribution of the mid-terrace model to 

reductions in sensible heating load relative to the baseline Model (Model A and A-NCM) 

increased from 11% for the continuous occupancy profile (Model J) to 15.9% using the 

NCM occupancy profile (Model J-NCM). As with solar gain models, the lower sensible 

heating load of the NCM mid-terrace model is likely to be a product of lower overall levels 

of heating which means that in proportional terms the contribution of each energy 

savings strategy increases.  

The contribution of attaching the shed space to the gable end of Britannia Drive on the 

NCM models increased from 0.2% (Model K) to a 0.9% (Model K-NCM); however, it was 

still one of the least effective of all of the energy saving approaches examined (see Table 

4-9 and Table 4-10, below). Based on the modelling data an unexpected benefit of the 

gable end shed as a buffer space was in reducing the period of temperatures above 25°C 

from 53 hours on Model A to 50 hours on Model K and from 469 hours on Model A-NCM 

hours to 377 hours on Model K-NCM (see Table 4-30).  
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Table 4-9: Britannia Drive single house, individual improvements (mid-terrace and gable end shed) table 
of results 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduction in 
sensible heating 
load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 17:30 15th Aug 53 

Mid-terrace 

(Model J) 
4.03 11.0 27.86 17:30 15th Aug 78 

Gable End Shed 

(Model K) 
4.50 0.2 27.45 17:30 15th Aug 50 

 

Table 4-10 Britannia Drive single house, individual improvements NCM (mid-terrace and gable end shed) 
table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction in 
sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 16:30 15th Aug 469 

Mid-terrace 

(Model J-NCM) 
1.91 15.9 32.01 16:30 15th Aug 607 

Gable End Shed 

(Model K-NCM) 
2.25 0.9 31.00 16:30 15th Aug 377 
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4.2.2 Composite Improvements 
A second set of models (Models L to V) combined a number of approaches such as: 

additional south-facing glazing with thermal mass (Models M to S) (see Table 4-13); 

thermal mass with higher performance insulation (Model L) (see Table 4-11); and 

additional glazing on the south façade with higher performance insulation (Models T, U 

and V) (see Table 4-15). At this stage of the study it was decided to omit the shed gable 

end option in favour of exploring further terrace options which would be examined in a 

separate study. In addition, the thermal mass approach was rationalised so that it 

included the reversed wxternal fabric (i.e blockwork on the inside) and internal blockwork 

as the thermal mass model (Model G). This modelling set was divided into two groups: 

the first using only two upgrades (Models L to U; and L-NCM to U-NCM); the second using 

three upgrades (Models W, X and Y; and Models W-NCM, X, NCM and Y-NCM).  
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4.2.2.1 Thermal Mass and PIR Insulation Model (Models L and L-NCM) 

Figure 4-7: Diagram of Thermal Mass and PIR Insulation Model highlighting approaches employed 

 

Combining thermal mass with PIR insulation on Model L (Figure 4-7) produced the most 

significant energy saving of models using two upgrades and the continuous occupancy 

profile. This strategy reduced the sensible heating load of the original scheme by 13.6% 

and reduced the number of hours of temperatures above 25°C from 53 hours, on Model 

A, to 21 hours on Model L (see Table 4-31, below). In addition, peak internal 

temperatures fell from 27.55°C on Model A to 26.08°C on Model L (see Table 4-11). The 

results from the modelling in the last section indicated that both thermal mass and PIR 

insulation could achieve savings in sensible heating load; however, these results confirm a 

linear relationship and that the combined approaches equal the sum of individual 

improvements (i.e. adding the 10% improvement of the insulation upgrades of Model H 

to the 3.6% improvement of Model F, with increased thermal mass based would achieve 

a 13.6% reduction when combined, as demonstrated in Table 4-3 and Table 4-5) (see 

Table 4-11). 
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The study examining individual improvements, in Section 5.1, identified that thermal 

mass strategies had declined in effectiveness when the NCM values were applied (Models 

E-NCM, F-NCM and G-NCM) and these results were reflected in the NCM model that 

combined PIR insulation with thermal mass (Model L-NCM). This strategy had achieved 

the greatest energy savings in the models using continuous occupancy profile but was the 

third most effective of the Models using the NCM occupancy profile. Nevertheless, the 

saving in sensible heating load of 13.2% for Model L-NCM over the original baseline 

model (Model A-NCM) is still significant (see Table 4-12). In addition, both Model L, using 

the continuous occupancy profile, and Model L-NCM, using the NCM inputs, were 

effective in reducing the potential for overheating, and Model L-NCM was able to reduce 

the number of hours of temperatures over 25°C from 469 hours, on Model A-NCM, to 242 

hours (see Table 4-12, below). 

Table 4-11 Britannia Drive single house, composite improvements (PIR insulation and thermal mass) table 
of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

PIR Insulation and Thermal 
Mass  

(Model L) 

3.90 13.6 26.08 13:30 16th Aug 21 

 

Table 4-12 Britannia Drive single house, composite improvements NCM (PIR insulation and thermal mass) 
table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 17:30 16th Aug 469 

PIR Insulation and Thermal 
Mass  

(Model L-NCM) 

1.97 13.2 26.08 13:30 16th Aug 242 

 

  
202 



 

Results 

4.2.2.2 Solar Gain and Thermal Mass Models (Models M, N, P, Q, R and S; and 

Models M-NCM, N-NCM, P-NCM, Q-NCM, R-NCM and S-NCM) 

Figure 4-8: Diagram of Solar Gain and Thermal Mass Model highlighting approaches employed 

 

 

One finding to emerge from the composite models was that the successful application of 

passive solar gain strategies to reducing heating load is related to the provision of thermal 

mass for addressing thermal discomfort and reducing sensible heating load. In the initial 

study, using lightweight construction, (Models B, C and D) with 1.68m², 3.36m² and 

5.04m² of extra glazing achieved 0.6% (Models B and D) and 0.7% (Model C) reductions in 

sensible heating load when compared with Model A (see Table 4-7). By comparison the 

composite models, using a heavier weight construction (Figure 4-8), achieved reductions 

in sensible heating load of 8.6% (Model Q), 10.1% (Model R) and 11.5% (Model S) when 

compared with Model A (see Table 4-13). These results indicate a dynamic relationship 

with the thermal mass multiplying the benefits of passive solar gain strategies; a 

relationship which would be explored further in Section 4.5. 
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This study provides further evidence that thermal mass could reduce overheating 

resulting from increasing the quantity of South-facing glazing, identified in Section 5.1.1. 

Overheating as defined by the numbers of hours of temperatures over 25°C was limited 

to 10 hours on Model Q (the lowest of all of the composite models), 20 hours on Model R 

and 42 hours on Model S (see Table 4-13). Similar results were replicated using the NCM 

models where the numbers of hours of temperatures above 25°C for Models N-NCM, Q-

NCM and R-NCM were less than those of Model A-NCM (see Table 4-34, below). Whilst 

combining passive solar gain strategies with thermal mass achieved significant reductions 

in sensible heating load in terms of rank Models Q, R and S were still the lowest 

performing of the composite strategies. It is reasoned that Models Q, R and S had a lower 

energy performance with regard to reducing sensible heating load because of the higher 

U-value of the window component relative to the wall being replacing although other 

factors may be involved. 

Table 4-13: Britannia Drive single house, composite improvements (solar gain and thermal mass) table of 
results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

Reversed Wall  and  
Additional Solar Gain 
(1.68m²) (Model M) 

4.28 5.1 26.73 16:30 15th Aug 36 

Reversed Wall and 
Additional Solar Gain 
(3.36m²) (Model N) 

4.25 6.1 27.30 15:30 15th Aug 60 

Reversed Wall and 
Additional Solar Gain 
(5.04m²) (Model P) 

4.24 6.0 28.05 15:30 14th Sep 93 

Thermal Mass and 
Additional Solar Gain 
(1.68m²) (Model Q) 

4.12 8.6 25.46 13:30 16th Aug 10 

Thermal Mass and 
Additional Solar Gain 
(3.36m²) (Model R) 

4.06 10.1 25.94 13:30 16th Aug 20 

Thermal Mass and 
Additional Solar Gain 
(5.04m²) (Model S) 

3.99 11.5 26.49 15:30 14th Sep 42 
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Table 4-14: Britannia Drive single house, composite improvements NCM (solar gain and thermal mass) 
table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 17:30 16th Aug 469 

Reversed Wall  and  
Additional Solar Gain 
(1.68m²) (Model M-NCM) 

2.12 6.7 29.99 16:30 16th Aug 468 

Reversed Wall and 
Additional Solar Gain 
(3.36m²) (Model N-NCM) 

2.10 7.6 30.68 16:30 15th Aug 583 

Reversed Wall and 
Additional Solar Gain 
(5.04m²) (Model P-NCM) 

2.09 8.0 31.42 15:30 15th Aug 707 

Thermal Mass and  Solar 
Gain (1.68m²) (Model Q-
NCM) 

2.17 4.4 25.46 13:30 16th Aug 298 

Thermal Mass and 
Additional Solar Gain 
(3.36m²) (Model R-NCM) 

2.11 7.1 25.94 13:30 16th Aug 452 

Thermal Mass and 
Additional Solar Gain 
(5.04m²) (Model S-NCM) 

2.07 8.8 28.93 13:30 16th Aug 591 
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4.2.2.3 PIR Insulation and Passive Solar Gain Models (Models T, U and V; and 

Models T-NCM, U-NCM and V-NCM) 

Figure 4-9: Diagram of PIR Insulation and Passive Solar Gain Model highlighting approaches employed 

 

 

The PIR insulation and solar gain models (Figure 4-9) producing the highest reductions in 

sensible heating load of the models using two improvement measures using the NCM 

occupancy profiles with a 15% reduction in sensible heating load relative to Model A-

NCM for Models T-NCM and U-NCM and a 14.5% reduction for model V-NCM (see Table 

4-15). Passive solar gain increased in relative effectiveness when the NCM occupancy 

profiles were applied and, as mentioned in Section 4.2.1, this was because the overall 

energy use in the NCM Models had decreased causing the relative contribution of solar 

gain to increase.  

An interesting result from the continuous models using passive solar gain strategies and 

PIR insulation was that Models T and U achieved the same energy savings despite Model 

U having 1.68m² of additional south facing window area (see Table 4-16). It is concluded 

that this was because the energy savings that can be achieved using passive solar gain 

had reached their limit. The NCM Models T-NCM, U–NCM and V-NCM corroborated this 

result indicating an upper limit to the use of solar gain as an energy saving strategy when 

thermal mass is not used. These results indicated that this plateau in the performance 

was reached at 1.68m2 of additional windows on the PIR and passive solar gain model and 

that there was no benefit in adding glazing to reduce sensible heating load after this 

threshold. The modelling indicated that when this tipping point was reached the effect 

was negative with higher internal temperatures and longer hours of temperatures above 

25°C (see Table 4-15 and Table 4-16, below). 
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Table 4-15: Britannia Drive single house, composite improvements (PIR insulation and solar gain) table of 
results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

PIR Insulation and 
Additional Solar Gain 
(1.68m²) (Model T) 

4.04 10.5 28.5 16:30 15th Aug 105 

PIR Insulation and 
Additional Solar Gain 
(3.36m²) (Model U) 

4.04 10.5 29.14 16:30 15th Aug 171 

PIR Insulation and 
Additional Solar Gain 
(5.04m²) (Model V) 

4.04 10.5 30.09 16:30 14th Aug 236 

 

Table 4-16: Britannia Drive single house, composite improvements NCM (PIR insulation and solar gain) 
table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 17:30 16th Aug 469 

PIR Insulation and Solar 
Gain (1.68m²) (Model T-
NCM) 

1.93 15.0 28.5 16:30 15th Aug 731 

PIR Insulation and Solar 
Gain (3.36m²) (Model U-
NCM) 

1.93 15.0 29.14 16:30 15th Aug 868 

PIR Insulation and Solar 
Gain (5.04m²) (Model V-
NCM) 

1.94 14.5 34.36 16:30 15th Aug 1011 
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4.2.2.4 Combining three Approaches (Models W, X and Y; and Models W-NCM, X-

NCM and Y-NCM) 

Figure 4-10: Diagram of Amalgamated Model highlighting approaches employed 

 

 

Combining the following strategies: thermal mass, additional glazing and insulation 

(Figure 4-10) achieved reductions in sensible heating load of 17.9% (Model W), 18% 

(Model X) and 19.5% (Model Y) compared with the control model (Model A) (see Table 

4-17). This result was in line with the preceding models indicating the benefit of 

combining energy saving strategies to achieve significant savings in heating load.  

Models W, X and Y using the continuous occupancy profile, also indicated that there is a 

plateau in performance when adding south facing glazing to reduce sensible heating load. 

This was demonstrated by Model X achieving only a 0.1% reduction in sensible heating 

load over Model W (see Table 4-17) and the 0.1% reduction in sensible heating load 

resulted in double the number of hours of temperatures over 25°C compared with Model 

X (see Table 4-17). However, the 22 hours of temperatures over 25°C of Model W and the 

11 hours of Model X represented a significant reduction in overheating compared with 

the 53 hours of Model A (see Table 4-17). The evidence from Section 4.2.1.2 suggests that 

the use of thermal mass in Models W, X and Y was the key factor in addressed 

overheating. 
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The models that combined all of the passive strategies using the NCM occupancy profiles 

(Models W-NCM, X-NCM and Y-NCM), produced results that were very similar in 

proportional terms to the models using continuous occupancy profiles (Models W, X and 

Y). Models W-NCM achieved a 15.9% reduction in heating load compared with 17.9% of 

Model W and Model X-NCM a 17.6% reduction in sensible heating load as compared with 

18% of Model X (see Table 4-17 and Table 4-18). However, one significant difference 

between the two data sets was that there was a 1.7% difference between Model W-NCM, 

with 1.68m² of additional glazing and Model X-NCM, with 3.36m² of additional glazing, as 

opposed to a 0.1% difference between Models W and X. This result was in keeping with 

results of the individual upgrades where the passive solar gain models in the NCM data 

set (B-NCM and C-NCM) had shown greater degrees of difference than the continuous 

models using the same strategy (Models B and C).  

The models that combined all of the strategies (Models W, X and Y) using a continuous 

occupancy profile, achieved a reduction in the number of hours of temperatures above 

25°C when compared with the original scheme (Model A) (see Table 4-17). With regard to 

the NCM models combining all of the passive strategies only Model W-NCM was able to 

reduce the number of hours of temperatures above 25°C relative to the original model 

and Model X-NCM increased the number hours of temperatures over 25°C by 97 hours 

(see Table 4-18). This result is likely to be the product of a number of factors identified in 

the individual models using the NCM profiles, such as the greater internal heat gains in 

the NCM Models, a reduction in the relative effectiveness of thermal mass and the 

greater relative contribution of passive solar gain.  
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Table 4-17: Britannia Drive single house, composite improvements table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

PIR Insulation, Thermal 
Mass and Solar Gain 
(1.68m²) (Model W) 

3.76 17.9 25.94 13:30 16th Aug 11 

PIR Insulation, Thermal 
Mass and Solar Gain 
(3.36m²) (Model X) 

3.71 18.0 25.97 13:30 16th Aug 22 

PIR Insulation, Thermal 
Mass and Solar Gain 
(5.04m²) (Model Y) 

3.64 19.3 26.79 15:30 14th Aug 47 

 

 

Table 4-18: Britannia Drive single house, composite improvements NCM table of results 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% reduction 
in sensible 
heating load 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C 

Original 

(Model A-NCM) 
2.27 0.0 31.49 17:30 16th Aug 469 

PIR Insulation, Thermal 
Mass and Solar Gain 
(1.68m²) (Model W-NCM) 

1.91 15.9 25.94 13:30 16th Aug 416 

PIR Insulation, Thermal 
Mass and Solar Gain 
(3.36m²) (Model X-NCM) 

1.87 17.6 25.97 13:30 16th Aug 566 

PIR Insulation, Thermal 
Mass and Solar Gain 
(5.04m²) (Model Y-NCM) 

1.83 19.4 30.09 13:30 16th Aug 734 
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4.3 Modelling of the Site 

In Section 4.2.1 it was identified that the single most successful strategy for providing 

energy savings was the conversion of the semi-detached house into a mid-terrace on 

Model J and Model J-NCM. Model J achieved reductions of sensible heating load of 11% 

using the continuous occupancy profile and Model J-NCM achieved a 15.9% reduction 

using the NCM occupancy profile (see Table 4-9 and Table 4-10). This study examines the 

potential energy saving for the entire site through adopting this approach. Like previous 

studies, a control model was created that represented the site as built (Models 1 and 1-

NCM) (see Figure 4-11, below). This control model was used as a reference for changes to 

the design explored in Models 2, 3 and 4; and Models 2-NCM, 3-NCM and 4-NCM, and to 

check consistency with previous models.  
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Figure 4-11: IES visualisation of site model – original semi-detached model view of south façade (Model 1 
and Model 1-NCM) 

 

4.3.1.1 Standard Terrace Model (Model 2 and 2-NCM) 

Model 2 followed the same principles as Model J, in Section 4.2.1, and took advantage of 

the gable ends on the east and west elevations not having doors or windows to abut the 

houses to create a terrace (Model 2) (see Figure 4-12, below). It was expected that the 

results from the terrace models would be the same as those from the individual models in 

Section 4.2.1 with the baseline model (Model A) having the same results as the end 

terrace model and the mid-terrace option (Model J) having the same results as the mid-

terrace models in Model 2 but there was a slight difference in results. This difference was 

apparent using both the NCM and the continuous occupancy profiles. The Model 2 mid-

terrace using the continuous occupancy profile saw the annual heating load of 4.02MWh 

(Model 2m) (see Table 4-21) reduce slightly when compared with 4.03MWh (Model J) of 

the mid-terrace model in Section 4.2.1 (see Table 4-9). Similarly the Model 2 end-terrace 

models using a continuous occupancy profile (Model 2e) had a slightly reduced annual 

sensible heating load of 4.50MWh when compared with 4.51MWh of Model A (see Table 

4-21). 
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Figure 4-12: IES visualisation of site model – original terraced model view of south façade (Model 2 and 
Model 2-NCM) 

 

The NCM site models also had slightly different sensible heating loads with the end 

terrace models sensible heating rising from 2.27MWh (Model A-NCM) to 2.29MWh 

(Model 2e-NCM) (see Table 4-22) and the mid-terrace rising from 1.91MWh (Model G-

NCM) (see Table 4-10) to 1.93MWh (Model 2m-NCM) (see Table 4-22). In both cases, the 

change in values was consistent with a reduction in sensible heating load of 0.01MWh for 

the continuous occupancy models and a rise of 0.02MWh for the NCM models. The 

reasons for these changes in performance between the Models used in Section 4.2.1 and 

the Models in this section are not clear and they could be a consequence of differences in 

the ways the models were built or they could be a result of clustering six units together in 

the site models.  

Converting the project from a series of semi-detached houses to a terrace produced a 

significant reduction of sensible heating load. The continuous occupancy terrace site 

model (Model 2) produced a 7.3% improvement over the original scheme (Model 1) (see 

Table 4-19, below) and confirmed the results from the models in Section 4.2.1. Again, 

there was a slight discrepancy in the results and if one were to add together the energy 

demand of the four mid-terrace properties (Model G) along with energy demand of the 

two original end terrace properties (Model A), from the first set of models the results 

would be 25.14MWh rather than 25.07MWh (Model 2) (see Table 4-19). This slight 

discrepancy can be attributed to the 0.01MWh difference between the models in section 

4.2.1 explained in the last paragraph. The models using the NCM Models achieved a 

significant reduction in sensible heating load of 9.6% (Model 2-NCM) when compared 
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with Model 1-NCM (see Table 4-20). This result was consistent with the individual models, 

in Section 4.2, that had indicated that greater reductions of sensible heating load would 

be expected in the NCM mid-terrace and semi-detached models (Models A-NCM and G-

NCM) when compared with the continuous occupancy mid-terrace and semi-detached 

models (Models A and G). 

Table 4-19: Britannia Drive site model table of aggregated results (Standard Terrace Model). 

Scheme  Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1) 
27.05 0.0 28.56 17:30 15th Aug 61 

Terrace  

(Model 2) 
25.07 7.3 28.75 17:30 15th Aug 73 

 

Table 4-20: Britannia Drive NCM site model table of aggregated results (Standard Terrace Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1-NCM) 
13.66 0.0 31.5 16:30 15th Aug 467 

Terrace  

(Model 2-NCM) 
12.35 9.6 32.01 17:30 15th Aug 600 
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Table 4-21: Britannia Drive site model table of results with end and mid-terrace (Standard Terrace 
Model). 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improvement over 
Base Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model A)  

Semi-detached 
4.51 0.0 27.55 17:30          

15th Aug 61 

Terrace (Model 2m)  

Mid-terrace  
4.50 0.2 27.82 17:30         

15th Aug 63 

Terrace (Model 2e)  

Mid-terrace  
4.02 10.9 28.0 17:30         

15th Aug 86 

 

Table 4-22: Britannia Drive NCM site model table of results with end and mid-terrace (Standard Terrace 
Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model 1-NCM) 

End Terrace 
2.27 0.0 31.49 16:30          

15th Aug 469 

Terrace (Model 2m-NCM) 

Mid-terrace  
2.29 -0.88 31.62 17:30         

15th Aug 503 

Terrace (Model 2e-NCM) 

Mid-terrace  
1.94 14.54 32.22 17:30         

15th Aug 656 
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4.3.1.2 Narrow Terrace (Model 3 and 3-NCM) 

In developing Model J it was recognised that abutting the houses could be problematic 

due to requirements for provision of car parking spaces to the units. A terraced option 

was explored that utilised a shallow but long floor plate (5.04m x 10m) for each dwelling. 

This approach located the houses in a 5.05m zone between a front parking zone and rear 

gardens (Figure 4-13, below). This revised floor plan allowed all but one of the windows 

to be located on the south façade.  

Figure 4-13: IES visualisation of site model – narrow terrace model view of south façade (Model 3 and 3-
NCM) 

 

The narrow terrace site model (Model 3) was able to achieve a significant (20.8%) 

reduction in sensible heating load over the original development (Model 1) (see Table 

4-23, below). Detailed examination of the individual houses making up the narrow end 

terrace identified that the end-terrace models (Model 4e) achieved a 15.6% reduction in 

sensible heating load (Model 3e) and the mid-terrace (Model 3m) a 22.6% reduction in 

sensible heating load when compared with Model A (see Table 4-25). The modelling data 

identified that further energy savings of this approach, relative to Model J, were from 

additional passive solar gain achieved by locating most of the windows on the south 

façade along with the terrace form (see Figure 4-13). However, this strategy resulted in 
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levels of overheating were far in excess of Model A and Model 3 had four times the 

number of hours of temperatures over 25°C as Model 1 with 303 hours using the 

continuous occupancy profile models (see Table 4-24).  

Similar trends were evident in the narrow terrace models using the NCM occupancy 

profiles. Across the site the narrow terrace models using the NCM occupancy profiles 

were able to achieve significant reductions in sensible heating load with a saving of 20.4% 

over the baseline Model (Model 1-NCM) (see Table 4-23). However, these models were 

characterised by a significant increase in the number of hours of temperatures above 

25°C, with Model 3-NCM having 1159 hours of temperatures above 25°C more than 

double the 467 hours of Model 1-NCM (see Table 4-23).  

Table 4-23: Britannia Drive site model table of aggregated results (Narrow Terrace Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1-NCM) 
13.66 0.0 31.5 16:30 15th Aug 467 

Narrow Terrace 

(Model 3-NCM) 
10.88 20.4 35.05 17:30 15th Aug 1159 

 

Table 4-24: Britannia Drive NCM site model table of aggregated results (Narrow Terrace Model). 

Scheme  Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1) 
27.05 0.0 28.56 17:30 15th Aug 61 

Narrow Terrace 

(Model 3) 
21.5 20.8 30.17 17:30 14th Sep 303 
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Table 4-25: Britannia Drive site model table of results with end and mid-terrace (Narrow Terrace Model). 

Scheme Annual 
Sensible 
Heating 
Load (MWh) 

% Energy 
Improvement over 
Base Model 

Peak 
internal 
Temperatur
e (°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model A) Semi-
detached 4.51 0.0 27.55 17:30 15th Aug 61 

N Terrace (Model 3e) 

End Terrace 
3.79 15.6 31.12 16:30 15th Aug 263 

N Terrace (Model 3m) 

Mid-terrace 
3.49 22.6 31.84 16:30 15th Aug 320 

 

Table 4-26: Britannia Drive NCM site model table of results with end and mid-terrace (Narrow Terrace 
Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak 
internal 
Temperatur
e (°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model 1-NCM) 

End Terrace 
2.27 0.0 31.49 16:30 15th Aug 469 

N Terrace (Model 3m-
NCM)  

End Terrace 

1.93 14.98 34.77 16:30 15th Aug 1076 

N Terrace (Model 3e-
NCM)  

Mid-terrace 

1.74 23.35 35.22 16:30 15th Aug 1214 
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4.3.1.3 Compact Terrace (Model 4 and Model 4-NCM) 

A compact terraced model (Model 4) (see Figure 4-14, below) was developed based on a 

cube form, with a square floor plate (7.1m x 7.1m), to examine the impact of minimising 

the ratio of external surface area to internal volume. As an individual building a cube 

shape would be one of the most efficient means to minimise external surface area 

(Catalina et al,. 2011; Wibberding, 2006). It should be noted that when the houses are 

arranged in a terrace a building form with a smaller front and back facade and a block 

with a larger party wall area would be more effective for minimising external surface 

area; however, for this study it was sufficient that the compact terrace model had a 

smaller external surface area than the standard terraced model to test the principle of 

whether further reducing external surface area could achieve savings in sensible heating 

load.  

Figure 4-14: IES visualisation of site model - compact terrace model view of south façade (Model 3 and 
3-NCM) 
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The compact terrace (Model 4) produced the highest overall energy savings of the site 

models with a 20.9% reduction in the sensible heating load over the baseline model 

(Model 1) (see Table 4-27). The reduction in sensible heating load relative to the baseline 

model for the continuous and the NCM models was the same with a value of 20.9% (see 

Table 4-28). An examination of the energy savings of the individual buildings making up 

the compact terrace indicated that the mid-terrace (Model 4m) achieved a 25.7% 

reduction in sensible heating load over the baseline model (Model A) using the 

continuous occupancy profile (see Table 4-29) and 21.5% reduction for the models using 

the NCM occupancy profile (see Table 4-30).  

The Compact Mid-Terrace Model (Model 4-E) had 92 hours of temperatures over 25°C, 

which was 31 hours more than the baseline model, and a peak internal temperature of 

28.16°C, which was only 0.61°C higher than Model A (see Table 4-29). This result was 

repeated in the NCM models and the Mid-Terrace Compact Model (Model 4-NCM) using 

the NCM occupancy profile had 724 hours of temperatures over 25°C, 255 hours more 

than the baseline model (Model A). The peak internal temperature of Model 4-NCM was 

exactly the same as the original mid-terrace model of 32.22°C of Model 2e-NCM (see 

Table 4-30). Whilst, these values represent an increase in thermal discomfort relative to 

the control model they compare favourably to the mid-terrace in Section 4.2.1. 

Savings in sensible heating load of the narrow terrace (Model 3) were made by taking 

advantage of passive solar gain on the south façade; however, in the case of the compact 

terrace (Model 4) the energy savings were exclusively achieved by reducing external 

surface area. The energy savings achieved on the narrow terrace were very close (within 

0.1%) to those of the compact terrace, which was the highest performance model within 

this study (Model 4) (see Table 4-27 and Table 4-28 below). Whilst the difference 

between the reductions of sensible heating load of the two models was slight; however, 

the compact terrace could be perceived by the author to perform better because the 

energy savings were accompanied by smaller increases in peak internal temperatures and 

the number of hours of temperatures above 25°C. 
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Table 4-27: Britannia Drive site model table of aggregated results (Compact Terrace Model). 

Scheme  Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1) 
27.05 0.0 28.56 17:30 15th Aug 61 

Compact Terrace  

(Model 4) 
21.4 20.9 29.10 17:30 15th Aug 90 

 

Table 4-28: Britannia Drive NCM site model table of aggregated results (Compact Terrace Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature 
(°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original  

(Model 1-NCM) 
13.66 0.0 31.5 16:30 15th Aug 467 

Compact Terrace  

(Model 4-NCM) 
10.81 20.9 32.40 17:30 15th Aug 685 

 

  

221 



 

Results 

Table 4-29: Britannia Drive site model table of results with end and mid-terrace (Compact Terrace 
Model). 

Scheme Annual 
Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improvement over 
Base Model 

Peak 
internal 
Temperatur
e (°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model A)    

Semi-detached 
4.51 0.0 27.55 17:30 15th Aug 61 

C Terrace (Model 4e) 

End Terrace 
3.85 14.6 28.11 17:30 15th Aug 87 

C Terrace (Model 4m) 

Mid-terrace 
3.35 25.7 28.16 17:30 15th Aug 92 

 

Table 4-30: Britannia Drive NCM site model table of results with end and mid-terrace (Compact Terrace 
Model). 

Scheme Annual Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak 
internal 
Temperatur
e (°C) 

Time/Date of 
peak internal 
temperature 

No. of 
hours 
above 
25°C per 
house 

Original (Model A-NCM) 

Semi-detached 
2.27 0.0 31.49 16:30 15th Aug 469 

C Terrace (Model 4m-
NCM)  

End Terrace 

1.97 13.22 32.22 16:30 15th Aug 628 

C Terrace (Model 4e-
NCM)  

Mid-terrace 

1.70 25.11 32.55 16:30 15th Aug 724 
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4.4 Amalgamated Models 

The last set of models used the results from the previous studies to develop solutions 

based on the most effective strategies. The modelling of these amalgamated solutions 

took place in two phases, described below:  

• The first of these two phases combined the most effective strategies from the 

modelling of the composite approaches (Section 4.2.2) and combined them with 

Compact and Narrow site models from Section 4.3. The aim of combining these 

approaches was to develop a set of models with the lowest sensible heating load. 

The models produced in this phase of the study would be optimum solutions 

within the scope of the approaches examined in the two studies. These models 

would be called Optimum Amalgamated Models.  

• The second phase of this study, again, took elements from the two previous 

modelling solutions (the site models in Section 4.3 and the individual modelling of 

Section 4.2.1) and combined them into amalgamated models that considered the 

impact on capital cost by applying only the solutions identified as cost neutral. The 

models within this phase of the study would represent affordable solutions able to 

achieve significant reductions in sensible heating load for the development of low 

carbon housing. These models would be called the Affordable Amalgamated 

Models. 

4.4.1 Optimum Amalgamated Models 
The previous studies had identified approaches able to achieve significant savings in 

operational energy and the composite modelling, in Section 4.2.2, had demonstrated that 

Model X and Model X-NCM, using PIR insulation, thermal mass and 3.36m² of additional 

south-facing glazing, as the most successful individual models for achieving substantial 

savings in sensible heating load (see Table 4-17 and Table 4-18). For the site models, in 

Section 4.3, there was very little difference between the performance of the narrow 

terrace (Model 3 and 3-NCM) and the compact terrace (Model 4 and 4-NCM) so both 

were used for the amalgamated models. On this basis, two Optimum Amalgamated 

Models were developed, which are as follows: 
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• The first, Models 3Xe and 3Xm (in Table 4-31 and Table 4-32), combined the 

narrow terrace form of Model 3 and 3-NCM with PIR insulation, thermal mass 

(internal blockwork walls and reversed building fabric) and 3.36m² of additional 

glazing as on Models X and X-NCM (see Section 4.2.2), see Figure 4-15 below.  

• The second, Models 4Xe and 4Xm (in Table 4-31 and Table 4-32) combined the 

compact terrace form of Model 4 and 4-NCM with PIR insulation, thermal mass 

(internal blockwork walls and reversed building fabric) and 3.36m² of additional 

glazing as on Model X and Model X-NCM (see Section 4.2.2), see Figure 4-16 

below. 

Figure 4-15: IESVE view of Model 3Xe and 3Xm optimum amalgamated narrow terrace. 

 

Figure 4-16: IESVE view of Model 4Xe and 4Xm optimum amalgamated compact terrace. 
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4.4.1.1 Narrow Optimum Terrace Amalgamated Model (Model 3Xe, 3Xm; Model  

4Xe-NCM and 4Xm-NCM) 

Figure 4-17: Diagram of Narrow Optimum Terrace Amalgamated Model highlighting approaches 
employed 

 

 

The Optimum Amalgamated Narrow Mid-Terrace (Figure 4-17), Model 3Xm, achieved a 

37.5% reduction in sensible heating load for mid-terrace option and a 32.8% reduction for 

the end-terrace option (Model 3Xm) over the original baseline model (Model A) (see 

Table 4-31). The results suggest that like Model L in Section 4.2.1 the reductions in 

sensible heating load for Model 3Xm amount to the sum of their parts. For example, the 

37.5% reduction in sensible heating load of the mid-terrace could be attributed to a 

22.6% reduction of the mid-terrace option of Model 3m added to the 18% reduction in 

sensible heating load of Model X (although it is acknowledged that there is a 3.1% 

difference in the results). Similarly, the 32.8% reduction in sensible heating load for the 

end terrace option would appear to be composed of a 15.6% reduction of Model 3e 

combined with the 18% reduction of Model X giving a total of 33.6% (although, again, 

there is a 0.8% difference in results).   
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The narrow terrace form achieved substantial reductions in sensible heating load but 

these savings were accompanied by overheating; demonstrated by a substantial increase 

in temperatures over 25°C compared with the original baseline model (Model A). Model 

3Xe had 192 hours where internal temperatures were higher than 25°C, over three times 

more than the baseline model along with a peak temperatures of 29.84°C, 2.29°C higher 

than the baseline model (see Table 4-31). Model 3Xm had 227 hours of temperatures 

above 25°C, over four times more than the original baseline model, and a peak 

temperature of 30.36°C, 2.81°C higher than the baseline model (see Table 4-31). The 

application of thermal mass had some success in reducing peak internal temperatures 

from 31.84 in Model 3e to 29.84°C in Model 3Xe and 31.84°C in Model 3m to 30.36°C in 

Model 3Xe (see Table 4-25 and Table 4-31). The long periods of temperatures over 25°C 

for Model 3Xm and 3Xe indicate that thermal discomfort caused by high temperatures 

would represent an obstacle to the application of this approach and mitigation measures 

would be required to address overheating issues to take advantage of energy and carbon 

savings of this typology (Gupta & Gregg, 2013). 

The significant reductions in sensible heating load, high internal temperature and long 

hours of temperatures above 25°C of the Narrow Optimum Terrace were repeated in the 

models using NCM values. In proportional terms the savings in sensible heating load were 

less than the continuous models with a 29.5% reduction in sensible heating load for the 

end terrace (Model 3Xm-NCM) and a 35.7% reduction in sensible heating load for the 

mid-terrace (3Xm-NCM) (see Table 4-31 and Table 4-32). As with the models using the 

continuous occupancy profiles there were issues with overheating with peak 

temperatures of 31.97°C (Model 3Xm-NCM) and 32.23°C (Model 3Xm-NCM) (see Table 

4-32). 
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4.4.1.2 Compact Optimum Terrace Amalgamated Model (Model 4Xe and 4Xm; 

4Xe-NCM and 4Xm-NCM) 

Figure 4-18: Diagram of Compact Optimum Terrace Amalgamated Model highlighting approaches 
employed 

 

 

The compact optimum terrace model (Figure 4-18) achieved reductions in sensible 

heating load of 30.8% (Model 4Xe - End terrace) and 36.6% (Model 4Xm – Mid-terrace) 

and whilst the reductions in sensible heating load were significant they were lower than 

those achieved by the narrow terrace models (see Table 4-31). Overheating was less of a 

problem in the compact terrace with 57 hours of temperatures above 25°C for the End 

Terrace (Model 4Xe) and 59 hours of temperatures above 25°C for the mid-terrace 

(Model 4Xm) (see Table 4-31). These results are equivalent to the original model with 53 

hours of temperatures above 25°C (Model A) and substantially less than the Narrow 

Terrace Models (Model 3Xe had 192 hours and Model 3Xm 227 hours of temperatures 

above 25°C) (see Table 4-31). The introduction of thermal mass was beneficial providing 

thermal comfort for the compact terrace models and the peak internal temperatures for 

the optimum compact terrace models were 26.91°C for model 4Xe and 27.03°C for Model 

4Xm which were less than the original model which had peak temperatures of 27.55°C 

(Model A) (see Table 4-31).  
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Results from the amalgamated compact terrace NCM Models confirmed that the compact 

terrace form was less successful than the narrow terrace in achieving reductions in 

sensible heating load. Model 4Xe-NCM achieved a 28.8% (end-terrace) and Model 4Xm-

NCM with a 33.5% (mid-terrace) reduction in sensible heating load when compared to the 

original model (Model A) using the NCM profiles (see Table 4-32). This was slightly less 

than 29.1% and 35.3% achieved on Models 3Xe-NCM and 3Xm-NCM (the Optimum 

Narrow Terrace Models) (see Table 4-32).  

The compact terrace models using the NCM profiles also had lower levels of overheating 

when compared with the narrow terrace; however, in contrast to the continuous 

occupancy models where the compact terrace amalgamated models (Models 3Xe and 

3Xm) had levels of overheating comparable to the original model, the NCM models had 

nearly double the number of hours of temperatures over 25°C as the original model 

(Model A) (see Table 4-32).  
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Table 4-31: Britannia Drive Optimum Amalgamated model results (Continuous Occupancy Profiles) 

Scheme  Sensible 
Heating Load 
(MWh) 

% Energy 
Improvement 
over Base 
Model 

Peak internal 
Temperature (°C) 

Time/Date of 
peak internal 
temperature 

No. of hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

Optimum Narrow End 
Terrace 

(Model 3Xe) 

3.03 32.8 29.84 15:30 14th Aug 192 

Optimum Narrow Mid-
terrace 

(Model 3Xm) 

2.82 37.5 30.36 15:30 14th Sep 227 

Optimum Compact End 
Terrace 

(Model 4Xe) 

3.12 30.8 26.91 15:30 14th Sep 57 

Optimum Compact 
Mid-terrace 

(Model 4Xm) 

2.86 36.6 27.03 15:30 14th Sep 59 

 

Table 4-32: Britannia Drive Optimum Amalgamated model results (NCM Occupancy Profiles) 

Scheme Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improvement 
over Base Model 

Peak internal 
Temperature (°C) 

Time/Date of 
peak internal 
temperature 

No. of hours 
above 25°C 

Original 

(Model A) 
2.27 0.0 31.49 16:30 15th Aug 469 

Optimum Narrow  End 
Terrace 

(Model 3Xe-NCM) 

1.61 29.1 31.97 13:30 16th Aug 1362 

Optimum Narrow Mid-
terrace 

(Model 3Xm-NCM) 

1.47 35.2 32.23 13:30 16th Aug 1433 

Optimum Compact End 
Terrace 

(Model 4Xe-NCM) 

1.62 28.8 30.44 13:30 16th Aug 835 

Optimum Compact 
Mid-terrace 

(Model 4Xm-NCM) 

1.51 33.5 30.38 13:30 16th Aug 831 
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4.4.2 Affordable Amalgamated Models  
Affordable solutions were developed that omitted PIR insulation and maintained the 

glazing at the same quantity as the original scheme to explore a solution with the 

potential to be similar in capital cost to the original Britannia Drive scheme. As described 

in Chapter 2, Section 2.2, capital cost was one of the chief constraints on the 

development of Britannia Drive and Welsh affordable rural housing in general and so 

solutions that could potentially be cost neutral were examined. As with the optimum 

models, in Section 4.4.1, the compact and narrow terrace site models from Section 4.3 

were used in this study and these models were combined with the higher thermal mass 

options (Model G) from Section 4.2.1. Adopting this approach led to the creation of the 

following models: 

• The first, Models 3Ge and 3Gm (in Table 4-33 and Table 4-34), combined the 

narrow terrace form of Model 3 and 3-NCM with thermal mass (internal 

blockwork walls and reversed building fabric) as used on  Model G and E-NCM (see 

Section 4.2.1), see Figure 4-19 below.  

• The second, Models 4Ge and 4Gm (in Table 4-33 and Table 4-34) combined the 

compact terrace form of Model 4 and 4-NCM with thermal mass (internal 

blockwork walls and reversed building fabric) as used on Model G and Model G-

NCM (see Section 4.2.1), see Figure 4-20 below. 
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Figure 4-19: IESVE view of Model 3Ge and 3Gm affordable amalgamated narrow terraces. 

 

 

Figure 4-20: IESVE view of Model 4Ge and 4Gm affordable amalgamated compact terraces. 
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4.4.2.1 Narrow Affordable Terrace Amalgamated (Model 3GE and 3GM; 3GE-NCM 

and  3GM-NCM) 

Figure 4-21: Diagram of Narrow Affordable Terrace Amalgamated Model highlighting approaches 
employed 

 

 

The narrow terrace affordable design (Models 3Ge & 3Gm) (Figure 4-21) achieved a 

reduction in sensible heating of 25% for an end terrace and 30% for a mid-terrace in 

relation to Model A (see Table 4-33). This result is less than the optimum models (Models 

3Xe and 3Xm; and Models 3Xe-NCM and 3Xm-NCM) but still much more than the baseline 

model (Model A). The affordable terrace had less overheating than the optimum models 

but still more than the original model (Model A). In addition, the peak internal 

temperature of 30.25°C for the end affordable narrow terrace (Model 3Ge-NCM) and 

30.5°C for the mid affordable narrow terrace model (Model 3Gm-NCM) was almost equal 

to or less than the original scheme (Model A-NCM). These results indicate that, unlike the 

optimum narrow terrace model, this solution would not require significant design 

development to address overheating problems.  

The NCM models confirmed the results from the continuous occupancy models and the 

narrow terrace affordable models achieved a reduction in sensible heating of 16.4% for 

an end terrace (Model 3Ge-NCM) and 25.8% for a mid-terrace (Model 3Gm-NCM) (see 

Table 4-34). Again, this result is less than the optimum models but still more than the 

Model A as the peak internal temperature of 27.62°C for the end terrace (Model 3Ge) 

was only 0.17°C higher than the original scheme, which had a peak temperature of  

27.55°C (see Table 4-34).  
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4.4.2.2 Compact Affordable Terrace Amalgamated Model (Model 4GE and 4GM; 

4GE-NCM and 4GM-NCM) 

Figure 4-22: Diagram of Affordable Compact Terrace Amalgamated Model highlighting approaches 
employed 

 

 

The Compact Affordable Amalgamated Terrace models (Figure 4-22) achieved similar 

reductions in sensible heating load to the Narrow Affordable Amalgamated Terrace 

Models. This was particularly true for the mid-terrace models with a reduction in sensible 

heating load of 24.3% for Model 4Gm-NCM as compared with 25.8%  for Model 3Gm-

NCM and a 29.8% reduction in sensible heating load for Model 4Gm compared with 30%  

of Model 3Gm (see Table 4-33 and Table 4-34). That the narrow terrace does provide 

greater reductions in sensible heating load for the affordable mid-terrace option (Model 

3Gm and 3Gm-NCM) is an interesting result as the only difference between this option 

and models described in the previous section are the additional levels of thermal mass 

from the reversed building fabric and the internal blockwork walls. This result 

corroborates results from previous sections that the addition of thermal mass combined 

with the use of passive solar gain could be used to achieve energy savings as 

complimentary strategies to reduce sensible heating load. As mentioned previously, the 

narrow terrace form increases passive solar gain by placing the majority of the windows 

on the south façade and this strategy, although beneficial, is limited as an energy saving 

strategy without the aid of thermal mass, as identified in Section 4.2.1. 
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The results from this study are significant because the literature case studies (Canmore 

Place (Stevenson, 2004); Clay Fields (Hartman, 2007); and RuralZED (ZEDfactory, 2014)), 

described in Section 4.2.2, suggested that adding south-facing glazing and increasing 

insulation to a developer model scheme like Britannia Drive should achieve significant 

reductions in sensible heating as demonstrated by the Optimum Amalgamated Models 

(32.8% for Model 3Xe and 37.5% for Model 3Xm). The affordable optimum models 

indicate that savings of 25-30% (for Models 3Ge and 3Gm) could be achieved by an 

approach that is likely to be cost neutral when compared with the original scheme. The 

affordable schemes used many of the same materials as the original scheme but 

rearranging them; for example, adopting a terrace form and reversing the wall 

construction so that the blockwork was on the inside face. Indeed, the only significant 

difference in material between the affordable models and the original scheme is the 

blockwork for internal walls and according to Spons (Davis Langdon, 2014), there is no 

significant difference in price between a concrete blockwork wall and an equivalent 

plasterboard partition wall. Indeed, it could be argued that the relatively smaller external 

surface area of the compact terrace and the substitution of internal walls in place of 

external walls on the terrace models would produce an overall reduction in capital cost 

compared to the original scheme.  
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Table 4-33: Britannia Drive Affordable Amalgamated model results (Continuous Occupancy Profile) 

Scheme Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improvement 
over Base Model 

Peak internal 
Temperature (°C) 

Time/Date of 
peak internal 
temperature 

No. of hours 
above 25°C 

Original 

(Model A) 
4.51 0.0 27.55 16:30 15th Aug 53 

Affordable Narrow End 
Terrace 

(Model 3Ge) 

3.40 25.0 27.62 15:30 14th Sep 65 

Affordable Narrow Mid-
terrace 

(Model 3Gm) 

3.11 30.0 28.50 15:30 14th Sep 99 

Affordable Compact  
End Terrace 

(Model 4Ge) 

3.64 19.3 25.44 13:30 16th Aug 10 

Affordable Compact 
Mid-terrace 

(Model 4Gm) 

3.17 29.8 25.41 13:30 16th Aug 10 

 

Table 4-34: Britannia Drive Affordable Amalgamated model results (NCM Occupancy Profiles) 

Scheme Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improvement 
over Base Model 

Peak internal 
Temperature (°C) 

Time/Date of 
peak internal 
temperature 

No. of hours 
above 25°C 

Original 

(Model A) 
2.27 0.0 31.49 16:30 15th Aug 469 

Affordable Narrow End 
Terrace 

(Model 3Ge-NCM) 

1.90 16.4 30.25 13:30 16th Aug 798 

Affordable Narrow Mid-
terrace 

(Model 3Gm-NCM) 

1.68 25.8 30.50 13:30 16th Aug 884 

Affordable Compact  
End Terrace 

(Model 4Ge-NCM) 

1.91 15.9 28.78 13:30 16th Aug 368 

Affordable Compact 
Mid-terrace 

(Model 4Gm-NCM) 

1.72 24.3 28.81 13:30 16th Aug 403 
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4.5 Thermal Mass and Glazing  

The data in Section 4.2.2 identified that the combination of some approaches had 

straightforward interactions; however, combining other approaches produced 

interactions that are more complex. In the methodology, in Chapter 3, Section 3.9.1, 

authors Frey et al. (2003) explained that one of the weaknesses of the OFAT method, 

used earlier in this chapter, was that it can miss interactions or optimal setting of factors. 

In Section 4.2.2.2, one of the most significant interactions to emerge was the combination 

of thermal mass with passive solar gain and whilst it had been possible to identify this 

relationship using the OFAT method, it had been difficult to understand the optimal 

relationship between thermal mass, occupancy and solar gain for maximising reductions 

in sensible heating load.  

In Section 4.2.1, the modelling demonstrated that the use of solar gain to reduce heating 

load without the use of thermal mass was of limited benefit. These models (Models B, C 

and D; and Models B-NCM, C-NCM and D-NCM) were characterised by small reductions in 

sensible heating load relative to Model A ranging from 0.6% to 1.9% (see Table 4-9, Table 

16 and Table 4-10). When solar gain was combined with thermal mass in the composite 

models (Models M, N, P, Q, R and S) (M-NCM, N-NCM, P-NCM, Q-NCM, R-NCM and S-

NCM) in Section 4.2.2 the potential reductions in sensible heating load increased 

considerably. In some cases the proportional energy savings of passive solar gain, when 

combined with thermal mass, increased by a factor of ten with reductions in sensible 

heating load ranging from 5.1% to 11.5%). Using the OFAT methodology it was possible to 

identify that there was a relationship but it was difficult to assess the strength and nature 

of the relationship.  

Therefore, to fully understand the relationship between reductions in sensible heating 

load for models combining thermal mass and passive solar gain strategies additional data 

analysis techniques would be required. Bivariate data analysis (Bryman, 2015) was 

applied to the data and this involved plotting reductions on sensible heating load on the 

y-axis of a graph and adding a quantity of additional glazing on the x-axis, as shown in 

Figure 4-23 and Figure 4-24, below.  
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Figure 4-23: Scatter diagram indicating the relationship of the thermal mass to glazing in the NCM 
occupancy models. 

 

Figure 4-24: Scatter diagram indicating the relationship of the thermal mass to glazing in the NCM 
occupancy models. 
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Plotting selected results from earlier in this chapter (Section 4.2.2) on a scatter graph, as 

shown on Figure 4-23 and Figure 4-24, highlighted the trend that greater quantities of 

thermal mass coupled with increased areas of glazing would result in increased savings in 

sensible heating load. This trend was apparent in all of the constructions; however, 

variations between the data sets meant that the models using the NCM occupancy profile 

and medium-weight strategy, which was based on reversing the external wall, were more 

effective than the heavyweight strategies when 3.36m² of additional glazing was also 

used. Even using the NCM occupancy profile there was still a significant gulf between the 

high thermal mass, mid-thermal mass and the lightweight options for reducing heating 

load (see and Figure 4-24). These results highlighted the following:  

• The data indicated an optimal relationship for quantity of glazing to thermal mass. 

This optimum area of glazing varied according to the quantity of thermal mass and 

whether the continuous or NCM occupancy profiles were used. For models using 

the continuous occupancy profiles and the lightweight or medium weight building 

fabrics the best option was 3.36m² of additional glazing (see Figure 4-23 and 

Figure 4-24). For models using the NCM occupancy profile there was more 

variation with the lightweight models having 3.36m² of additional glazing as the 

optimum and the medium-weight models having 5.04m² of additional glazing as 

the best option (see Figure 4-24). For the heavyweight options using the NCM 

occupancy profile it was not clear what the optimum quantity of glazing was and 

regression analysis would be required to predict this (see Figure 4-23 and Figure 

4-24). 

• The data indicated that beyond this optimum point there was a steady decline in 

performance based on reductions in sensible heating load. It was described in 

Chapter 4, Section 4.5, that the subsequent decline in performance was a product 

of the lower relative U-values of the glazing compared with the wall it was 

replacing. However, it should be noted that whilst this trend was apparent the 

data is incomplete for most of the constructions, with the exception of the 

lightweight models. To provide a complete data set models with 6.72m² and 8.4m² 

of additional glazing would be required. However, an investigation based on these 

quantities of glazing would involve applying almost fully glazed facades to the 

lounge and main bedrooms of the Britannia Drive schemes and consideration 
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would then need to be given as to whether this would allow sufficient privacy for 

the occupants taking into account the location. 

• By applying trend lines to the scatter chart a Gaussian distribution was evident, 

also known as a bell curve, for each one of the constructions (see Figure 4-23 and 

Figure 4-24). This shape is a product of the factors discussed above, with 

additional passive solar gain contributing to energy savings on the up side of the 

curve and heat loss through the fabric by the replacement of glass for wall 

contributing to the down side of the curve. In most cases, the trend lines fit the 

data closely; with the possible exception of the mid weight option of the NCM 

models (see Figure 4-24). The reason why the mid-weight option, which uses the 

reversed external fabric and the NCM occupancy profile, did not closely fit the 

Gaussian curve is not clear and additional models, using increases in south facing 

glazing, would be required to fill gaps in the data.  

These results are consistent with the findings from the literature case studies in Chapter 

2, Section 2.4, about the potential for thermal mass and passive solar gain to provide 

energy savings. The Clay Fields and RuralZED case studies were characterised by their 

large quantity of south-facing glazing and thermal mass and on the Canmore Place case 

study, which used a lightweight construction, a lack of thermal mass was believed to the 

failure of the scheme to meet expectations of comfort (see Chapter 2, Section 2.4.5). 

Further evidence from case studies of the benefit of employing the strategy of combining 

thermal mass with passive solar gain is provided by a housing project developed by 

Salford Council in the 1970s (Brown et al., 2010) where thermal mass combined with 

passive solar gain was the main energy saving strategy and recent monitoring of the 

houses has identified that they have significantly lower levels of energy use than even 

housing built to current low energy standards (ibid). However the research described 

here is significant by demonstrating how it is possible, using dynamic thermal modelling, 

to quantify the benefits of passive solar gain, here identified as quantity of glazing on the 

south façade, and thermal mass, as defined by three distinct constructions.  
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4.6 Thermal Comfort   

The starting point in examining thermal comfort was to review the data from the models 

presented in the earlier sections of this chapter. The focus of the studies had been 

reducing sensible heating load but in the analysis the necessary consideration was given 

to peak internal temperatures and the number of hours of temperatures above 25°C. An 

initial review of the data had identified approaches which could have an impact on 

thermal comfort by increasing or reducing internal temperatures and affecting the 

numbers of hours of temperatures above 25°C. For example, it was noted that 

approaches based around increasing passive solar gain (Models B, C and D; and Models B-

NCM, C-NCM and D-NCM) would lead to an increase in the number of hours of 

temperatures above 25°C and peak internal temperatures. Conversely, other approaches 

could reduce peak internal temperatures and the number of hours of temperatures 

above 25°C, such as the thermal mass strategies (Models E, F and G; and Models E-NCM, 

F-NCM and G-NCM), as described in Section 4.2. In addition, a number of the strategies 

most effective at reducing sensible heating load produced the most significant increases 

in internal temperatures, such as the improved insulation strategies (Model H and H-

NCM) and the Mid-terrace Model (Model J and J-NCM).  

One of the questions arising from this initial analysis of the data was what the strength of 

the relationship between reductions in sensible heating load, increases in internal 

temperatures and the number of hours of temperatures above 25°C. To examine this 

question bivariate analysis techniques were used (Bryman, 2015) including scatter 

diagrams and the Pearson product-moment correlation coefficient, (henceforth referred 

to as Pearson’s r) (Hill & Lewicki, 2007). These bivariate analysis techniques were used to 

understand the relationship between the metrics of sensible heating load, number of 

hours of temperatures above 25°C and peak internal temperatures, and to identify any 

underlying trends. The starting point in identifying any trends would be a scatter chart 

plotting on the x-axis the number of hours of temperatures above 25°C and on the y-axis 

the sensible heating load for each of the models (see Figure 4-25, below). By employing 

this technique each of the models would become a data point on the chart and trends 

could be observed for each of the strategies presented earlier in this chapter.  
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Figure 4-25: Sensible heating load and hours of overheating scatter diagram 

 

The chart above (see Figure 4-25), identified a correlation between reductions in sensible 

heating load and the number of hours of temperatures above 25°C. This correlation was 

confirmed by using Pearson’s r (Hill & Lewicki, 2007) to examine the relationship between 

the variables. Pearson’s r (ibid) is a method of statistical analysis used for examining the 

strength of a relationship between two variables. In this case, a coefficient close to -1 

would indicate a strong relationship, whilst a coefficient close to zero would indicate a 

weak relationship (Bryman, 2015). A review of the data indicated a Pearson’s r (ibid) of -

0.65 for the models using the NCM occupancy profiles. This result, indicating a moderate 

correlation, confirmed earlier analysis that had identified that most models had been able 

to deliver a reduction in sensible heating load, but this was generally accompanied by an 

increase in the number of hours of temperatures above 25°C. That it was a moderate, 

rather than a strong correlation, reflected the fact that there were outliers, to the bottom 

left of the trend line, in the scatter chart (see Figure 4-25) that had achieved reductions in 

sensible heating load without significantly increasing the number of hours of 

temperatures above 25°C. These same outliers would be of particular importance as 

indicators of approaches that offered the possibility of reducing heating load without 

compromising thermal comfort. While these results did show a moderate correlation 

between sensible heating loads there were many aspects of the study that required 

investigation; these are described as follows:  
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• The case studies, in Chapter 2, and literature indicated that ventilation was one of 

the main ways in which domestic dwellings in the UK are cooled; however, the 

initial studies had identified that when the NCM models took account of 

ventilation it was based on fixed numbers of air changes that did not take account 

of external or internal conditions, or the location or size of window openings or 

window opening behaviour. Research has shown that these factors can have a 

considerable impact on energy use (Fabi et al., 2012).  

• The moderate correlation indicated an increased risk of overheating based on 

current conditions but there is evidence that increased external temperatures 

because of climate change could mean that instances of overheating will be more 

prevalent (IPCC, 2007; EuroHEAT, 2009). This evidence raised concerns about the 

potential for thermal discomfort if the modelling results were projected to take 

into account anticipated changes in local weather patterns because of climate 

change. 

• As mentioned above, outliers were observed in the data, which were models able 

to achieve reductions in sensible heating load without adversely affecting thermal 

comfort. It would be necessary first to identify these outliers and then to test 

whether these properties were consistent when different modelling techniques 

were adopted or when future climate files were used. 

• Finally, there was a need for benchmarking the results against standards and 

guidelines for thermal comfort and whilst a 25°C benchmark had been used for 

much of this research project it is recognised that there is ongoing debate about 

whether this threshold is an accurate indicator of thermal discomfort (as 

described in Chapter 3, Section 3.11.1).  
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4.6.1 Review of Thermal Comfort Using Ammanford DSY 
To address the issues described above three changes were made to the modelling. The 

first change was to replace the Aberporth EWY weather file, used in the modelling in 

Section 4.2, Section 4.3 and Section 4.4 of this chapter, with the Ammanford TRY. This 

change would allow future climate conditions to be explored.  

The second change was to adjust the way in which ventilation was modelled. Housing in 

the UK including the Britannia Drive housing is free running with regard to cooling and 

generally relies on natural ventilation to reduce internal temperatures (Hacker et al., 

2005). In the earlier dynamic thermal modelling only the NCM models accounted for 

ventilation and airflows; however, as explained in the methodology (Chapter 3), the NCM 

profiles simulate airflows in simplistic ways by assigning a fixed quantity of airflows, 

measured in litres per second of air, per square meter, for each space. Whilst the NCM 

methodology is the basis of national guidelines, the IESVE software allows for more 

detailed calculations of airflow taking into account window size, shape and opening area 

along with external environmental conditions. This advanced modelling of airflow is 

carried out using the Macroflo component of the software (IES, n.d.a), discussed in the 

methodology, in Chapter 3, Section 3.10.5.  

The third change, also affecting the modelling of ventilation, was to incorporate an 

adaptive algorithm developed to mimic window opening behaviour. The Humphreys 

algorithm (Tuohy et al., 2007), discussed in the methodology, in Chapter 3, Section 3.10.5, 

was developed by the University of Strathclyde and Oxford Brookes University from 

regression analysis of window opening behaviour and its incorporation would emulate 

occupant behaviour patterns and ensure that the model’s windows were opened based 

on internal and external climatic conditions. This would be in contrast to the NCM 

methodology which mainly disregards external conditions.  

4.6.1.1 Initial Comparison of Model A 

Having applied the changes, described above, the first step was to compare the revised 

models with the results from the earlier models in Sections 4.2, 0 and 0. It was expected 

that changing the weather file from Aberporth, based 40km away from the site, to 

Ammanford, based 73km away, would affect the results. It was also expected that there 

would be differences in the results due to the higher rates of ventilation expected by the 

use of Macroflo. However, if the results were substantially different, that is by orders of 
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magnitude, it would challenge the validity of the revised data set. The revised models 

used the same occupancy profiles as the NCM models, therefore it was anticipated that 

this would be the data set most appropriate for comparisons. In this way, the original 

models of each data set that is Model A-NCM, using the Aberporth weather file, would be 

compared with its equivalent model using the Ammanford TRY control weather file and 

Macroflo, Model A-TRY.  

Model A-NCM, with the Aberporth climate file, using 2.27MWh a year for space heating, 

was compared to Model A-DSY, with the Ammanford control DSY weather file and 

advanced ventilation modelling, using 2.34MWh a year for space heating (see Table 4-35). 

A higher sensible heating load for revised models using the Ammanford models and 

dynamic modelling of ventilation was expected because the Humphreys algorithm is 

based on the observations of window opening behaviour in offices and it was anticipated 

that the models would inherit the logical inconsistencies associated with user behaviour, 

described in the case studies in Chapter 2. Examples of these behaviours include the 

opening of windows when the heating is on and the turning on of heating when windows 

are open, described in relation to Canmore Place and Clay Fields (see Chapter 2). 

Examination of the model data showed this to be the case and although these instances 

were not frequent enough to invalidate the results they were significant enough to add to 

the overall sensible heating load. It should be noted that these logical inconsistencies 

were apparent in the NCM models whereby ventilation is provided regardless of external 

conditions. These results are consistent with studies by Tahmasebi and Mahdavi (2016) 

that identified that stochastic models, such as the Humphreys Algorithm were effective at 

emulating occupant behaviour but overestimated heating demand.  

Changing the climate file and modelling of ventilation in the revised models produced a 

general reduction in peak internal temperatures and the number of hours of 

temperatures above 25°C. In the last Chapter, Model A-NCM, using the Aberporth EWY 

Weather File had 469 hours of temperatures in excess of 25°C. The equivalent Model 

using the Ammanford TRY and Humphreys Algorithm, Model A-TRY, had 184 hours of 

temperatures above 25°C (see Table 4-35), less than half of Model A-NCM. Again, this 

difference in results was expected for a number of reasons, as explained below:  
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• The first factor was the use of an adaptive algorithm based on how people take 

measures to alleviate uncomfortable temperatures by opening windows. The use 

of this algorithm meant that window opening behaviour was more closely linked 

to internal temperatures and as a result measures were actively taken to address 

higher temperatures within a space.  

• The second factor was the higher air flow rate of the Macroflo models when 

compared with the NCM models (see Figure 3-59 in Section 3.10.5). This meant 

that more air could be passed through a space to provide cooling than was 

provided by the NCM models.  

• The third factor was that, as indicated in the Section 3.10.1 of the methodology 

chapter, Ammanford DSY had higher mean temperatures; however, these were 

not significantly higher than the Aberporth EWY (0.16°C higher). Indeed, the peak 

external temperature of the Aberporth EWY, which was 27.6°C, was nearly a 

degree higher than the Ammanford DSY peak external temperature of 26.8°C (see 

Table 4-35). 

Table 4-35: Original model results using the Ammanford weather file  

Scheme  Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature No. 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

 

4.6.2 Passive Solar Gain Strategies (Models B-TRY, C-TRY and D-TRY; and 
Models B-TRY-O, C-TRY-O and D-TRY-O) 

Changes to the ventilation strategies and moving from a system based on a fixed number 

of air changes to one modelled around the window openings would potentially have a 

significant impact on the models using passive solar gain (Models B-TRY, C-TRY and D-

TRY). These models were developed to examine the impact that increasing passive solar 

gain through additional glazed windows would have on reducing sensible heating load. 

However, these extra windows could, in principle, be used to provide additional cooling 
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through higher levels of ventilation. This change in modelling created an interesting 

tripartite relationship whereby additional glazing on the south façade could concurrently: 

increase temperatures and reduce sensible heating load by means of passive solar gain; 

reduce temperatures by increasing ventilation; and increase sensible heating load 

through fabric losses identified in the last chapter. To understand these effects two sets 

of models were built, which are described below: 

• The first set of models had the same number of opening lights as the original 

model (Model A-TRY) and any additional windows added to Models B-TRY, C-TRY 

and D-TRY would be considered as fixed lights, not providing ventilation.  

• The second set of models Models B-TRY-O, C-TRY-O, and D-TRY-O would make 

each additional window an opening light. The two sets of models could then be 

compared to aid understanding of the relationship between all of these factors on 

window design.  

The addition of fixed lights (Models B-TRY, C-TRY and D-TRY) had the same effect as seen 

in the NCM models whereby increased levels of solar gain reduced the sensible heating 

load but at the price of thermal comfort. Thus, the fixed light windows were characterised 

by their high number of hours of temperatures above 25°C and peak high temperatures 

relative to Model A-TRY (see Table 4-36). Plotting these results on a scatter graph these 

models were strung out in a line almost horizontal to the x-axis showing that their 

minimal reductions in sensible heating were accompanied by substantial increases in the 

number of hours of temperatures above 25°C. The models with extra opening lights were 

characterised by slight reductions or slight increases in sensible heating load, compared 

with Model A-TRY, and, significantly, only small increases in the number of hours of 

temperatures above 25°C (see Figure 4-26, below). When these models were plotted on a 

scatter chart they were distinctive by their greater distribution along the y-axis 

representing their minimal, or even negative, impact on reducing sensible heating load 

relative to Model A-TRY but also minimal impact on thermal comfort (see Figure 4-26, 

below).  
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Figure 4-26: Additional windows solar gain scatter chart  

 

In line with results from earlier in this chapter the addition of south-facing fixed lights 

only achieved small reductions in sensible heating load. However, the negative impact of 

passive solar gain strategies, increasing sensible heating load for models using additional 

opening light windows, highlighted that the results were being distorted by the methods 

to model ventilation. Investigating this problem identified that as the Humphreys 

algorithm (Tuohy et al., 2007) was based on occupant behaviour it’s use would 

incorporate inconsistent or illogical behaviour such as windows being left open when the 

heating went on or windows being opened when the heating was activated (Tahmasedi & 

Mahdavi, 2016). However, one consequence of this approach when it was applied in 

these models was that adding more opening windows magnified these effects. Thus, 

increasing the number of opening windows increased the heat loss through ventilation, 

when the building was heated. It was possible to compensate for the effects by using the 

ventilation losses of the fixed windows and number of hours of temperatures above 25°C 

of the opening light windows. If this correction was applied and plotted on Figure 4-26 

then the adjusted data points appeared tightly clustered at the pivot of both the fixed 

and the opening light data sets. These corrected results indicate that as the area of 

windows was increased there was a modest reduction in sensible heating load and a 

modest increase in the number of hours of temperatures above 25°C (see Figure 4-26, 

above). 
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Table 4-36: Solar Gain Individual Models Table of Results 

Scheme  Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Solar Gain -      
Fixed lights 
(1.68m²)    (Model 
B-TRY) 

Control 2.27 11.35 04:30/02ndFeb 27.93 14:30/06th Jul 203 

2030 1.89 11.43 04:30/30th Jan 31.67 19:30/07th Jul 454 

2050 1.79 11.71 04:30/08th Jan 32.62 17:30/11th Jul 622 

2080 1.56 11.78 04:30/10th Jan 33.56 18:30/14thAug 1050 

Solar Gain -       
Fixed lights 
(3.36m²)    (Model 
C-TRY) 

Control 2.24 11.42 04:30/19thDec 28.15 14:30/06th Jul 223 

2030 1.88 11.50 04:30/30th Jan 31.82 19:30/07th Jul 496 

2050 1.78 11.71 04:30/08th Jan 32.85 17:30/11th Jul 684 

2080 1.55 11.78 04:30/10th Jan 33.86 18:30/14thAug 1106 

Solar Gain  -     
Fixed lights 
(3.36m²)    (Model 
D-TRY) 

Control 2.25 11.41 04:30/19thDec 28.35 14:30/06th Jul 258 

2030 1.89 11.55 04:30/30th Jan 31.96 19:30/07th Jul 534 

2050 1.78 11.74 04:30/08th Jan 33.06 17:30/11th Jul 721 

2080 1.56 11.85 04:30/10th Jan 34.12 18:30/14thAug 1159 

Solar Gain - 
Opening lights 
(1.68m²)    (Model 
B-TRY) 

Control 2.29 11.35 04:30/02ndFeb 27.77 14:30/06th Jul 186 

2030 1.96 11.43 04:30/30th Jan 31.58 19:30/07th Jul 424 

2050 1.81 11.71 04:30/08th Jan 32.54 17:30/11th Jul 580 

2080 1.58 11.78 04:30/10th Jan 33.49 18:30/14thAug 999 

Solar Gain  - 
Opening lights 
(3.36m²)    (Model 
C-TRY) 

Control 2.34 11.42 04:30/19thDec 27.88 14:30/06th Jul 193 

2030 1.96 11.51 04:30/30th Jan 31.63 19:30/07th Jul 438 

2050 1.86 11.71 04:30/08th Jan 32.66 17:30/11th Jul 593 

2080 1.64 11.78 04:30/10th Jan 33.66 18:30/14thAug 1005 

Solar Gain  - 
Opening lights 
(3.36m²)    (Model 
D-TRY) 

Control 2.46 11.41 04:30/19thDec 27.94 14:30/06th Jul 200 

2030 2.06 11.55 04:30/30th Jan 31.67 19:30/07th Jul 437 

2050 1.96 11.74 04:30/08th Jan 32.74 17:30/11th Jul 605 

2080 1.73 11.85 04:30/10th Jan 33.77 18:30/14thAug 1019 
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4.6.3 Mid-terrace model, Improved Insulation and Improved Air-tightness 
(Models J-TRY, H-TRY and Z-TRY) 

In the previous sections the Mid-terrace model (Model J and J-NCM) and the Improved 

Insulation Model (Model H and H-NCM) were two strategies that stood out as being 

individual approaches capable of achieving significant (10% to 15.9%) savings in sensible 

heating load and associated carbon emissions. However, in each case this reduction in 

sensible heating load was achieved at the expense of thermal comfort with an increase in 

the number of hours of temperatures above 25°C and an increase in peak internal 

temperatures (see Table 4-9 and Table 4-10).  

For this set of models an extra approach to reducing sensible heating load was added 

based on increasing the air-tightness of the original model. This model increased the air-

tightness from a figure based on the air pressure testing of the completed Britannia Drive 

houses of 5.8m³/m²h at 50Pa to a figure based on the air pressure testing of the Clay 

Fields Project described in the case study, in Chapter 2, of 3.4m³/m²h at 50Pa (Gill et al. 

2011). It is acknowledged that this figure is some way off the 0.543 m3/m2/h at 50 Pa 

achieved at the Larch House (which was one of the Ebbw Vale Passivhaus certified 

dwellings) (Bere, 2011); however, the figure achieved ay Clay Fields is considered to be a 

realistic figure for developers of housing in rural Wales and is consistent with the 

methodology of applying upgrades to the building fabric based on the case studies. Air-

tightness was included in this study because ventilation would be examined in detail and 

incorporating this approach at this stage of the testing would allow this strategy to be 

explored in a context where it might be undermined by an occupant leaving a window 

open.  
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Figure 4-27: Mid-terrace, improved insulation and improved air-tightness individual model scatter chart 

 

As an energy saving strategy the Improved Air-tightness Model (Model L-TRY) was 

comparable to the Thermal Mass model (Model H-TRY) based on the quantity of energy 

saved; however, it was more effective than the thermal mass model in reducing sensible 

heating load for the 2030, 2050 and 2080 scenarios (see Figure 4-27). The Air-tightness 

Model (Model L-TRY) was not able to achieve energy savings without increasing internal 

temperatures and the number of hours of temperatures above 25°C relative to Model A-

TRY increased from 184 hours on Model A-TRY to 192 hours on Model L-TRY using the 

Ammanford Control weather file (see Table 4-37). With regard to the number of hours of 

internal temperatures above 25°C the Air-tightness Model was comparable to the 

additional insulation model (Model H) and was within one and five hours of this model for 

each of the four weather files (see Table 4-37 and Figure 4-27).  

These results agreed with both the NCM and continuous models, described previously in 

this chapter, indicating a correlation between reductions in sensible heating load and a 

higher potential for overheating. These results identified that the Mid-terrace Model 

(Model J-TRY) would be more prone to overheating than either the improved insulation 

model or the improved air-tightness model and this finding is evidenced by examining 

Table 4-37, below.  In the case of the Mid-terrace model (Model J-TRY) applying the 

future climate weather files indicated increasingly higher levels of temperatures above 
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25°C relative to Model A-TRY. For example, initially there is a difference of 76 hours 

between the Mid-terrace Model (Model J-TRY) and Model A-TRY using the Ammanford 

Control weather file; the difference became 127 hours using the 2030 weather file; this 

difference grew to 173 hours using the 2050 weather file; and finally reached a difference 

of 208 hours using the 2080 weather file (see Table 4-9, below). This result is interesting 

because previous modelling, in Section 4.2.1.4 of this chapter (Chapter 4), had identified 

the Mid-terrace Models (Model J and J-NCM) as probably the most cost-effective means 

of reducing the sensible heating load of a conventional building. However, these results 

suggest that some overheating mitigation measures would be required to offset the 

higher internal temperatures and longer periods of uncomfortable internal temperatures 

(Porritt et al., 2011). These mitigation measures have the potential to offset the cost 

benefits of this approach if not carefully considered.  

Table 4-37: Effective approaches thermal Test Reference Year Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature No. 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Improved 
Insulation   (Model 
H-TRY) 

Control 2.10 11.43 04:30/02ndFeb 27.69 15:30/06th Jul 197 

2030 1.75 11.52 04:30/30th Jan 31.44 19:30/07th Jul 432 

2050 1.66 11.86 04:30/08th Jan 32.34 17:30/11th Jul 587 

2080 1.46 11.92 04:30/10th Jan 33.25 18:30/14thAug 1011 

Mid-terrace   
(Model J-TRY) 

Control 2.11 11.48 04:30/02ndFeb 28.18 15:30/06th Jul 260 

2030 1.76 11.55 04:30/30th Jan 31.85 19:30/07th Jul 547 

2050 1.67 11.81 04:30/08th Jan 32.82 17:30/11th Jul 746 

2080 1.47 11.94 04:30/10th Jan 33.72 18:30/14thAug 1204 

Airtightness (Model 
Z-TRY) 

Control 2.18 11.85 04:30/02ndFeb 27.81 14:30/06th Jul 192 

2030 1.83 11.94 04:30/30th Jan 31.55 19:30/07th Jul 431 

2050 1.73 12.17 04:30/08th Jan 32.43 17:30/11th Jul 585 

2080 1.52 12.27 04:30/10th Jan 33.29 18:30/14thAug 1015 
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4.6.4 Review of Amalgamated Models  
Initial findings raised questions about whether higher levels of air-tightness and the 

clustering of buildings would be compatible with thermal comfort and suggested that the 

optimum models, described in Section 4.4.1 of the this chapter, would not be able to 

maintain levels of thermal comfort relative to the original Model (Model A-TRY). In 

addition, there were questions about what influence additional air-tightness would have 

on thermal comfort if it were included in a scheme’s energy saving strategies. To address 

these questions a set of models were developed based on the optimum and affordable 

models of Section 4.4. These models would take account of the different levels of air-

tightness explored in Section 4.6.3 and consideration would be given as to whether the 

additional 3.36m² of new windows (part of the optimum models’ energy saving strategy) 

should be fixed or opening lights to address overheating, based on the study in Section 

4.6.2.  
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4.6.5 Optimum Amalgamated Models (Narrow Terrace: Model 3Xe-TRY & 
Model 3Xm-TRY) (Compact Terrace: Model 4Xe-TRY & Model 4Xm-TRY) 

 

Figure 4-28: Diagram of Narrow Optimum Terrace Amalgamated Model highlighting approaches 
employed for thermal comfort study 

 

 

Figure 4-29: Diagram of Compact Optimum Terrace Amalgamated Model highlighting approaches 
employed for thermal comfort study 

 

 

In previous sections of this chapter (Section 4.4.1, Chapter 4) it was established that the 

optimum models, combining higher levels of thermal mass, higher levels of insulation, 

3.36m² of additional south-facing glazing and changes to building form (Figure 4-28 and 

Figure 4-29) would be able to achieve significant savings in sensible heating load 

(0.83MWh – 1.34MWh) when compared with Model A-TRY (see Table 4-40 and Table 

4-41, below). These savings in sensible heating load were accompanied by a modest 

increase in the hours of temperatures in excess of 25°C when compared with the original 

Model (Model A-TRY) (see Table 4-40 and Table 4-41).  
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Plotting the models on a scatter chart (see Figure 4-30, below) the optimum models are 

characterised by their distribution more along the vertical y-axis than the horizontal x-axis 

indicating substantial savings in sensible heating load accompanied by smaller changes in 

thermal comfort. Vertical lines drawn from the baseline model (A-TRY) data points for 

each one of the four weather files were used to provide an indication of the thermal 

comfort of the optimum amalgamated models relative to the original model (see Figure 

4-30) and using this technique it is apparent that most of the optimum models have a 

greater number of temperatures above 25°C than the baseline model (Model A-TRY), and 

lower levels of thermal comfort, than the original Model using the Ammanford control 

weather file. However, when the 2030, 2050 and 2080 Ammanford weather files were 

used the distribution of the amalgamated optimum model relative to Model A-TRY was 

dependent on whether the narrow or compact terrace forms were used (see Figure 4-31 

and Figure 4-32). 

Figure 4-30: Amalgamated Optimum Models Scatter chart  
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Examining the Optimum Compact Models (Model 4Xe-TRY and 4Xm-TRY) it is apparent 

that the increased levels of air-tightness had achieved significant reductions in sensible 

heating load. For, example the Optimum Compact End Terrace Model (Model 4Xe-TRY-z) 

had achieved a sensible heating load of 1.25MWh almost equalling the sensible heating 

load of 1.24MWh achieved by the Optimum Mid-terrace Model (Model 4Xm-TRY) using 

lower levels of air-tightness (see Figure 4-31, below). However, the reduction in sensible 

heating load of the models using increased levels of air-tightness was accompanied by an 

increase in the number of hours of temperatures above 25°C. In the case of the Optimum 

Compact Terrace Models the increase in hours of temperatures above 25°C was relatively 

small and consistent, ranging from an increase of 28 hours for the end terrace model 

(Model 4Xe-TRY-z) using the 2080 Ammanford weather file to 12 hours for the mid-

terrace model (Model 4Xm-TRY-z) using Ammanford 2030 weather file (see Table 4-38 

and Table 4-39, below).  

Figure 4-31: Amalgamated Optimum Narrow Terrace Scatter Chart 
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Figure 4-32: Amalgamated Optimum Compact Terrace Scatter Chart 

 

The effect of making the 3.36m² of additional windows on the south façade opening lights 

was explored in these models. In Section 1.2.1 it was identified that the modelling of 

additional opening light windows was disadvantaged by the use of Macroflo and the 

Humphreys Algorithm, which had magnified the effects of window opening behaviour on 

energy losses. A work-around for this problem used the ventilation losses of fixed light 

windows and number of hours of temperatures above 25°C of opening light windows. 

This meant that two sets of models had to be built: one with the additional windows fixed 

lights; and another with additional opening lights. Applying this procedure allowed the 

impact of a extra south-facing glazing with regard to reducing sensible heating load and 

reducing the number of hours of temperatures above 25°C of the optimum models.  

The effect of making the additional windows of the optimum models opening lights 

varied depending on the climate file that was used. At its most effective, using the 2080 

climate file, reduced the number of hours of temperatures above 25°C to 111 hours for 

the Optimum Narrow Terrace Model with higher levels of air-tightness (Model 4Xe-TRY-

z), see Table 4-38, below. In the case of the Optimum Compact Terrace Models the 

overall effect of making the additional windows opening lights was to ensure that these 

models always had a fewer number of hours of temperatures in excess of 25°C than the 

Original Model (Model A-TRY) (see Table 4-39, below).  
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Table 4-38: Optimum Narrow Terrace Models Test Reference Year Table of Results 

Scheme  

  

Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C* 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      
(Model A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Optimum 
Narrow End 
Terrace    
(Model 3Xe-
TRY) 

Control 1.70 13.96 08:30 21st Jan 28.05 15:30 27th Aug 213 (182) 

2030 1.54 14.58 06:30 31st Jan 30.08 16:30 07th July 457 (395) 

2050 1.48 14.09 04:30 08th Jan 30.88 17:30 11th July  585 (521) 

2080 1.05 14.31 04:30 10th Jan 32.09 17:30 14th Aug 1012(908) 

Optimum 
Narrow Mid-
terrace    
(Model 3Xm-
TRY) 

Control 1.41 14.01 06:30 21st Jan 28.11 15:30 27th Aug 225 (201) 

2030 1.37 14.90 06:30 31st Jan 30.15 16:30 07th July 471 (427) 

2050 1.22 14.21 08:30 08th Jan 31.01 17:30 11th July  603 (538) 

2080 0.82 14.48 06:30 10th Jan 32.21 17:30 14th Aug 1021(921) 

Optimum 
Narrow End 
Terrace (Air-
tightness)  
(Model 3Xe-
TRY-z) 

Control 1.58 14.41 06:30 21st Jan 28.08 15:30 27th Aug 244 (212) 

2030 1.40 15.87 06:30 31st Jan 30.09 16:30 07th July 490 (426) 

2050 1.27 14.47 04:30 08th Jan 30.91 17:30 11th July  615 (553) 

2080 0.96 15.00 06:30 10th Jan 32.09 17:30 14th Aug 1043(941) 

Optimum 
Narrow Mid-
terrace (Air-
tightness) 
(Model 3Xm-
TRY-z) 

Control 1.27 14.77 06:30 21st Jan 28.14 15:30 27th Aug 269 (235) 

2030 1.15 16.41 06:30 31st Jan 30.20 16:30 07th July 512 (447) 

2050 1.11 14.60 06:30 08th Jan 31.02 17:30 11th July  629 (566) 

2080 0.74 15.47 06:30 10th Jan 32.21 17:30 14th Aug 1068(957) 

*Opening windows shown in brackets 
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Table 4-39: Optimum Compact Terrace Models Test Reference Year Table of Results 

Scheme  Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C* 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      
(Model A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Optimum 
Compact End 
Terrace    
(Model 4Xe-
TRY) 

Control 1.51 12.35 04:30 21st Jan 27.20 14:30 06th July 164 (141) 

2030 1.37 12.40 04:30 31st Jan 29.69 18:30 07th July 382 (336) 

2050 1.30 12.64 04:30 08th Jan 30.46 17:30 11th July 517 (447) 

2080 0.91 12.66 04:30 10th Jan 31.45 17:30 14th Aug 917 (815) 

Optimum 
Compact Mid-
terrace    
(Model 4Xm-
TRY) 

Control 1.24 12.40 08:30 21st Jan 27.33 15:30 27th Aug 182 (147) 

2030 1.14 12.53 04:30 31st Jan 29.86 18:30 07th July 401 (347) 

2050 1.09 12.71 04:30 08th Jan 30.67 17:30 11th July 539 (472) 

2080 0.72 12.74 04:30 10th Jan 31.65 17:30 14th Aug 939 (839) 

Optimum 
Compact End 
Terrace (Air-
tightness)  
(Model 4Xe-
TRY-z) 

Control 1.25 12.64 08:30 21st Jan 27.28 14:30 06th July 188 (154) 

2030 1.09 12.85 04:30 31st Jan 29.71 18:30 07th July 401 (352) 

2050 0.92 12.94 04:30 08th Jan 30.49 17:30 11th July 539 (476) 

2080 0.72 12.97 04:30 10th Jan 31.46 17:30 14th Aug 945 (839) 

Optimum 
Compact Mid-
terrace (Air-
tightness) 
(Model 4Xm-
TRY-z) 

Control 0.99 12.74 08:30 21st Jan 27.38 15:30 27th Aug 202 (164) 

2030 0.92 13.08 04:30 31st Jan 29.91 18:30 07th July 413 (360) 

2050 0.800 13.03 04:30 08th Jan 30.68 17:30 11th July  559 (494) 

2080 0.54 13.13 04:30 10th Jan 31.68 17:30 14th Aug 956 (858) 

*Opening windows shown in brackets 
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4.6.6 Affordable Amalgamated Models (Narrow Terrace: Model 3Ge-TRY & 
Model Gm-TRY) (Compact Terrace: Model 4Ge-TRY & Model 4Gm-TRY) 

 

Figure 4-33: Diagram of Compact Affordable Terrace Amalgamated Model highlighting approaches 
employed for thermal comfort study 

 

 

Figure 4-34: Diagram of Compact Affordable Terrace Amalgamated Model highlighting approaches 
employed for thermal comfort study 

 

 

The affordable models, in Section 4.4.2, had been effective at reducing in sensible heating 

load and temperatures above 25°C relative to the original model (Model A and A-NCM) 

and Models 4Ge and 4Gm, In Section 4.4.2, had just 10 hours of temperatures above 25°C 

(see Table 4-33). Examining these models using the Ammanford weather files and 

advanced ventilation modelling techniques (Figure 4-33 and Figure 4-34) identified that 

these models had considerable potential to offset the effects of rising temperatures as a 

result of climate change by reducing the number of temperatures above 25°C. Using the 

scatter chart the Affordable Terrace models, like the Optimum Models in the previous 

section, were characterised by their distribution along the y-axis indicating that their 

collective reductions in sensible heating loads of the Affordable Amalgamated Models 

had been achieved without providing significant increases in sensible heating load (see 

Figure 4-35, below). Again, as with the analysis in the previous section, a vertical line was 
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added to the original models for each of the four weather files to provide an indication of 

thermal comfort relative to the Model A-TRY (see Figure 4-35). However, unlike the 

optimum models the distribution was mostly to the left of the vertical line indicating that 

the reductions in sensible heating load of the Affordable Amalgamated Models had been 

achieved without increasing the number of hours of temperatures above 25°C relative to 

Model A-TRY (see Figure 4-35, below).  

Figure 4-35: Affordable Amalgamated Models scatter chart (note the addition of the insulation and 
airtightness models as a point of reference) 

 

It is significant that the affordable models were capable of going some way to negating 

the higher temperatures and hours of overheating associated with climate change, 

relative to Model A-TRY (see Figure 4-36). Referring to Figure 4-36 the data points are far 

to the left of the 2030 and 2050 baseline model which indicates the success of this 

approach in both reducing heating load and improving thermal comfort. 
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Figure 4-36: Affordable Amalgamated compact terrace 

 

The impact of increased levels of air-tightness was also examined for the affordable 

models and as with the optimum models, the data indicated that the compact models 

(Model 4Ge-TRY and 4Gm-TRY) benefited most from increased levels of air-tightness to 

achieve reductions in sensible heating load. A reduction in sensible heating load of the 

models using air-tightness was accompanied by an increase in the number of hours of 

temperatures above 25°C (see Figure 4-36); however, in the case of the compact terrace 

models this increase was small and consistent with the optimum models. For the 

affordable models the increase in the number of hours above 25°C ranged from 28 hours 

for the end terrace using the 2080 weather file to 12 hours for the mid-terrace using 

Ammanford 2030 weather file (see Table 4-40 and Table 4-41, below). As with the 

optimum models increased levels of air-tightness on the narrow terrace models did not 

have as much impact on reductions in sensible heating load as it did on the compact 

terrace. This is apparent from Figure 4-37, below, where the difference between the 

Amalgamated narrow terrace data points is closer to the affordable narrow terrace 

models using the air-tightness, at least compared with the compact model.   
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Figure 4-37: Affordable Amalgamated narrow terrace 

 

Earlier in this chapter, in Section 4.4.2, it was noted that the Affordable Terrace Models 

were significant because the modelling indicates that reductions in sensible heating load 

of 25-30% could be achieved by employing an approach that was likely to be cost neutral 

when compared with the original scheme. Based on these results we can say that the 

Affordable Terrace Models would be likely to be not only more energy efficient in term of 

reducing sensible heating load than the original scheme but also more comfortable by 

reducing the instances of temperatures above 25°C relative to Model A-TRY. This was true 

of both the compact terrace and the narrow terrace and it was consistent with the results 

from earlier in this chapter (Chapter 4).   
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Table 4-40: Affordable Narrow Terrace Test Reference Year Table of Results 

Scheme  Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Affordable Narrow 
End Terrace    
(Model 3Ge-TRY) 

Control 1.74 13.68 04:30 21st Jan 27.59 15:30 27th Aug 166 

2030 1.55 13.77 04:30 31st Jan 29.72 18:30 07th July 372 

2050 1.41 13.88 04:30 08th Jan 30.61 17:30 11th July 488 

2080 1.07 13.94 04:30 10th Jan 31.67 17:30 14th Aug 864 

Affordable Narrow 
Mid-terrace    
(Model 3Gm-TRY) 

Control 1.43 13.82 04:30 21st Jan 27.63 15:30 27th Aug 170 

2030 1.39 13.97 04:30 31st Jan 29.79 18:30 07th July 382 

2050 1.26 14.00 04:30 08th Jan 30.72 17:30 11th July 505 

2080 0.85 14.08 04:30 10th Jan 31.79 17:30 14th Aug 876 

Affordable Narrow 
End Terrace (Air-
tightness)  (Model 
3Ge-TRY-z) 

Control 1.58 13.99 04:30 21st Jan 27.63 15:30 27th Aug 178 

2030 1.40 14.30 06:30 31st Jan 29.72 18:30 07th July 386 

2050 1.28 14.16 04:30 08th Jan 30.63 17:30 11th July 506 

2080 0.82 14.24 04:30 10th Jan 31.67 17:30 14th Aug 884 

Affordable Narrow 
Mid-terrace (Air-
tightness) (Model 
3Gm-TRY-z) 

Control 1.27 14.06 06:30 21st Jan 27.68 15:30 27th Aug 190 

2030 1.15 14.53 06:30 31st Jan 29.82 18:30 07th July 403 

2050 1.10 14.30 04:30 08th Jan 30.72 17:30 11th July 515 

2080 0.73 14.44 04:30 10th Jan 31.79 17:30 14th Aug 902 
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Table 4-41: Affordable Compact Terrace Test Reference Year Table of Results 

Scheme  Weather 
File Sensible 

Heating 
Load 

(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Affordable 
Compact End 
Terrace    (Model 
4Ge-TRY) 

Control 1.60 12.14 04:30 21st Jan 26.86 15:30 06th July 117 

2030 1.42 12.20 04:30 31st Jan 29.37 18:30 07th July 305 

2050 1.38 12.55 04:30 08th Jan 30.18 17:30 11th July 414 

2080 0.98 12.53 04:30 10th Jan 31.05 17:30 14th Aug 788 

Affordable 
Compact Mid-
terrace    (Model 
4Gm-TRY) 

Control 1.41 12.20 04:30 21st Jan 27.02 15:30 06th July 130 

2030 1.24 12.30 04:30 31st Jan 29.52 18:30 07th July 318 

2050 1.19 12.64 04:30 08th Jan 30.36 17:30 11th July 443 

2080 0.84 12.62 04:30 10th Jan 31.22 17:30 14th Aug 803 

Affordable 
Compact End 
Terrace (Air-
tightness)  (Model 
4Ge-TRY-z) 

Control 1.23 12.44 04:30 21st Jan 26.92 15:30 06th July 133 

2030 1.10 12.49 04:30 31st Jan 29.43 18:30 07th July 322 

2050 1.08 12.84 04:30 08th Jan 30.20 17:30 11th July 450 

2080 0.72 12.79 02:30 10th Jan 31.05 17:30 14th Aug 818 

Affordable 
Compact Mid-
terrace (Air-
tightness) (Model 
4Gm-TRY-z) 

Control 1.05 12.57 06:30 21st Jan 26.98 15:30 06th July 154 

2030 0.91 12.63 04:30 31st Jan 29.56 18:30 07th July 347 

2050 0.86 12.94 04:30 08th Jan 30.38 17:30 11th July 467 

2080 0.59 12.90 02:30 10th Jan 31.22 17:30 14th Aug 835 
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4.7 Adaptive Thermal Comfort 

Chapter 3, Section 3.11.1, identified considerable discussion among academics and the 

wider construction industry on how thermal comfort should be evaluated and outlined 

one approach to evaluating thermal comfort, a Nicol graph, where a formula is applied to 

mean monthly minimum and maximum temperatures to define a comfort zone. Applying 

this approach to the research an optimal temperature for each of the weather files was 

identified called the ‘Comfort Temperature’ and 2°C lines called the ‘Comfort High’ and 

the ‘Comfort Low’ were plotted on the graph to identify the range of comfort conditions 

considered acceptable on a month by month basis. The mean monthly internal 

temperatures for models were then plotted on the Nicol graphs to see if it fell within this 

4°C range. For this study the standard model (A-TRY) and the model with the highest 

levels of overheating in Section 4.6, Model V-TRY, with PIR insulation and 5.04m² of 

additional glazing, were plotted on to Nicol charts based on the Control and 2030, 2050 

and 2080 Ammanford weather files (see Figure 4-38, Figure 4-39, Figure 4-40, Figure 4-41, 

Figure 4-43, Figure 4-44 and Figure 4-45, below).  

Figure 4-38: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford Control weather file  
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Figure 4-39: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2030 weather file  

 

 

Figure 4-40: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2050 weather file.  
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Figure 4-41: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2080 weather file  

 

In line with the adaptive thermal comfort principles (Nicol et al., 2012) the Nicol chart 

showed the comfort temperature changed seasonally and adjusted for each one of the 

four weather files, which stood in contrast to the absolute values used in Section 4.6 of 

Chapter 4. The results from this limited study corresponded with the findings from 

Section 4.6 indicating that discomfort would increase due to improvements in building 

form and fabric. This was demonstrated by Model V-TRY being generally at the top end of 

the 2°C optimum comfort range for June, July and August, as shown in Figure 4-43, Figure 

4-44 and Figure 4-45, below. Whilst Model A-TRY followed the optimum closely; however, 

it should be noted that all of the houses examined were within the comfort range, for the 

summer months, even Model V-TRY and this was true using all of the climate files.  

Using this technique even the models with the highest levels of overheating would be 

considered comfortable and within the 2°C comfort range either side of the optimum 

even in the most extreme case of the 2080 weather files. These results provide a different 

perspective on the findings from Section 4.6 by suggesting that even the houses’ 

relatively high internal temperatures, at least compared with the baseline design, might 

still be comfortable because as temperatures increase due to future climate change the 

experience of perceived comfort by the occupants may adjust to the new temperatures. 
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Figure 4-42: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the Ammanford control weather file. 

 

 

Figure 4-43: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the 2030 control weather file. 
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Figure 4-44: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the 2050 control weather file. 

 

 

Figure 4-45: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the Ammanford 2080 weather file. 
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Technical solutions, structural alterations to a building to reduce solar gain (like solar 

shading, blinds etc) or provide cooling (like air-conditioning), are generally put forward as 

a means of addressing overheating. However, these results provide an indication that 

addressing thermal discomfort issues should be less focused on the technical solutions 

and more on supporting the kinds of lifestyles that are likely in a warmer wetter climate; 

with consideration being given to outdoor cooking facilities, sheltered outdoor spaces 

and the like (Gupta & Gregg, 2013). Thus, the results indicate that the prime driver in 

adaption strategies will be lifestyle changes many of which will be difficult to quantify in 

technical terms but important for the designers to consider. These results, and the 

interpretations of the responses to them, described above, represent a broader debate 

between the proponents of engineered thermal comfort and those of adaptive, low-

technology strategies (Darby & White, 2005; Chappells & Shove, 2004). However, it 

should be noted that this study only examined a limited number of models and the 

application of the analytical method whereby the Nicol chart is combined with future 

climate models is believed to be the first time research has been carried out in this way. 

Thus there is not a body research to compare the results and there is more to be learnt 

regarding the role of adaptive thermal comfort and overheating in domestic dwellings 

(AECOM, 2012a). 
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4.8 Summary of Findings 

Using dynamic thermal modelling is was possible to examine models and test low carbon 

design approaches such as applying additional insulation; reducing external surface area; 

increasing thermal mass and increasing passive solar gain. This analysis of approaches for 

reducing the sensible heating load were identified the following:  

• Significant energy savings (25% - 40%) in sensible heating load could be achieved 

on a developer led project, such as Britannia Drive, by measures such as specifying 

thermal mass to internal walls, reducing the ratio of external area to internal 

volume in the design of individual buildings and the massing of the buildings on 

the site. These savings in heating load could potentially be gained with little or no 

addition to the capital cost of a project. The use of design features to allow 

internal rooms to capture passive solar gain was also identified as a means to 

reduce heating load; however, this strategy was shown to be problematic with 

regard to maintaining thermal comfort unless measures are taken to mitigate 

overheating (Orme et al., 2003).  

• Improving the levels of insulation was one of the most effective means of reducing 

heating load, in line with legislation improving the energy efficiency of new 

housing (HM Government, 2010); however, building form was shown to be a cost-

effective way to achieve similar savings in energy and that is not currently directly 

legislated. The modelling described how clustering the Britannia Drive houses into 

a terrace layout would achieve a greater energy saving than using a higher 

performance insulation, upgrading from mineral wool to PIR insulation, for four of 

the six houses.  

• Combining approaches rather than being overly reliant on one strategy was shown 

to be beneficial for reducing sensible heating load in particular combining thermal 

mass with passive solar gain was shown to be particularly effective and this point 

is further expanded below. However, the interplay of these approaches requires 

careful consideration to maintain reasonable levels of internal comfort.  
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• Significant savings (8-8.8%) in operational energy could be achieved when thermal 

mass was combined with solar gain. Using dynamic thermal modelling it was 

possible to identify optimal solutions based on a quantity of thermal mass and 

quantity of glazing. Evidence of the scope of the potential benefits of thermal 

mass in reducing energy use in social housing was initially identified in the case 

studies but the use of dynamic thermal modelling allowed those benefits to be 

quantified. It should be noted that a thermal mass based approach could involve 

creating excessive embodied energy and carbon emissions, as the embodied 

energy study indicated, materials for this would have to be carefully sourced. 

• The results indicate that the application of thermal mass, passive solar gain, high 

levels of insulation and a terrace form should be considered to produce significant 

savings in energy in dwellings that comply with social housing design standards in 

Wales, UK. These results are significant because one of criticisms levelled at the 

assessment tools like SAP and PHPP is that they fail to fully take account of the 

effects of thermal mass in building construction. 

• Optimum and Affordable models were developed based on the most effective 

approaches. The Optimum Model employed increased glazing and insulation, and 

increased thermal mass by flipping exterior walls. This was used along with two 

forms: a narrow form, increasing passive solar gain; or compact form, minimising 

external surface area, and internal walls. This approach reduced sensible heating 

load by 29% to 36% relative to the original Britannia Drive scheme. An affordable 

model was developed with increased thermal mass, achieved by flipping exterior 

wall and introducing blockwork internal walls along with the narrow or compact 

forms used for the Optimum models. There was no increased glazing or insulation 

but nevertheless this approach reduced sensible heating load by 16% to 25% 

relative to the original scheme. 
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There were a number of findings from this study that are important for the examination 

of development models in relation to thermal comfort, which are described below: 

• In line with the literature this study found that as buildings become more effective 

at reducing sensible heating load through building form and fabric based 

approaches (Orme et al., 2003) overheating will increasingly become of a problem. 

Energy saving strategies such as improving the insulation and developing the site 

as a terrace were identified as increasing the risk of overheating. This result 

highlighted that measures to address overheating, such as the specification of 

thermal mass and ventilating strategies like night cooling or stack ventilation 

should be given more consideration in low carbon house design (Holmes & 

Hacker, 2007). 

• One aspect of the study combined the Humphreys Algorithm with Macroflo (IES, 

n.d.a) to investigate the relationship between additional south facing glazing and 

additional ventilation provided by opening windows. These results indicate a 

correlation between reductions in sensible heating load and a higher potential for 

overheating. Therefore a number of models would be vulnerable to overheating, 

especially when the results are projected forward using the future climate 

weather files, with significant increases in the number of hours of temperatures 

above 25°C relative to Model A-TRY. Accordingly some overheating mitigation 

measures are required to offset the projected higher internal temperatures and 

longer periods of uncomfortable internal temperatures.  

• When the models had additional south-facing glazing the first results were 

distorted by the approach to modelling ventilation and when the advanced 

modelling techniques were used even models having the additional opening light 

windows were disadvantaged by having disproportionally high sensible heating 

loads. A correction factor was applied to address the conflict between the heating 

and ventilation by using the ventilation losses of the fixed windows and applying 

the number of hours of temperatures above 25°C of the opening light windows. 

Making the additional windows of the optimum models opening lights was 

demonstrated to be effective at achieving a reduction in the number of hours in 

excess of 25°C relative to the Original Model (Model A-TRY). This result is 

consistent with findings from Fosas de Pando et al. (2016) and Weng (2016) that 
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improving building fabric is a resilient measure that reduces overheating as long as 

occupants are able to open windows for ventilation. As housing in the UK is 

currently free running in summer (Hacker et al., 2005) the development of 

modelling techniques such as the ones accounting for ventilation used in this 

study is important for examining the impact of energy saving strategies on thermal 

comfort. 

• Thermal mass was demonstrated to be effective at reducing the number of hours 

of temperatures above 25°C and reducing peak internal temperatures, both as an 

individual approach and as part of a wider strategy. The results presented here 

indicate that when considering dwellings designed for warmer summers a 

potentially useful strategy is the incorporation of medium to heavyweight 

construction in order to achieve higher levels of indoor comfort and reduce 

lifecycle CO2 emissions. Whilst this research did not set out to examine 

overheating mitigation techniques the study did encompass the two methods 

used to reduce overheating in UK dwellings, namely thermal mass and ventilation. 

It was clear that these two methods could play a significant role in moderating 

both low and high peak temperatures and reducing the number of hours of 

temperatures above 25°C (NHBC, 2012).  

• The Affordable Terrace Models were shown to be effective at reducing the hours 

of temperatures above 25°C and reducing peak internal temperatures relative to 

the Original Model (Model A-TRY).  These models demonstrate that it is possible 

to develop houses that are able to achieve reductions in sensible heating load and 

reduce levels of overheating compared with houses built to lower thermal fabric 

standards. The incorporation of thermal mass was important to achieving this 

result as was the modelling of glazing, when it was assumed that all windows were 

opening lights. 

• Applying predicted future climate change data files led to a significant increase in 

the number of hours of temperatures above 25°C with the hours almost doubling 

for each data set and reaching a peak of 1007 hours for Model C, nearly a ten-fold 

increase over model A. Therefore it is concluded that when addressing potential 

problems of future overheating it is important that due consideration be given to 

adaptive strategies as well as the structural mitigation measures considered in 

Section 4.5 and elsewhere.  
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5 Discussion 

5.1 Chapter Overview 

This chapter begins by providing an evaluation of how the original research objectives 

were met through the studies described in previous chapters, in Sections 5.2, 5.3 and 5.4. 

The next section (Section 5.5) describes the significance of the results with reference to 

current standards (Section 5.5.1). Section 5.6, describes the research project’s 

contribution to knowledge. Section 5.7 describes the limitations of the research and the 

final section, Section 5.8, provides recommendations for further research. 

5.2 Review of best practice from the UK 

Three development models for low carbon dwellings in rural locations were identified in 

Chapter 1 based on research by Seyfang (2011): a Low Impact Development Model, 

represented by the Pembroke Dock Eco-house; a Prototype Model, which included the 

RuralZED and Clay Fields schemes; and a Standard Developer Model which was led by 

legislative requirements, represented by the Britannia Drive, Stranraer Road and Green 

Meadow PHA schemes. The literature case studies, in Chapter 2, Section 2.4, examined 

three Prototype Model schemes: Canmore Place (Stevenson, 2004); Clay Fields (Hartman, 

2007); and RuralZED (ZEDfactory, 2014), and provided insights into approaches used in 

the prototype model to reduce energy use in rural housing. Semi-structured interviews 

with members of the Britannia Drive design team and the developer of the Pembroke 

Dock Eco-house were used to address the gaps in the knowledge about development 

issues (Hatherley et al., 2012b) and provide insights into the low-impact development and 

developer models. These studies highlighted concerns that current legislation has so far 

failed to adapt in response to lessons from green experimental housing (Seyfang, 2011) 

and some effective energy reduction strategies are being neglected in the design of 

housing in the UK. The example of Britannia Drive highlighted that adopting higher levels 

of the CfSH, which had been the basis of Welsh legislation (Welsh Assembly Government, 

2009c; Welsh Government, 2011), would probably not address this problem. 

A critical review of existing literature examined issues such as: planning; building control; 

and the means of implementing low carbon development through the CfSH, SAP and 

planning guidance documents such as TAN22. The critical review of literature also 

considered the availability of specialist skills, the supply chains for construction materials 
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and components required for low carbon, ecological, rural dwellings and the role of 

legislation in driving the development of low carbon housing in Wales. Chapter 2, referred 

to certain gaps in the literature and concluded that little research has been conducted on 

how rural developers have been adapting to meet the challenges of producing low carbon 

housing in the past nine years (Hatherley et al., 2011a). This lack of Information about the 

experience of developing low carbon dwellings was especially evident with regard to the 

Welsh Government’s CfSH pilot project, and at the time of writing this thesis, in 2017, 

only an interim report on the project has been published (Welsh Government, 2011). This 

interim report while useful, explored the issues and approaches adopted by RSLs to 

meeting the requirements of the higher levels of the CfSH in general, rather than specific, 

terms (ibid). 

The critical review of literature identified that the Welsh Government Approach based on 

the CfSH, SAP and planning legislation fails to recognise the benefits of inherently more 

energy efficient building forms (Stohart, 2008; Grant, 2007), such as the terrace house. It 

also identified that the current legislative approach fails to seriously consider embodied 

energy through the green guide (May & Newman, 2008; Alliance for Sustainable Building 

Products, 2011) and fails to account for discomfort as a result of climate change (Roaf et 

al., 2009). Finally, it was identified that ventilation is only accounted in SAP in the most 

simplistic manner (Tillson et al., 2013; Evans, 2015). Broadly it is maintained that this 

approach is failing to guide designers (Puckett, 2013; Greenwood, 2010) and in particular 

those using the Developer Model towards the most efficient and economic approaches to 

building low-carbon dwellings. The review of literature identified that there are 

approaches such as Passivhaus (Cutland, 2012) which are based on an absolute energy 

per metre square standard rather than one based on building typology (Passivhaus Trust, 

2012). Other approaches such as the Living Buildings Trust were broad enough to 

incorporate Low Impact Development approaches (International Living Futures Institute, 

2012). 
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5.3 Examination of case studies  

The examination of case studies took two forms: one based on the use of secondary 

sources, described as the literature case studies, in Chapter 2; and another based on 

primary sources, which were examined using semi-structured interviews, dynamic 

thermal modelling and embodied energy and carbon analysis, in Chapter 3. The literature 

case studies, described in Chapter 2, Section 2.4, examined three rural low carbon 

dwelling schemes that represented current best practice in the development of rural 

social low carbon housing: Canmore Place (Stevenson, 2004); Clay Fields (Hartman, 2007); 

and the RuralZED system (Dunster et al., 2009). These three schemes were selected based 

on their location, affordability, repeatability and the quality of the data available. 

Information on the literature case studies was drawn from a wide range of publications, 

including peer reviews papers (Gill et al., 2011), industry journals (Hartman, 2007), 

government reports (Communities Scotland 2005) and promotional material (Zedfactory, 

2014). As a result POE studies of the three case studies had different focuses and data 

collection methods, which meant it was difficult to compare the performance of the 

projects. 

Seyfang (2011) argued that there were lessons to be learnt from the experimental green 

housing of both the ‘advocacy coalition’ represented by the Low Impact Development 

Model and the ‘discourse coalition’ represented by the Prototype Models identified in the 

literature case studies. The three literature case studies were drawn from the ‘discourse 

coalition’ and it was possible to identify shared design principles in the schemes; 

however, there was a lack of detail on specific aspects of the design of these dwellings. 

The contributions of measures to reduce embodied and operational energy were not 

quantified and a lack of detail used in monitoring the three schemes meant that specific 

aspects of the design, such as the benefit of passive solar gain or thermal mass to total 

energy savings, could not be identified.  

The basis of the project in Pembrokeshire, which has a number of low impact 

development schemes, and the association with PHA meant that it was possible to 

analyse two projects representative of these approaches in detail in Chapter 3: the 

Britannia Drive development by PHA, representing the standard developer model; and 

the Pembroke Dock Eco-house, which representing the low impact developer model. 

Access to drawings, detailed information on building materials and construction methods 
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of the two case studies meant that it was possible to investigate the operational and 

embodied energy of each scheme. In addition, semi-structured interviews were used to 

do the following: incorporate the designers’, clients’ and builders’ experience of 

developing the Britannia Drive dwellings and the Eco-house in the research; address the 

gaps in the literature; and identify key obstacles to the development of low carbon 

housing in rural areas of Wales (Hatherley et al., 2012b). 

Semi-structured interviews, in Chapter 3, Section 3.3, identified that both projects were 

regarded as successes by their design teams and within their two models they probably 

were: the Pembroke Dock Eco-house fulfilled all of the requirements of low-impact 

development, developing two houses with minimal impact on the environment; and the 

developers of the Britannia Drive scheme had built a CfSH level 4 property within the 

social housing budget by not varying their standard construction methods. Nevertheless, 

the two schemes had very different levels of performance with regard to operational and 

embodied energy, and this demonstrated how the scope of ambition can vary in the 

development of low carbon dwellings and emphasised the differences between the 

developer and low impact development models. 

Analysis of the Eco-house highlighted the potential to achieve significant reductions in 

operational and embodied energy through the use of low impact construction techniques 

and the application of passive design principles. However, in the semi-structured 

interviews in respect of this project questions arose about the viability of this approach 

for RSLs, like PHA, (Hatherley et al., 2012b). Nevertheless, this comparative study did 

identify considerable scope within the design of the Britannia Drive project for 

optimisation to reduce embodied and operational energy. With regard to embodied 

energy several items were identified where considerable energy savings could be made 

through the substitution of materials, in particular the fibre cement tiles. However, this 

approach would require discussion with planners and highlighted the tension for rural 

planning authorities both to maintain a rural aesthetic (Wales Rural Observatory, 2006; 

Philips, 2005) as well as encourage sustainable principles (Welsh Assembly Government, 

2010b; Welsh Government 2016d).  

Since the commencement of the study in 2010 and initial analysis of low carbon schemes, 

there has been further development in the use of local and low carbon embodied energy 

housing in Pembrokeshire in 2016 with the development of Ty Solar Houses. These utilise 
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Welsh wood for their structure and cladding as well as locally fabricated triple glazed 

windows to Passivhaus standards to produce affordable housing (Western Solar, 

2016). Ty Solar was awarded the local LABC Building Excellence Award for the Best Social 

or Affordable Housing Project 2017 by Pembrokeshire Building Control for the scheme at 

Glan Rhyd (ibid) and this suggests, along with other research (Cherry et al., 2017; Pitts, 

2017) that buyers and local authorities will be more amenable to developers taking rather 

more radical approaches. 

5.4 Testing principles identified in the Case Studies 

Dynamic thermal modelling was used to test approaches for reducing operational energy 

identified in the case studies, in Chapters 2 and 3. This modelling would evaluate the 

potential for the standard developer model to be optimised for reducing sensible heating 

load whilst minimising the impact on thermal comfort. A number of approaches were 

examined and during the initial stages of the study a OFAT method, limiting the number 

of independent variables tested at one time, was applied. At later stages bivariate data 

analysis techniques were used to understand the interaction of key relationships and 

identify subtle interactions missed through the use of the OFAT method. In the final 

stages of the study the Humphreys algorithm was used with Macroflo (IES, n.d.a) to 

examine the role of ventilation on thermal comfort.  

The use of dynamic thermal modelling combined with the OFAT methodology meant that 

it was possible to identify and compare the contributions to energy savings made by 

different approaches. Examples of these approaches are: use of higher levels of 

insulation; thermal mass; increased levels of glazing; and reducing external surface. 

Comparisons could be made between a model with such an approach and the original 

scheme, Model A, and between one approach and another. Using this approach potential 

energy savings of 1.4 MWh per house (based on the Optimal Affordable Narrow terrace) 

could be achieved and if these design techniques were applied to all 140 units planned by 

PHA in 2016/2017 financial year (PHA, 2016) then potential energy savings of 196 MWh 

per year could be made. These initial findings identified that clustering the development 

as a terrace was as effective as increasing the U-values to those currently set by the 

Welsh Government Approved Document Part L (Welsh Government, 2016e). This result 

highlights criticisms that current legislative tools, such as SAP, ignore building form as an 

energy saving strategy and continue to favour inherently inefficient building types 
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(Stohart, 2008; Grant, 2007), and support the Passivhaus Trust’s argument that absolute 

targets, independent of building typology, should be the basis of legislation (Passivhaus 

Trust, 2012). 

Dynamic thermal modelling was used as a means of evaluating the contributions of the 

following approaches to reductions in sensible heating load and to aid understanding of 

thermal comfort (taking into account future climate):  

• Optimum model: increased glazing and insulation, narrow or compact form, and 

increased thermal mass by flipping exterior wall and internal walls –29% to 36% 

reductions in heating load. 

• Affordable model (standard house type/timber frame): narrow or compact form, 

no increased glazing or insulation, but with increased thermal mass by flipping 

exterior wall and internal walls –16% to 25% reduction in heating load. 

The Humphreys algorithm was employed along with Macroflo (IES, n.d.a) to incorporate 

aspects of user behaviour and ventilation into the models to examine thermal comfort. 

The use of this modelling technique highlighted the extent to which evaluation of energy 

use and comfort are affected by the approach to modelling ventilation. The NCM 

approach, which is the current government standard for dynamic thermal modelling, was 

demonstrated to be ineffective for incorporating dynamic aspects of ventilation or testing 

the effectiveness of simple strategies such as increasing the number of openable 

windows on a facade. The use of the Humphreys Algorithm and Macroflo allowed these 

strategies to be tested and demonstrated that making additional opening windows on the 

south façade opening lights could offset some of the unwanted summer heat gain 

through this element. However, the use of the Humphreys Algorithm and Macroflo was 

not without shortcomings and, in line with other studies, it was identified that the models 

using the additional opening light windows were disadvantaged by having much higher 

sensible heating loads (Tahmasedi & Mahdavi, 2016). Nevertheless, this problem could be 

corrected by using parallel sets of models and employing the ventilation losses of models 

with fixed windows and number of hours of temperatures above 25°C of the opening light 

windows.  

  

280 



 

Discussion 

Future climate scenarios were used to assess thermal comfort in a range of conditions 

that would be expected to be challenging for occupants. The research confirmed that 

houses with higher levels of insulation, increased solar gain; and a compact form, were 

more susceptible to overheating (McLeod et al., 2013; Sameni et al., 2015; Hatherley et 

al., 2012a). However, dynamic thermal modelling provided evidence that incorporating 

thermal mass and ensuring that additional south-facing glazing units are opening lights, 

rather than fixed lights, would offset some of the problems caused by the heating 

reduction measures. 

5.5 Significant Findings  

5.5.1 The direction of legislation on the development of low carbon buildings 
The results of the semi-structured interviews, in Chapter 3, Section 3.3, highlighted the 

problems associated with developing low carbon schemes on a social housing budget and 

indicated that even on schemes like Britannia Drive affordability is the primary concern. 

Further workshops with PHA, described in Appendix B, re-iterated the developers’ 

concern about the affordability of low carbon housing. In the case of PHA, part of this 

concern arose from an earlier unsuccessful low carbon scheme, Stranraer Road, described 

in Chapter 3, Section 3.8, which went over budget; however, the literature indicates that 

these concerns are not uncommon and that cost will be a significant factor in the 

development of low carbon dwellings throughout England and Wales (Osmani & O'Reilly, 

2009).  

There was not  first principles approach to low carbon design, characterised by a compact 

form,  in the development of, which was confirmed by dynamic thermal modelling, 

described in Chapter 4 and this approach is absent from mainstream developer models. 

In respect of Britannia Drive it was found that thermal mass, the size and position of 

openings and use of passive solar gain could have produced significant savings in sensible 

heating load (Noguchi, 2012) (15.9% - 37.5% based on the optimum and affordable 

Models) but had been neglected in the development (Hatherley, 2011b). Again it was 

found that this approach is largely absent from the developer model. Passive design 

approaches had been rejected in respect of Britannia Drive even though most members 

of the design team had considered them to be cost-effective, as explained in the semi-

structured interviews in Chapter 3, Section 3.3. The semi-structured interviews also 

revealed that the reasons for this were budget restraints, adherence to the CfSH, 
281 



 

Discussion 

institutional resistance (further explored in Appendix B) and negative experiences on a 

previous scheme. When evaluating the developer model the legislative context of the 

development should be considered. For example, with regard to building form, planning 

documents, such as TAN 22 (Welsh Assembly Government, 2010b), are supposed to 

encourage the adoption of low energy strategies including building form; however, the 

neglect of this approach to reducing energy use indicates that the planners had not 

challenged the designers to examine more efficient forms.  According to this research, 

adopting a terrace layout on its own would have produced a 9.6% reduction in sensible 

heating load over the current semi-detached design.  

The semi-structured interviews indicated that the designer/ builder of the Eco-house had 

more freedom under legislation and regulations, as compared with PHA, to implement a 

low impact design that reflected his concerns about appropriateness of a CfSH based 

approach for small developers using low tech solutions (Hatherley et al., 2012b). Concerns 

of some members of Britannia Drive design team about the use of PV to raise the code 

rating of the scheme did raise questions about the appropriateness of the CfSH based 

approach adopted by the Welsh Government. Some sustainability consultants (including 

the Eco-house designer/builder) maintain that the CfSH favours standardised high tech 

solutions (Climate Works, 2011) and that it is a currently used as a tick box exercise rather 

than as a design tool (Energy Institute, 2014) at the expense of first principles.   

The results indicate that the present legislative and regulatory context, both at local and 

national level in Wales, does not provide suitable incentives and flexibility for developers 

to adopt non-standard low carbon building solutions within the social housing 

framework. Of particular significance is that semi-detached houses were favoured, in 

spite of the fact that a terrace arrangement was inherently more energy efficient and 

likely to have a lower capital cost. These trends are repeated at a national level and as a 

result recent house building trends have favoured detached houses which account for 

36% of the housing stock constructed from 1980 to 2006, as compared with 10% of the 

housing stock constructed from 1945 to 1964 (Halifax, 2010). 
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5.6 Contributions to Knowledge 

Data gathering techniques including interviews, embodied energy analysis and dynamic 

thermal modelling were employed for this research project and dynamic thermal 

modelling in particular was used exploring complex relationships between materials, 

occupancy and building form. This tool allowed the design of development models for low 

carbon housing in rural areas of Wales (Hatherley et al., 2012a) to be examined and 

optimised. Advanced data gathering and data analysis techniques produced a range of 

findings with significant impacts for the following: the development of low carbon 

dwellings in the social housing sector; the application of legislation in the built 

environment; and adaptive thermal comfort (Nicol et al., 2012). Descriptions of the 

aspects of this PhD study that represent contributions to knowledge are detailed below:  

• Use of the Humphreys Algorithm combined with IESVE - The Humphreys 

Algorithm is an algorithm based on regression analysis of occupant window 

opening behaviour (Tuohy et al., 2007), developed by the University of Strathclyde 

and Oxford Brookes University, was combined with Macroflo (IES, n.d.a) and 

incorporated into models IESVE models in this study to allow ventilation patterns 

to be more accurately modelled. The creation of an IESVE profile for this algorithm 

meant that for the first time IESVE could be used to simulate the opening and 

closing of windows throughout an annual climatic cycle and this could be 

incorporated into models examining building energy use and thermal comfort. 

This enabled more realistic modelling of ventilation, based on differential 

temperatures governing window opening, and contrasted with the National 

Calculation Method (DCLG, 2008b), which is based on a ventilation flow rate per 

square metre. This approach allowed the impact of occupant behaviour for 

opening windows to be examined in terms of thermal comfort and energy use. A 

weakness in the Humphrey Algorithm is identified with increased glazing where 

too many windows open when overheating occurs and a correction factor has 

been developed to alleviate this problem by combining the results of two models: 

one with fixed windows and one with openable windows and combine results. 
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• Massing of developments – Planning legislation and housing developer trends 

have steered housing to higher levels of insulation and the incorporation of micro-

renewable technologies. This is one contributory factor in the substantial increase 

in the number of semi-detached or detached houses in comparison terraced 

houses throughout the UK (Halifax, 2010). The modelling in this research has 

demonstrated that clustering housing together into terraces results in higher 

thermal performance with less insulation than in semi-detached/detached 

housing and quantified the energy savings relative to a house built by PHA. This 

approach can reduce costs and embodied energy and carbon for the higher 

insulation levels along with operational energy. In this research two optimal forms 

were identified: a more compact (square) building footprint; and a narrow 

footprint (rectangular) combined with increased passive solar gain and reduced 

north facing glazing (just for the latter). These building forms achieved a 15% to 

22% reduction in sensible heating load for an end terrace and mid-terrace 

respectively based on a scheme developed by PHA; however, comparable savings 

in energy can be expected on similar schemes. 

• Defined an optimal relationship of thermal mass with windows for passive solar 

gain – Optimal dynamic thermal modelling was used to identify optimal 

relationships for light-weight, medium-weight and heavy-weight building fabrics 

with various quantities of glazing. Through increased passive solar gain/timber 

frame: 0.16% to 1.3% reduced heating load, but 400% increase in overheating 

hours; so would require cooling. By either reversing the exterior wall construction 

so that there is interior thermal mass and external timber frame/insulation or 

replacing internal timber frame partitions with thermal mass there is only a 50% 

increase in overheating hours; so it would require less cooling or none at all. By 

combining both options, overheating hours are significantly reduced. In addition, 

by also adding passive solar gain this leads to 5% to 11% reduction in heating load. 

Combining additional insulation/passive solar gain for timber frame construction 

has no impact on heating load but led to between 200% to 400% overheating 

hours. This result indicates that thermal mass should always be a component of a 

passive solar gain strategy to maximise reductions in sensible heating load and 

reduce thermal discomfort. 

284 



 

Discussion 

• Embodied Energy Analysis - The use of ICE embodied energy analysis tool 

(Hammond & Jones, 2011) for the Pembroke Dock Eco-house is the first known 

use of this tool to calculate the embodied energy and embodied carbon for 

standard straw bale construction. The results confirm that there was significantly 

less embodied carbon (30%) and embodied energy (over 50%) when compared 

with a conventional timber frame construction house. This analysis suggested that 

there may be scope for some features, such as foundation detail of the Pembroke 

Dock Eco-house, to be incorporated in more mainstream schemes. There was also 

confirmation of research that embodied energy is not a consideration within the 

mainstream developer model (Giesekam et al. 2017).   

• Adaptive Thermal Comfort - This was the first published use of adaptive thermal 

comfort principles combined with future climate scenarios. This technique was 

used to examine the impact of climate change combined with higher fabric 

performance and also to challenge the use of a fixed comfort temperature 

threshold used earlier in the study. However, there were uncertainties about what 

adaptive measures would be taken and whether this technique was compatible 

with other adaptive comfort techniques such as the Humphreys Algorithm. 

5.7 Limitations 

In meeting the objectives an effort was made to address deficiencies or gaps in 

knowledge from earlier studies. As mentioned above, in Chapter 3, Section 3.3, semi-

structured interviews were used to address gaps in knowledge in the literature review. 

Deficiencies in the evaluation of the secondary case studies, described in Chapter 2, were 

identified and addressed in the evaluation of the primary case studies, in Chapter 3. 

Finally, deficiencies in the evaluation of the primary case studies, in Chapter 3, were 

addressed in the main dynamic thermal modelling study, described in Chapter 4. 

The case studies, while relevant for the industrial partner, failed to represent the most 

challenging aspects of rural development or highlight approaches that demonstrate more 

radical approaches. Such cases would include low impact off-grid housing, like the 

Lammas Project, described in Chapter 2, Section 2.2.2, and Chapter 3, Section 3.2; 

however, it was recognised these development models might not be appropriate given 

the context of the research project with PHA as the industrial partner. 
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The literature review, in Chapter 2, Section 2.4, semi-structured interviews, in Chapter 3, 

Section 3.3, indicated that the building users can play a considerable part in the energy 

efficiency of a project (Combe et al., 2011; Janda, 2011) and that design can be a tool to 

influence user behaviour (Lockton & Harrison, 2009). However, as described in Section 3, 

a methodology based on the use of dynamic thermal modelling meant that it was difficult 

to account fully for user behaviour in the testing of approaches. The use of the 

Humphreys Algorithm demonstrated that that it is currently possible to incorporate 

aspects of user behaviour in models. The results from these models coincided with the 

observations from the literature case studies whereby occupants were taking measures 

such as opening windows to increase comfort.  

The use of the Humphreys algorithm is one of a number of new techniques in modelling 

that take into account user behaviours (Tahmasedi & Mahdavi, 2016; Gunay et al., 2016; 

Wang et al., 2016); however, the study in Chapter 4.6 did identify several problems with 

its use:  

• when the Humphreys algorithm and Macroflo were applied to a large area of 

opening lights this approach would significantly increase heating load.  

• The approach did not allow for graduating levels of open windows based on 

comfort which meant that there were only two scenarios: one where windows are 

open fully; and the other where they were closed fully.  

These two factors resulted in situations where all of the windows in a house are 

simultaneously opened while the heating was on which maximised heat loss, distorting 

the results. This problem was addressed by combining the results of two sets of models: 

one with opening lights; and another with closed lights. Another option would be to apply 

the algorithm to each window individually and therefore the probabilistic element of the 

algorithm would result in windows being open when others were closed. However, this 

would clearly be time consuming. In addition, the advantage of applying the algorithm to 

all windows was that it made comparing the models easier and it cancelled out the 

fluctuations that could occur as a result of the random probabilistic element of the 

algorithm on a window by window basis.  
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One of the limitations of using PHA’s schemes with low carbon aspirations was that all of 

the projects that were examined had north-south orientation and so there was no 

opportunity to consider the potential benefits of re-orientating the building on the site to 

take advantage of solar gains or to consider the impact of east-west orientation on small 

sites, such as those used by rural housing developers. 

5.8 Recommendations for Further Work  

5.8.1 Investigation of barriers to low-carbon development  
The doctoral research project identified that PHA’s existing model of development based 

on SAP and CfSH had considerable scope for further enhancement drawing on alternative 

models for low carbon development. However, despite the obvious benefits of applying 

the model proposed in this thesis, workshops held with the industrial partner indicated 

that there would be reluctance to adopt the proposals. Therefore a study further 

examining these barriers could provide valuable data on why passive design approaches 

are not widespread amongst mainstream developers. This study would examine the 

barriers within PHA but also the broader context of the developer model to encompass 

planners and building control assessors. This study would seek to understand, for 

example, whether there would be resistance to higher density schemes in rural areas or 

the substitution of high embodied energy materials such as fibre cement tiles with low 

embodied energy materials like clay tiles.  

5.8.2 Monitoring of Britannia Drive and the Eco-house 
In the course of this research it was not possible to undertake POE studies of the two 

most significant case studies, the Pembroke Dock Eco-house and Britannia Drive. Reasons 

for this included cost and user engagement issues. However, a study of one or both of 

these houses could provide opportunities to further investigate issues of thermal comfort 

outlined in Chapter 6 and further understand the role of occupant behaviour in their 

success. Furthermore, this would provide opportunities to compare the measured 

performance of the two projects against their thermal models.  
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5.8.3 Additional Variables  
In developing the thermal modelling strategy a decision was made to limit the number of 

independent variables to set boundary conditions on the scope of the project, produce 

results that could be compared and to produce a data set could be understood by the 

industrial partner. One way the variables could be extended would be through the use of 

heating algorithms, which would complement the use of ventilation algorithms, used in 

this research. This could be combined with optimisation, which uses algorithms to 

optimise complex design factors such, choice of materials, and represents the latest 

technological development in dynamic thermal modelling, to investigate the effectiveness 

of design approaches. 

5.8.4 Use of similar tools to the Humphreys Algorithm in Dynamic Thermal 
Modelling 

The Humphreys algorithm was used to replicate aspects of user behaviour, as described 

in the case studies in Chapter 2, Section 2.4 and was crucial for examining the relationship 

between additional opening windows for passive solar gain and ventilation as a means of 

providing thermal comfort (Yao & Steemers, 2005; Meier & Rehdanz, 2010; Fung, 1999). 

The use of an algorithm for dwelling heating based on monitoring could be used to 

supplement the Humphreys algorithm and these heating algorithms have been developed 

for economic analysis. However, this can be complicated taking into account social and 

economic factors affecting the dwelling’s occupants, (Yao & Steemers, 2005; Meier & 

Rehdanz, 2010; Fung, 1999); information that would be difficult to obtain and input into 

the software. Nevertheless their use in modelling would provide interesting opportunities 

to examine the relationship between low energy design approaches, heating patterns, 

overheating and ventilation. 

  

288 



 

Discussion 

5.9 Summary 

The key points from Chapter five are summarised as follows: 

• Sections 5.2, 5.3 and 5.4 described how the objectives of the research project 

outlined in 1.4 were met through the following: a review of current literature; an  

examination of cases studies using secondary and primary sources has allowed the 

research to be referenced to built and monitored projects, identified convergent 

design approaches; and testing of design approaches using dynamic thermal 

modelling and this method allowed detailed analysis of embodied and operational 

energy; and the analysis of design approaches both individually and collectively. 

• Section 5.5 describes the significance of the results with regard to the direction of 

legislation and translating monitoring and modelling in to best practice. It explains 

that legislation on the development of low carbon dwellings highlights that not 

enough priority is given to design approaches such as clustering a development 

due to SAP being based on building typology.  

• Section 5.8 describes recommendations for further work. This section identifies 

the following as opportunities for further research: the investigation of barriers to 

the low carbon approaches, as highlighted in the study; the post occupancy 

evaluation of two significant projects used in the research, Britannia Drive and the 

Pembroke Dock Eco-house; introducing additional variables; and further 

development and testing of the Humphreys algorithm. 

• Section 5.6 describes the contributions to knowledge which were identified 

throughout the research project as the following: the embodied energy analysis of 

a strawbale Eco-house; identifying the interactions of elements such as passive 

solar gain and thermal mass; the use of algorithms based on regression analysis of 

user behaviour combined with IESVE; and the use of future climate files with 

adaptive thermal comfort principles.  
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6 Conclusion  

6.1 Chapter Overview 

This chapter sets out the conclusions of a research project investigating approaches for 

innovative, affordable, low-carbon, ecological, low rise rural dwellings for a 21st century 

Wales. The chapter commences with a reiteration of the aim and the objectives of this 

doctoral research project; followed by conclusions arising from each objective. Initially 

three development models were identified: low impact development; a prototype model; 

and a standard developer model. A detailed dynamic thermal modelling study was 

undertaken with current and future climatic scenarios. This was carried out on of one of 

PHA’s house types, representing the standard developer model, in order to examine 

opportunities for optimisation.  

6.2 Research Aim and Objectives 

The overall aim of this research project was to investigate models for innovative, 

affordable, low-carbon, ecological, low-rise rural dwellings for a 21st century Wales. This 

aim was addressed through three objectives: 

• Conducting a critical review of existing research literature on the performance of 

low carbon housing developments in the UK; methods of assessing the 

performance of housing design and construction; the availability of specialist skills 

and the supply chains for construction materials and components required for low 

carbon, ecological, rural homes; and the role of standards and legislation. 

• An examination of case studies to investigate a number of low carbon housing 

schemes, including those developed by PHA, and to consider how they have 

addressed low carbon design in a rural context. This involved the following: 

exploring the experience of rural designers, clients and builders; assessing 

operational and embodied energy; and consideration of effective means of 

achieving affordable, low carbon dwellings. 

• Undertaking a testing programme using a dynamic thermal modelling tool to 

investigate issues such as design, thermal comfort, and in particular overheating in 

the context of climate change; and also the ongoing effect of the occupant’s 

energy usage. 
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6.3 Conclusions 

6.3.1 Objective One – Critical Review of Literature 
From the critical review of literature, as set out in objective one, the following 

conclusions were drawn: 

• The Welsh Government’s objective to reduce carbon emissions in the built 

environment ahead of the rest of the UK presents a challenge for the Welsh 

construction industry.  The research identified concerns that current legislation is 

too narrow and does not address building form, massing of developments or 

passive design approaches. Another factor that is not taken into account is the 

impact of energy saving approaches on comfort in conditions where climate 

change means that heat waves are likely to become more frequent.  

• The critical review of literature identified that the development of new materials 

and construction systems could play a role in reducing embodied and operational 

energy in new housing developments. These approaches included approaches 

using strawbale construction, flying factories or using local materials like Welsh 

timber; however there was a lack of detailed analysis quantifying the potential 

energy saving from these approaches.  

• The analysis of literature revealed that there are alternatives to the current Welsh 

legislative approach that do take account of local context and embodied energy, 

such as the Living Building Challenge, or which incorporate massing of 

developments, passive solar gain and thermal comfort in their assessment 

requirements, such as Passivhaus.  
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6.3.2 Objective Two – Examination of Case Studies 
The examination of case studies initially focused on three low carbon housing schemes 

based on literature and POE studies, drawn from the prototype model, and the 

conclusions are as follows: 

• Shared characteristics were identified for the three projects and these included: 

use of passive solar gain; the adoption of terraced housing layout instead of semi-

detached housing for reducing operational energy; consideration for embodied 

energy; and higher levels of insulation to reduce building fabric heat loss.  

• It was found from the case studies reviewed that there was a lack of detailed 

quantifiable data, particularly on passive solar heating as a design feature to 

reducing heating. Neither was any evidence found to demonstrate the intention to 

reduce the embodied energy or embodied carbon of the case study dwellings.  

The case study analysis compared an Eco-house in Pembroke Dock, based on the low-

impact development model, using strawbale construction, with PHA’S Britannia Drive 

houses, representing the developer model, also in Pembroke Dock. Comparison was 

made using an embodied energy analysis tool, semi-structured interviews and dynamic 

thermal modelling and the conclusions demonstrate: 

• That straw bale construction leads to significantly less embodied carbon (30%) and 

embodied energy (over 50%) when compared with a conventional timber frame 

construction house built to 2014 CfSH standards. 

• In real terms the potential embodied energy savings are small when compared 

with other energy loads, particularly operational energy. While this varies for each 

element it was found that locally sourcing or using site aggregate has the potential 

to produce the highest savings in embodied energy.  

• Substantial reductions in embodied energy and carbon could be achieved by 

adopting the approach of straw bale construction. These coupled with substantial 

savings in operational energy indicated the viability of the eco-house model for 

developers in rural locations. However, there were questions about the 

robustness of this approach for social housing.  

• There are institutional barriers to the acceptance of straw bale construction for 

social housing in Wales and this demonstrates the limited scope for the low-

impact development model to be applied by mainstream developers.  
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6.3.3 Objective Three – Implement a Testing Programme 
A testing programme was carried out using dynamic thermal modelling. This was used for 

analysing design approaches and investigating their impact on operational energy and 

thermal comfort, and in particular overheating in the context of climate change. Using 

dynamic thermal modelling four optimised house types were identified based on the 

developer model, which are as follows: 

• Optimum Compact Terrace – provides a 28.8% - 30.8% reduction in sensible 

heating load relative to the original scheme. This was achieved by using: a 

compact terrace form; levels of thermal mass equivalent to internal plastered 

medium weight blockwork internal and external walls; replacing mineral wool 

insulation with PIR insulation; and providing an additional 3.36m² of glazing on the 

south facade. 

• Optimum Narrow Terrace – provides a 33.3% - 36.6% reduction in sensible 

heating load relative to the original scheme. This was achieved by using: a narrow 

terrace form allowing most windows to be moved to the south façade; levels of 

thermal mass equivalent to internal plastered medium weight blockwork internal 

and external walls; replacing mineral wool insulation with PIR insulation; and 

providing an additional 3.36m² of glazing on the south facade. 

• Affordable Compact Terrace – provides a 15.9% - 19.3% reduction in sensible 

heating load. This can be achieved by using: a compact terrace form; adjustments 

to the site; and increasing levels of thermal mass equivalent to internal plastered 

medium weight blockwork internal and external walls. 

• Affordable Narrow Terrace – provides a 24.3% - 29.8% reduction in sensible 

heating load relative to the original scheme for the affordable mid-terrace. This 

can be achieved by using a narrow terrace form allowing most windows to be 

moved to the south façade and levels of thermal mass equivalent to internal 

plastered medium weight blockwork internal and external walls.  
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These four models highlighted the scope for improving the developer model to reduce 

operational energy through passive design approaches. Further conclusions drawn from 

the testing programme are that: 

• These four models demonstrated the benefits of refinement of massing of a 

development, incorporation of passive solar gain and thermal mass as energy 

saving strategies in low-rise housing. It is notable that these strategies do not play 

a significant part in the current legislation in Wales encouraging the development 

of low–carbon and low energy housing. 

• An approach using regression analysis of user window opening behaviour was 

incorporated in the modelling called the Humphrey Algorithm. This was the first 

known published use of the Humphrey Algorithm as an IESVE profile and 

demonstrated that occupancy behaviour related to opening and closing windows 

throughout an annual climatic cycle enabled more realistic modelling of 

ventilation rather than using the national calculation method. This approach when 

combined with Macroflo facilitated the investigation of ventilation as a strategy to 

address overheating.  

• A limitation in the Humphrey Algorithm has been identified in relation to 

increased glazing. Where too many windows open it creates a disproportionate 

rise in heat load and so a correction to this error was developed to alleviate this 

problem by building two models: one with fixed windows and one with openable 

windows and combining the results.  

• A further study of thermal comfort established that the risk of overheating in rural 

new build projects would increase as a result of increasing the energy efficiency of 

the building fabric and higher ambient temperatures as a result of climate change. 

Collectively these findings indicate considerable scope for improvements in the design of 

low-rise housing in Rural Wales and indeed across the UK. These results highlight the 

limitations of current legislative approaches for delivering low carbon housing in Wales 

and highlight the scope for improving current practice based on approaches drawn from 

the Low Impact Development and Prototype development Models identified by Seyfang 

(2010). 
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Appendix A: Results – Thermal Comfort   

1 Overview 
This chapter begins by describing the background to the second stage of dynamic thermal 

modelling and explaining the importance of thermal comfort in the development of low 

carbon housing in the UK (Section 1.1). The next section (Section 1.1.1) re-examines the 

results from Chapter 4 using modelling which uses different climate weather files and 

more sophisticated techniques. The process of examining and comparing the results 

follows a similar format to Chapter 4 and begins by examining the effect of the individual 

improvements examined in Section 4.2 of Chapter 4 (Section 1.2), this is followed by an 

examination of the effect of the composite models (Section 1.3) on thermal comfort. 

Section 1.4 examines the improvements applied on the amalgamated models, which in 

Chapter 4 represented the optimum solution identified for reducing sensible heating 

load. The next section (Section 1.5) re-examines the results in the context of the methods 

used for assessing thermal comfort with particular reference to adaptive thermal comfort 

and the CIBSE standards and examines the relationship between reductions in sensible 

heating load and overheating in the context of the modelling in this chapter. The final 

section (Section 1.6) will examine the impact of the results on development models and 

other research investigating climate change mitigation measures. 

1.1 Background  

Thermal comfort was identified in the objectives of the research project, in Chapter 1, 

Section 1.4, as an important aspect of low carbon housing. Whilst it was not identified as 

an obstacle to development in rural areas, the literature case studies (Chapter 2, Section 

2.4), the dynamic thermal modelling in Chapter 5 and the dynamic thermal modelling in 

the initial studies (Chapter 3, Section 3.5) all suggested that thermal comfort could be an 

issue in low carbon housing. These studies indicated that the subject of thermal comfort 

would need to be addressed if it was not to be an impediment to the acceptance of low 

carbon housing. In particular, the importance of thermal comfort in the success of low 

carbon housing was identified in the Canmore Place case study (The Robert Gordon 

University, 1994) where the houses were described as having problems of low 
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temperatures and high electricity bills in winter, as well as overheating in summer (see 

Chapter 2, Section 2.4).  

Incorporating improved energy efficiency in the design of new dwellings offers the 

possibility of increasing thermal comfort in cold weather, but on the other hand 

overheating in hot weather is emerging as an issue in new-build dwellings (Gupta & 

Gregg, 2013; Hacker et al., 2005; Nooraei et al., 2013). This is because housing in the UK is 

currently free running in summer, meaning that additional energy is not used for cooling 

(Hacker et al., 2005). Results from the dynamic thermal modelling in the Chapter 4 

indicated that as housing is built to ever-higher standards to reduce heating load then 

overheating would increasingly become a problem. This was evidenced by many of the 

strategies most effective at reducing sensible heating load recorded higher internal 

temperatures and a greater number of hours of temperatures above 25°C than the 

original Model (Model A and Model A-NCM). However, modelling is required to test this 

hypothesis, which if correct would suggest that housing built to reduce sensible heating 

load would become increasingly susceptible to higher indoor temperatures, unless some 

form of mitigation was employed (Porritt, 2012). 

1.1.1  Thermal Comfort in the Initial NCM Models   
Information from previous studies had revealed that approaches to reducing sensible 

heating load could have an impact on thermal comfort by increasing or reducing internal 

temperatures and affecting the numbers of hours of temperatures above 25°C. For 

example, that approaches based around increasing passive solar gain (Models B, C and D; 

and Models B-NCM, C-NCM and D-NCM) would lead to an increase in the number of 

hours of temperatures above 25°C and peak internal temperatures. Conversely, other 

approaches could reduce peak internal temperatures and the number of hours of 

temperatures above 25°C, such as the thermal mass strategies (Models E, F and G; and 

Models E-NCM, F-NCM and G-NCM), described in Chapter 4. In addition, many strategies 

effective at reducing sensible heating load produced significant increases in internal 

temperatures, such as the improved insulation strategies (Model H and H-NCM) and the 

Mid-terrace Models (Model J and J-NCM).  

Two questions arising from this initial analysis of the data was whether there is a  

relationship between reductions in sensible heating load and increases in internal 

temperatures and the number of hours of temperatures above 25°C and what is the 
2 
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strength of this relationship if it does exist. To examine this question bivariate analysis 

techniques were used (Bryman, 2015) including scatter diagrams and the Pearson 

product-moment correlation coefficient, (henceforth referred to as Pearson’s r) (Hill & 

Lewicki, 2007). These bivariate analysis techniques were used to understand the 

relationship between the metrics of sensible heating load and number of hours of 

temperatures above 25°C. To identify any correlation a scatter chart was prepared for all 

of the models plotting the number of hours of temperatures above 25°C with on the x-

axis and the sensible heating load on the y-axis (see Figure 1, below).  

Figure 1: Sensible heating load and hours of overheating scatter diagram 

 

The chart above (see Figure 1) highlighted a correlation between reductions in sensible 

heating load and the number of hours of temperatures above 25°C. This correlation was 

confirmed by using Pearson’s r (Hill & Lewicki, 2007) to examine the relationship between 

the variables. Pearson’s r (ibid) is a method of statistical analysis used for examining the 

strength of a relationship between two variables. In this case, a coefficient close to -1 

would indicate a strong relationship, whilst a coefficient close to zero would indicate a 

weak relationship (Bryman, 2015). A review of the data indicated a Pearson’s r (ibid) of -

0.65 for the models using the NCM occupancy profiles. This result, indicating a moderate 

correlation, confirmed the analysis in Chapter 4 that had identified that models able to 

deliver a reduction in sensible heating load, generally had an increase in the number of 

hours of temperatures above 25°C. The fact that it was a moderate, rather than a strong 
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correlation, reflected the fact that there were outliers to the bottom left of the trend line 

(see Figure 1) that had achieved reductions in sensible heating load without significantly 

increasing the number of hours of temperatures above 25°C. These outliers would be of 

particularly important as indicators of approaches that offered the possibility of reducing 

heating load without compromising thermal comfort. Using these techniques several 

aspects of the relationship between reducing sensible heating load and thermal comfort 

could be examined, as described below:  

• The case studies, in Chapter 2, had indicated that ventilation was the main way in 

which domestic dwellings in the UK are cooled; however, the initial studies had 

identified that when the NCM models took account of ventilation it was based on 

a fixed numbers of air changes that did not take account of external or internal 

conditions, the location or size of window openings, or window opening 

behaviour. Research has shown that these factors can have a considerable impact 

on energy use (Fabi et al., 2012).  

• The moderate correlation had indicated an increased risk of overheating based on 

current conditions but there is evidence that increased external temperatures 

arising from climate change could mean that instances of overheating could be 

more prevalent (IPCC, 2007; EuroHEAT, 2009). This evidence raised questions 

about the potential for thermal discomfort if the modelling results were projected 

forward in time taking into account anticipated changes in local weather patterns. 

• As mentioned above, outliers were observed in the data which indicated an ability 

to achieve reductions in sensible heating load without adversely affecting thermal 

comfort. It would first be necessary to identify the properties of these outliers and 

then it would be necessary to test whether these properties were consistent when 

(a) different modelling techniques were adopted and (b) the context was changed 

by the use of different, but nevertheless, relevant climate files. 

• There was a need for benchmarking the results against other approaches for 

evaluating thermal comfort. A 25°C benchmark had been used for much of this 

research project; however, the methodology identified that there is considerable 

debate about whether this threshold is an accurate indicator of thermal 

discomfort.  
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1.1.2 Review of Thermal Comfort Using Ammanford DSY 
To address the issues described above three changes were made to the models used in 

Chapter 4. The first change involved replacing the weather file the Aberporth EWY, used 

in the modelling in Chapter 4, with the Ammanford TRY which would allow future climate 

to be explored. The second change was to adjust the way in which ventilation was 

modelled. As mentioned earlier, housing in the UK including the Britannia Drive houses, is 

free running with regard to cooling and generally relies on natural ventilation and thermal 

mass to reduce internal temperatures (Hacker et al., 2005). In earlier studies only the 

NCM models accounted for ventilation and airflows; however, as demonstrated in the 

methodology, the NCM profiles model airflows in simplistic ways by assigning a fixed 

quantity of airflows, measured in litres per second of air, for each space. While the NCM 

methodology is the basis of national guidelines, the IESVE software allowed for more 

detailed calculations of airflow by taking into account window size, shape and opening 

area along with external environmental conditions. This advanced modelling of airflow is 

carried out using the Macroflo component of the software, discussed in the methodology, 

in Chapter 3.  

The third change, also affecting the modelling of ventilation, was to incorporate an 

adaptive algorithm developed to mimic window opening behaviour. The Humphreys 

algorithm (Tuohy et al., 2007), discussed in the methodology, in Chapter 3, was 

developed from regression analysis of window opening behaviour and would ensure that 

the model’s windows were opened based on internal and external climatic conditions. 

This would be in contrast to the NCM methodology whereby windows were considered 

opened or closed regardless of external conditions.  
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1.1.2.1 Initial Comparison of Model A 

Having applied the changes, described above, to the way ventilation was modelled and to 

the weather file the first step was to compare the revised models with the results from 

the models in Chapter 4 and that changing the weather file from Aberporth, based 40km 

away from the site, to Ammanford, based 73km away, would affect the results. It was 

also expected that there would be differences in the results due to the higher rates of 

ventilation expected by the use of Macroflo. However, if the results were substantially 

different, that is by several orders of magnitude, it might challenge the validity of the 

revised data set.  

The sensible heating load of the two data sets were comparable with the Model A-NCM, 

with the Aberporth climate file, using 2.27MWh a year for space heating and Model A-

DSY, with the Ammanford control DSY weather file and the advanced ventilation 

modelling, using 2.34MWh a year for space heating (see Table 1). A higher sensible 

heating load for revised models using the Ammanford models and dynamic modelling of 

ventilation was expected because the Humphreys algorithm is based on the observations 

of window opening behaviour in offices and it was anticipated that the models would 

inherit the logical inconsistencies associated with user behaviour, described in the case 

studies in Chapter 2. Examples of these behaviours include the opening of windows when 

the heating is on or the turning on of heating when windows are open, described in 

relation to Canmore Place and Clay Fields (see Chapter 2). Examination of the data 

showed this to be the case and although these instances were not frequent enough to 

invalidate the results they were significant enough to add to the overall sensible heating 

load. It should be noted that these logical inconsistencies were apparent in the NCM 

models whereby ventilation is provided regardless of external conditions. However, 

Macroflo generally simulates airflow rates which are higher than those of the NCM 

models which meant that in the situations under consideration the ventilation heat losses 

had less impact on sensible heating load than in the NCM models. 

  

6 

sm70356
Rectangle



 

Overview 

Changes to the climate file and modelling of ventilation in the revised models produced a 

general reduction in peak internal temperatures and the number of hours of 

temperatures above 25°C. Model A-NCM, using the Aberporth EWY Weather File had 469 

hours of temperatures in excess of 25°C; the equivalent Model using the Ammanford TRY 

and Humphreys Algorithm, Model A-TRY, had 184 hours of temperatures above 25°C (see 

Table 1), less than half of Model A-NCM. Again, this difference in results was expected for 

three reasons, as described below:  

• Firstly, the use of an adaptive algorithm based on the measures people take to 

alleviate uncomfortable temperatures by opening windows meant that window 

opening behaviour was more closely linked to internal temperatures and as a 

result steps were actively taken in the Model to address higher temperatures 

within a space.  

• Secondly, the higher air flow rate of the Macroflo models when compared with 

the NCM models meant that more air could be passed through a space to provide 

cooling than was provided by the NCM models.  

• Thirdly, as described in Section 3.10.1, of the methodology chapter, the 

Ammanford TRY weather file had slightly higher mean temperatures, 0.16°C 

higher than the Aberporth EWY temperatures; however, the Aberporth EWY, had 

higher overall temperatures with a peak external temperature 27.6°C, nearly a 

degree higher than the Ammanford TRY peak external temperature of 26.8°C (see 

Table 1). 

Table 1: Original model results using the Ammanford weather file  

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature No. 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 
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1.2 A Review of the Thermal Comfort of Individual Approaches 

Using the Ammanford weather files and advanced modelling of ventilation an initial 

analysis of the overall results in Figure 2 identified a general increase in sensible heating 

load, a reduction in peak internal temperatures and a reduction in the number of hours of 

temperatures in excess of 25°C for the revised models. Whilst there was a difference in 

the numerical values of the results compared with the NCM models, the strategies 

maintained their ranking for energy saving and number of hours overheating. For 

example, the most successful energy saving strategy in the NCM Individual Models, 

described in Chapter 5, was the mid-terrace Model (Model J-NCM); this result was 

repeated in the revised Models, and Model J-TRY had the lowest sensible heating load of 

the revised individual improvements. For thermal comfort the results were similar to the 

NCM models in Section 4.2 of Chapter 5 with regard to ranking. For example, the Thermal 

Mass Model, G-NCM, had the lowest internal temperatures and the least number of 

hours in excess of 25°C and this result was repeated by Model G-TRY which also had the 

lowest peak internal temperature and the  least number of temperatures above 25°C (see 

Table 3 and Figure 4, below). 

Figure 2: Individual Approaches scatter chart  
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The data revealed a considerable range in the number of hours of temperatures above 

25°C with a significant difference in values (which was a factor of 2.4), between the 

highest and lowest strategies: the lowest was the thermal mass model (Model G-TRY) 

which using the control Ammanford weather file had 108 hours of temperatures above 

25°C (see Table 3 in Section 1.2.2); the highest was the mid-terrace model (Model J-TRY) 

with 260 hours above 25°C (see Table 4 in Section 1.2.3).  

When the future climate scenarios climate files were applied the overall ranking 

remained the same; however, the numerical values increased significantly. In the most 

extreme case, Model G-TRY, the number of hours of temperatures above 25°C increased 

by more than a factor of eight from a baseline of 108 hours, using the Ammanford 

Control weather file, to 889 hours, using the Ammanford 2080 weather file (see Table 3 in 

Section 1.2.2). This increase in thermal discomfort was accompanied by a reduction in 

sensible heating loads as demonstrated in Model A-TRY where a sensible heating load of 

2.34MWh, using the Control weather file, and dropped to: 1.93MWh, using the 2030 

Ammanford weather file; 1.83MWh with the 2050 Ammanford weather file; and to 

1.58MWh using the 2080 Ammanford weather file (see Table 1 in Section 1.1.2).  

1.2.1 Passive Solar Gain Strategies 
Changes to the ventilation strategies and moving from a system based on a fixed number 

of air changes to one modelled around the window openings would potentially have a 

significant impact on the models using passive solar gain (Models B-TRY, C-TRY and D-

TRY). These models were developed in Chapter 4 with the intention to examine the 

impact that increasing passive solar gain by means of additional glazed windows would 

have on reducing sensible heating load. However, in the case of the revised models these 

additional windows could also be used to provide additional cooling through higher levels 

of ventilation. This change in modelling created an interesting tripartite relationship 

whereby additional glazing on the south façade could concurrently: (a) increase 

temperatures and reduce sensible heating load by mean of passive solar gain; (b) reduce 

temperatures by increasing ventilation; but also, (c) increase sensible heating load by 

virtue of additional fabric losses identified in the last chapter. To identify these effects 

two sets of models were built, which are described below: 

  

9 

sm70356
Rectangle



 

Overview 

• The first set of models had the same number of opening lights as the original 

model (Model A-TRY). Therefore, any additional windows added to Models B-TRY, 

C-TRY and D-TRY would be considered as fixed lights and would not provide 

ventilation.  

• The second set of models Models B-TRY-O, C-TRY-O, and D-TRY-O would make 

each additional window an opening light. In this way the two sets of models could 

be compared in order to provide a greater understanding of the relationship 

between all of these factors.  

The addition of fixed lights (Models B-TRY, C-TRY and D-TRY) had the same effect as seen 

in the NCM models whereby increased levels of solar gain reduced the sensible heating 

load but at the price of thermal comfort. Thus, the fixed light windows were characterised 

by their high number of hours of temperatures above 25°C and peak temperatures 

relative to Model A-TRY. Plotting these results on a scatter graph these models were 

strung out in a line almost horizontal to the x-axis showing that their reductions in 

sensible heating were accompanied by substantial increases in the number of hours of 

temperatures above 25°C. The addition of extra opening lights had almost the opposite 

effect to the additional of the fixed lights and in this case the models were characterised 

by slight reductions or slight increases in sensible heating load, compared with Model A-

TRY, and slight increases in the number of hours of temperatures above 25°C (see Figure 

3, below). When these models were plotted on a scatter chart they were distinctive by 

their greater distribution along the y-axis representing their minimal, or even negative, 

impact on reducing sensible heating load relative to Model A-TRY (see Figure 3, below).  
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Figure 3: Additional windows solar gain scatter chart  

 

Based on the results shown in Figure 3, above, the addition of south-facing fixed lights 

only achieved small reductions in sensible heating load and the addition of south-facing 

opening lights would have almost no benefit. However, an examination of the results 

revealed that they had been distorted by the methods to model ventilation. As 

mentioned previously, the use of the Humphreys algorithm (Tuohy et al., 2007) was 

useful in that it was based on occupant behaviour and therefore it meant that it would 

account for periods when there would be inconsistent or illogical behaviour such as 

windows being left open when the heating went on or windows being opened when the 

heating was activated. However, one of the weaknesses of this approach when it was 

applied in these models was that adding more opening windows magnified these effects. 

Thus, increasing the number of opening windows increased the heat loss through 

ventilation, when the building was heated. In theory, it was possible to filter out the 

effects of the conflict between the heating and ventilation by using the ventilation losses 

of the fixed windows and number of hours of temperatures above 25°C of the opening 

light windows. These corrected results indicate that as the area of windows was increased 

there was a modest reduction in sensible heating load and a modest increase in the 

number of hours of temperatures above 25°C (see Table 2, below). 
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Table 2: Solar Gain Individual Models Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Solar Gain (Fixed) 
(1.68m²)    (Model 
B-TRY) 

Control 2.27 11.35 04:30/02ndFeb 27.93 14:30/06th Jul 203 

2030 1.89 11.43 04:30/30th Jan 31.67 19:30/07th Jul 454 

2050 1.79 11.71 04:30/08th Jan 32.62 17:30/11th Jul 622 

2080 1.56 11.78 04:30/10th Jan 33.56 18:30/14thAug 1050 

Solar Gain (3.36m²)    
(Model C-TRY) 

Control 2.24 11.42 04:30/19thDec 28.15 14:30/06th Jul 223 

2030 1.88 11.50 04:30/30th Jan 31.82 19:30/07th Jul 496 

2050 1.78 11.71 04:30/08th Jan 32.85 17:30/11th Jul 684 

2080 1.55 11.78 04:30/10th Jan 33.86 18:30/14thAug 1106 

Solar Gain (3.36m²)    
(Model D-TRY) 

Control 2.25 11.41 04:30/19thDec 28.35 14:30/06th Jul 258 

2030 1.89 11.55 04:30/30th Jan 31.96 19:30/07th Jul 534 

2050 1.78 11.74 04:30/08th Jan 33.06 17:30/11th Jul 721 

2080 1.56 11.85 04:30/10th Jan 34.12 18:30/14thAug 1159 

Solar Gain (1.68m²)    
(Model B-TRY) 

Control 2.29 11.35 04:30/02ndFeb 27.77 14:30/06th Jul 186 

2030 1.96 11.43 04:30/30th Jan 31.58 19:30/07th Jul 424 

2050 1.81 11.71 04:30/08th Jan 32.54 17:30/11th Jul 580 

2080 1.58 11.78 04:30/10th Jan 33.49 18:30/14thAug 999 

Solar Gain (3.36m²)    
(Model C-TRY) 

Control 2.34 11.42 04:30/19thDec 27.88 14:30/06th Jul 193 

2030 1.96 11.51 04:30/30th Jan 31.63 19:30/07th Jul 438 

2050 1.86 11.71 04:30/08th Jan 32.66 17:30/11th Jul 593 

2080 1.64 11.78 04:30/10th Jan 33.66 18:30/14thAug 1005 

Solar Gain (3.36m²)    
(Model D-TRY) 

Control 2.46 11.41 04:30/19thDec 27.94 14:30/06th Jul 200 

2030 2.06 11.55 04:30/30th Jan 31.67 19:30/07th Jul 437 

2050 1.96 11.74 04:30/08th Jan 32.74 17:30/11th Jul 605 

2080 1.73 11.85 04:30/10th Jan 33.77 18:30/14thAug 1019 
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1.2.2 Thermal Mass Strategies 
The thermal mass studies in Chapter 4 (Models E, F and G; and Models E-NCM, F-NCM 

and G-NCM) had suggested that the models using this strategy had, as outliers, the most 

potential to achieve reductions in sensible heating load whilst reducing the number of 

hours of temperatures above 25°C. Applying the Ammanford weather files and the 

advanced modelling of ventilation (Models E-TRY, F-TRY and G-TRY) verified that thermal 

mass strategies could achieve energy savings and reduce the potential for overheating 

(see Figure 4). However, the revised models were not entirely consistent with the NCM 

models in the previous chapter which had identified that the thermal mass based models 

could achieve reductions in the number of hours of temperatures above 25°C but that 

their impact in reducing sensible heating load was minimal and in one case negative 

(Model F-NCM) (see Table 3). Based on the NCM results it would be expected that the 

revised thermal mass models would be primarily effective as mitigation techniques, 

effective at reducing peak temperatures and the number of hours of temperatures above 

25°C but not producing significant energy savings.  

However, it transpired that the thermal mass models were effective at reducing sensible 

heating load and reducing the number of hours of temperatures above 25°C, certainly in 

comparison to the other strategies, such as the additional glazing strategies (Models B-

TRY, C-TRY and D-TRY), described Section 4.2. It is not clear why the thermal mass 

strategies should be more effective in the revised models and it could because windows 

are opened infrequently during the heating season using the Humphreys algorithm, which 

could lead to smaller fluctuations in internal temperatures, or it could be because some 

other factor. However, the results from the revised models are consistent with the 

thermal models using the continuous occupancy profiles (Models E, F and G), in Chapter 

4, where the thermal mass models were able to achieve savings in sensible heating load 

and reduce the number of hours of temperatures above 25°C (see Table 4-9).  
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Figure 4: Thermal Mass individual model scatter chart 

 

The thermal mass models (Models E-TRY, F-TRY and G-TRY) as well as achieving 

reductions in sensible heating load also had the smallest internal temperature 

fluctuations of all of the individual models. For example, Thermal Mass Model G-TRY had 

a minimum internal temperature of 12.47°C compared with a figure of 11.23°C for Model 

A-TRY (based on the Ammanford Control weather file). Model G-TRY also had a maximum 

internal temperature of 30.72°C compared with 33.25°C of Model A-TRY (based on the 

Ammanford 2080 weather file) (see Table 3, below). The literature referred to in Chapter 

3, Section 3.10.4, indicated that this is because of the ability of thermal mass to store and 

release energy at various times of the day. Defining thermal discomfort by the number of 

hours of temperatures above 25°C meant that the minimum and maximum temperatures 

of a particular strategy were less significant than the period of time during which 

conditions were considered too warm. However, when adaptive thermal comfort 

assessment methods (described further at the end of the chapter) are employed, 

whereby thermal comfort is measured by the internal temperature relative to external 

conditions, reducing fluctuations in temperatures becomes more significant (Nicol et al., 

2012).  The reduction in temperature fluctuations combined with the relatively short 

period of temperatures above 25°C of the thermal mass strategies provides evidence that 

models employing these strategies (Models E-TRY, F-TRY and G-TRY) would provide a 

more stable and comfortable thermal environment relative to Model A-TRY.  
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Table 3: Thermal Mass Individual Models Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Reversed External 
Wall   (Model E-
TRY) 

Control 2.29 11.90 04:30/21st Jan 26.94 15:30/06th Jul 139 

2030 1.88 11.93 04:30/31st Jan 29.99 19:30/07th Jul 348 

2050 1.77 12.24 04:30/08th Jan 30.81 17:30/11th Jul 481 

2080 1.53 12.27 04:30/10th Jan 31.66 17:30/14thAug 932 

Internal Blockwork 
(Model F-TRY) 

Control 2.21 11.97 04:30/02ndFeb 27.24 15:30/06th Jul 160 

2030 1.76 12.09 04:30/30th Jan 30.24 19:30/07th Jul 384 

2050 1.66 12.45 04:30/08th Jan 30.94 17:30/11th Jul 524 

2080 1.42 12.45 04:30/10th Jan 31.80 17:30/26th Jul 957 

Thermal Mass 
(Model G-TRY) 

Control 2.20 12.47 04:30/02ndFeb 26.62 14:30/06th Jul 108 

2030 1.75 12.45 04:30/31st Jan 29.15 19:30/07th Jul 315 

2050 1.63 12.80 04:30/08th Jan 29.81 17:30/11th Jul 444 

2080 1,.39 12.78 04:30/10th Jan 30.72 17:30/26th Jul 889 

1.2.3 Successful Energy Saving Strategies  
Modelling of the Mid-terrace model (Model J and J-NCM) and the Improved Insulation 

Model (Model H and H-NCM) had identified these two strategies which separately were 

capable of achieving significant (10% to 15.9%) savings in sensible heating load. However, 

in each case this reduction in sensible heating load was achieved at the expense of an 

increase in the number of hours of temperatures above 25°C and an increase in peak 

internal temperatures (see Table 4-9 and Table 4-10). For this set of models an extra 

approach to reducing sensible heating load was added based on increasing the air-

tightness of the original model. This model increased the air-tightness from a figure based 

on the air pressure testing of the completed building of 5.8m³/m²h at 50Pa to a figure 

based on the air pressure testing of the Clay Fields Project described in the case study, in 

Chapter 2, of 3.4m³/m²h at 50Pa (Gill et al., 2011). It is acknowledged that this figure is 
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some way off the 0.543 m³/m²/h at 50 Pa achieved at the Larch House (which was one of 

the Ebbw Vale Passivhaus certified dwellings) (Bere, 2011). However, the figure achieved 

by Clay Fields is considered to be a realistic figure for developers of housing in rural Wales 

and is consistent with the methodology of the research project of applying upgrades to 

the building fabric based on the case studies. Air-tightness was included in this study 

because ventilation would be examined in detail hence it would be possible to explore 

whether air-tightness as an energy saving strategy might be compromised by occupants 

leaving windows open.  

Figure 5: Successful Energy Saving Strategies individual model scatter chart 

 

As an energy saving strategy the Improved Air-tightness Model (Model L-TRY) was 

reasonably effective and comparable to the Thermal Mass model (Model H-TRY) for the 

quantity of energy saved; however, it was more effective than the thermal mass model in 

reducing sensible heating load for the 2030, 2050 and 2080 scenarios (see Figure 5). 

Unlike the Thermal Mass Model (Model H-TRY) the Air-tightness Model (Model L-TRY) 

was not able to achieve energy savings without increasing internal temperatures and the 

number of hours of temperatures above 25°C relative to Model A-TRY. Indeed, the 

number of hours of temperatures above 25°C rose from 184 hours on Model A-TRY to 

192 hours on Model L-TRY using the Ammanford Control weather file (see Table 4). With 

regard to the number of hours of internal temperatures above 25°C the Air-tightness 
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Model was comparable to the additional insulation model (Model H) and was within one 

and five hours of this model for each of the four weather files (see Table 4 and Figure 5).  

The revised models confirmed the results from the NCM models that indicated that the 

Improved Insulation Model (Model H-TRY) and The Mid-terrace Model (Model J-TRY) 

would be the most effective at achieving reductions in sensible heating load. The 

difference between the two models was closer than the NCM models (see Table 4-10, in 

the Chapter 4) and this result was closer to the continuous models where the difference 

between the models was 1% (see Table 4-9, in Chapter 4). Indeed, in the revised models 

the Improved Insulation Model (Model H-TRY) out-performed the Mid-terrace Model 

(Model J-TRY) with regard to reduction in sensible heating load although this was only by 

0.01MWh for each one of the four climate files (see Table 4-9, in Chapter 4). While the 

results were very close in terms of reductions in sensible heating, it was a different 

matter in terms of the total number of hours of temperatures above 25°C, where the 

mid-terrace model substantially exceeded both the Airtightness Model (Model L-TRY) and 

the Improved Insulation Model (Model H-TRY) (see Table 4-9, in Chapter 4).  

These results revealed that the Mid-terrace Model (Model J-TRY) would be more prone to 

overheating than either the improved insulation model or the improved air-tightness 

model and this finding is evidenced by examining Table 4, below.  For most of the models 

were consistent in terms of difference in the number of hours of temperatures above 

25°C relative to the original model (Model A-TRY) when each one of the four weather files 

was applied. However, in the case of the Mid-terrace model (Model J-TRY) applying the 

future climate weather files indicated increasingly higher levels of temperatures above 

25°C relative to Model A-TRY. For example, initially there is a difference of 76 hours 

between the Mid-terrace Model (Model J-TRY) and Model A-TRY using the Ammanford 

Control weather file; the difference became 127 hours using the 2030 weather file; this 

difference grew to 173 hours using the 2050 weather file; and finally reached a difference 

of 208 hours using the 2080 weather file (see Table 4-9, below). This result is interesting 

because previous modelling, in Chapter 4, had identified the Mid-terrace Models (Model J 

and J-NCM) as probably the most cost-effective means of reducing the sensible heating 

load of a conventional building. However, these results suggest that some overheating 

mitigation measures are required to accompany this approach; to offset the higher 

internal temperatures and longer periods of uncomfortable internal temperatures (Porritt 
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et al., 2011). These mitigation measures have the potential to offset any relevant cost 

benefits if not carefully considered. 

Table 4: Effective approaches Test Reference Year Table of Results 

Scheme  

 

Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature No. 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Improved Insulation   
(Model H-TRY) 

Control 2.10 11.43 04:30/02ndFeb 27.69 15:30/06th Jul 197 

2030 1.75 11.52 04:30/30th Jan 31.44 19:30/07th Jul 432 

2050 1.66 11.86 04:30/08th Jan 32.34 17:30/11th Jul 587 

2080 1.46 11.92 04:30/10th Jan 33.25 18:30/14thAug 1011 

Mid-terrace   
(Model J-TRY) 

Control 2.11 11.48 04:30/02ndFeb 28.18 15:30/06th Jul 260 

2030 1.76 11.55 04:30/30th Jan 31.85 19:30/07th Jul 547 

2050 1.67 11.81 04:30/08th Jan 32.82 17:30/11th Jul 746 

2080 1.47 11.94 04:30/10th Jan 33.72 18:30/14thAug 1204 

Airtightness (Model 
Z-TRY) 

Control 2.18 11.85 04:30/02ndFeb 27.81 14:30/06th Jul 192 

2030 1.83 11.94 04:30/30th Jan 31.55 19:30/07th Jul 431 

2050 1.73 12.17 04:30/08th Jan 32.43 17:30/11th Jul 585 

2080 1.52 12.27 04:30/10th Jan 33.29 18:30/14thAug 1015 
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1.3 Composite Models 

The composite approaches modelled using the Ammanford weather files and the 

Humphreys Algorithm generally followed the performance of the previous modelling 

using the NCM and continuous occupancy profiles. A feature of these models was that, 

using the control weather file and in two cases the 2030 weather files, these models had 

lower or broadly equivalent (within three hours) numbers of hours of temperatures 

above 25°C as the baseline model (Model A-TRY) (see Figure 6, below). When the 2050 

and 2080 weather files were used, the baseline model (Model A-TRY) had fewer hours of 

temperatures above 25°C. Viewing these results in isolation suggested that the baseline 

model would provide more comfortable internal conditions, but the results showing the 

peak temperatures indicate the contrary; they show that the models universally had 

lower internal temperatures than the original model. In line with the literature this result 

indicates that the thermal mass and other aspects of the design were reducing the peak 

temperatures but because of the lower fluctuations they consistently recorded 

temperatures above 25°C (Tuohy et al., 2006). This raised the question of which would be 

the most comfortable: long periods of high temperatures or shorter periods of even 

higher temperatures? 

Figure 6: Composite approaches model scatter chart 
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The composite approaches that were explored in this section were limited to those that 

would inform understanding of the amalgamated models and for this reason neither the 

medium thermal mass models nor the air-tightness models, from the individual 

improvements examined in the previous section, were used. Limiting the number of 

models would simplify the analysis because applying the future climate files, while useful 

for identifying trends in the data, tripled the quantity of data generated from a single 

model. In addition, in these models fixed lights would be used for additional windows. 

However, the air-tightness and window opening options would be explored in the 

amalgamated models, examined in Section 1.4. 

1.3.1 Thermal Mass and Solar Gain  
One of the interesting results described in Chapter 4 was the correlation between (a) the 

thermal mass of a construction in conjunction with the quantity of glazing and (b) 

reductions in sensible heating load (see Chapter 4, Section 4.2.2), and this relationship 

was corroborated by the results from the revised models that combined thermal mass 

with increased levels of glazing (Models W-TRY, V-TRY and Y-TRY). These results showed a 

similar correlation to the last chapter with higher levels of thermal mass and increased 

quantities of glazing able to achieve significant reductions in sensible heating load. In fact 

the reductions in heating load for the revised models combining thermal mass and solar 

gain were even higher than the models based on increased levels of insulation (Models L-

TRY, T-TRY, U-TRY and V-TRY) (see Figure 7, below).  

Again, the results were closer to the continuous occupancy models than the NCM models 

and indicated that the models combining an increased quantity of glazing with thermal 

mass (Models L-TRY, T-TRY, U-TRY and V-TRY) would have fewer hours of temperatures 

above 25°C than the original Model (Model A-TRY) when using the Control and 2030 

weather files (see Figure 7, below). However, using the 2050 and 2080 weather files the 

thermal mass and solar gain models (Models L-TRY, T-TRY, U-TRY and V-TRY) exceeded 

the baseline model (Model A-TRY) in terms of the number of hours of temperatures 

above 25°C, that is with the exception of Model R-TRY using the 2050 climate file (see 

Figure 7). However, although the number of hours of temperatures above 25°C for the 

thermal mass and solar gain models exceeded those of the baseline model (Model A-TRY) 

for Models Q-TRY, R-TY and S-TRY, which using the 2050 and 2080 weather files the peak 

temperatures were significantly lower (see Table 5, below). For example, the peak 
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temperature of Model S-TRY, which had the highest internal temperature of the thermal 

mass and solar gain models, was 31.34°C using the 2080 weather file; this was 1.91°C 

lower than the peak temperature of the original model (Model A-TRY) using the same 

weather file (see Table 5, below).  

As discussed earlier there are different measures of thermal comfort and based on the 

results using the 25°C threshold the baseline model (Model A-TRY) would be considered 

more comfortable than the Solar Gain and Thermal Mass Models, based on the 2050 and 

2080 weather files (Models L-TRY, T-TRY, U-TRY and V-TRY).  However, the reality might 

be different and if, as mentioned earlier, adaptive thermal comfort principles were 

employed then the conclusion that the original model (Model A-TRY) would be more 

thermally comfortable would be challenged by the smaller temperature fluctuations of 

the Solar Gain and Thermal Mass Models  (Models L-TRY, T-TRY, U-TRY and V-TRY).  

Figure 7: Thermal Mass and solar gain composite approaches model scatter chart 
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As well as achieving reductions in sensible heating load, the thermal mass models 

(Models E-TRY, F-TRY and G-TRY) also exhibited narrower internal temperature 

fluctuations than the individual models. For example, Thermal Mass Model G-TRY had a 

minimum internal temperature of 12.47°C compared with a figure of 11.23°C for Model 

A-TRY (based on the Ammanford Control weather file). Based on the individual models 

these smaller temperature fluctuations can be attributed to the use of thermal mass. The 

individual models using thermal mass were distinguished by lower fluctuations in internal 

temperatures than the models using lightweight construction. 

Table 5: Britannia Drive Solar Gain and Thermal Mass Composite model Test Reference Year Table of 
Results 

Scheme  

 

Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Improved Insulation 
and Thermal Mass 
(Model L-TRY) 

Control 1.93 12.56 04:30/21st Jan 26.65 14:30/06th Jul 119 

2030 1.54 12.55 04:30/31st Jan 29.12 19:30/07th Jul 332 

2050 1.47 12.89 04:30/08th Jan 29.79 17:30/ 11th Jul 454 

2080 1.27 12.87 04:30/10th Jan 30.69 17:30/26th Jul 908 

Thermal Mass and 
Solar Gain (1.68m²)    
(Model Q-TRY) 

Control 1.97 12.49 04:30/21st Jan 26.97 14:30/06th Jul 163 

2030 1.57 12.47 04:30/31st Jan 29.38 19:30/07th Jul 398 

2050 1.49 12.80 04:30/08th Jan 29.99 17:30/ 11th Jul 575 

2080 1.29 12.78 04:30/10th Jan 30.98 17:30/15thAug 1054 

Thermal Mass and 
Solar Gain (3.36m²)    
(Model R-TRY) 

Control 1.81 12.51 04:30/21st Jan 27.02 14:30/06th Jul 158 

2030 1.45 12.50 04:30/31st Jan 29.51 19:30/07th Jul 390 

2050 1.40 12.81 04:30/08th Jan 30.16 17:30/ 11th Jul 556 

2080 1.23 12.79 04:30/10th Jan 31.10 17:30/26th Jul 1035 

Thermal Mass and 
Solar Gain (5.04m²)    
(Model S-TRY) 

Control 1.68 12.55 04:30/21st Jan 27.18 14:30/06th Jul 180 

2030 1.37 12.54 04:30/31st Jan 29.69 19:30/07th Jul 446 

2050 1.34 12.81 04:30/08th Jan 30.32 17:30/ 11th Jul 618 

2080 1.19 12.80 04:30/10th Jan 31.34 17:30/14thAug 1094 
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1.3.2 PIR Insulation and Solar Gain 
The models combining PIR Insulation and additional glazing (Models T-TRY, U-TRY and V-

TRY) had the lowest reductions in sensible heating load of the composite models with 

figures of 2.01MWh for Model T-TRY, 2.01MWh for Model U-TRY and 2.02MWh for 

Model V-TRY using the Ammanford Control weather file (see Table 6, below). This result 

was in contrast to the NCM models where they had achieved some of the highest energy 

savings, but broadly in line with the continuous occupancy models (see Chapter 4, Section 

4.2.1). As a group, these  Models (Models T-TRY, U-TRY and V-TRY) were characterised by 

how similar they were in performance, especially with regard to sensible heating load and 

in some cases the difference between the three models was as little as 0.01MWh (see 

Table 6 and Figure 8, below). This result was in accordance with the findings from the 

previous Chapter 4 where the lightweight models using different quantities of glazing had 

a lesser range of difference in terms of energy savings than models using greater 

quantities of thermal mass. Model U-TRY with 3.36m² of additional glazing achieved the 

highest reduction in sensible heating load of all of the four weather files (see Table 6, 

below). This result was also in accordance with the findings from the last chapter 

(Chapter 4, Section 4.2.1) which indicated that of the four glazing options examined the 

optimum was 3.36m² of glazing for achieving energy savings using lightweight 

construction. 
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Figure 8: PIR Insulation and Solar Gain Model Scatter chart 

 

Another characteristic of these models is that they all showed an increase in the number 

of hours of temperatures above 25°C for all four weather files (see Figure 8, above). As 

described in Chapter 4 the number of hours of temperatures in excess of 25°C increased 

with the quantity of glazing and so Model T-TRY had the highest number of hours of 

temperatures above 25°C. Indeed, this model had the most of all the models. In addition, 

peak internal temperatures rose progressively as the quantity of glazing was increased 

and so Model V-TRY (34.08°C) had the highest internal temperatures of all the composite 

models, 0.83°C higher than the baseline model (Model A-TRY) (see Table 6). With regard 

to the minimum temperatures, these were higher than the original model (Model A-TRY) 

but lower than any of the models incorporating thermal mass in their construction. For 

example, Model T-TRY had a minimum temperature of 11.56°C, using the control weather 

file, as compared with the baseline Model (Model A-TRY), which had a minimum 

temperature of 11.23°C, using the control weather file (see Table 6). Thus, these models 

had the highest internal temperature fluctuations of all of the composite models.  
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Table 6: Britannia Drive Composite model Test Reference Year Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Improved Insulation 
and Thermal Mass 
(Model L-TRY) 

Control 1.93 12.56 04:30/21st Jan 26.65 14:30/06th Jul 119 

2030 1.54 12.55 04:30/31st Jan 29.12 19:30/07th Jul 332 

2050 1.47 12.89 04:30/08th Jan 29.79 17:30/ 11th Jul 454 

2080 1.27 12.87 04:30/10th Jan 30.69 17:30/26th Jul 908 

PIR Insulation and 
Solar Gain (1.68m²)    
(Model T-TRY) 

Control 2.04 11.56 04:30/21st Jan 27.93 15:30/06th Jul 218 

2030 1.72 11.63 04:30/31st Jan 31.63 19:30/07th Jul 472 

2050 1.63 11.84 04:30/08th Jan 32.60 17:30/ 11th Jul 647 

2080 1.44 11.94 04:30/10th Jan 33.58 17:30/14thAug 1064 

PIR Insulation and 
Solar Gain (3.36m²)    
(Model U-TRY) 

Control 2.01 11.59 04:30/21st Jan 27.93 15:30/06th Jul 216 

2030 1.70 11.72 04:30/31st Jan 31.56 19:30/07th Jul 446 

2050 1.61 11.88 04:30/08th Jan 32.74 17:30/ 11th Jul 603 

2080 1.43 11.94 04:30/10th Jan 33.80 17:30/14thAug 978 

PIR Insulation and 
Solar Gain (5.04m²)    
(Model V-TRY) 

Control 2.02 11.60 04:30/21st Jan 28.29 15:30/06th Jul 244 

2030 1.71 11.75 04:30/31st Jan 31.72 19:30/07th Jul 490 

2050 1.62 11.92 04:30/08th Jan 32.94 17:30/ 11th Jul 655 

2080 1.44 12.05 04:30/10th Jan 34.08 17:30/14thAug 1046 
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1.3.3 Combining all of the Strategies 
Combining the approaches of thermal mass, additional glazing and insulation in Models 

W-TRY, X-TRY and Y-TRY provided the most effective means of achieving significant 

reductions in sensible heating of all of the composite models. This was done whilst 

maintaining internal temperatures comparable to Model A-TRY (see Table 7, below). As 

well as reducing sensible heating load, these models were successful in reducing hours of 

temperatures above 25°C comparable to the baseline model (Model A-TRY); indeed, the 

models combining all of the approaches all had a lower number of hours of temperatures 

above 25°C than the baseline model. For example, Model Y-TRY had the highest number 

of hours of temperatures in excess of 25°C but using the control weather file these were 

20 hours less than the Model A-TRY; 20 hours less than Model A-TRY using the 2030 

weather file; 27 hours less than Model A-TRY using the 2050 weather file; and 34 hours 

less than Model A-TRY using the 2080 weather file (see Table 7, below).  

This result contrasts with the thermal mass and solar gain models (models Q-TRY, R-TRY 

and S-TRY) whereby the reduction in temperatures over 25°C relative to the original 

model increased for the 2050 and 2080 weather files. In addition, peak internal 

temperatures were lower than the baseline model and Model Q-TRY with 1.68m² of extra 

glazing and Model R-TRY with 3.36m² of extra glazing had a joint peak internal 

temperature of 27.93°C (see Table 7). The minimum temperatures were also significantly 

higher and previous modelling would indicate that these factors, i.e. low temperature 

fluctuations and reductions in the number of hours overheating, are a consequence of 

the inclusion of thermal mass within the construction. One of the interesting aspects of 

these models was that thermal comfort apparently increased compared with the Thermal 

Mass and Passive Solar Gain Models (Models T, U and V). The introduction of insulation 

contributed to this and, in addition, there is some evidence that the application of 

external insulation, as opposed to internal insulation, can contribute towards reducing 

overheating and reducing sensible heating load.  
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Figure 9: Thermal Mass individual model scatter chart 

 

The Combined Improvement Models (Models W-TRY, X-TRY and Y-TRY) had the lowest 

sensible heating load of the composite models; however, the number of hours of 

temperatures above 25°C were either lower than or comparable to the original Model 

(Model A) (see Figure 9, above). These models demonstrate that it was possible to 

develop houses that are able to achieve reductions in sensible heating load and levels of 

thermal comfort comparable with houses built to lower thermal fabric standards. The 

incorporation of thermal mass was important to achieving this result and it seems 

apparent that the location of the insulation in building fabric might have also played a 

part although further research would be required to verify this. However, questions 

remained about whether it would be possible to offset the effects of rising temperatures 

as a result of climate change as demonstrated by the use of future climate weather files. 

These questions would be further explored in the next section examining the affordable 

and optimum models. 
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Table 7: Britannia Drive Combined Approaches model Test Reference Year Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Improved Insulation 
and Thermal Mass 
(Model L-TRY) 

Control 1.93 12.56 04:30/21st Jan 26.65 14:30/06th Jul 119 

2030 1.54 12.55 04:30/31st Jan 29.12 19:30/07th Jul 332 

2050 1.47 12.89 04:30/08th Jan 29.79 17:30/ 11th Jul 454 

2080 1.27 12.87 04:30/10th Jan 30.69 17:30/26th Jul 908 

Insulation, Thermal 
Mass and Solar Gain 
(1.68m²)(Model W-
TRY) 

Control 1.72 12.58 04:30/21st Jan 26.70 15:30/27thAug 121 

2030 1.39 12.58 04:30/31st Jan 29.20 18:30/07th Jul 314 

2050 1.35 12.90 04:30/08th Jan 29.97 17:30/11th Jul 433 

2080 1.19 12.88 04:30/10th Jan 30.84 17:30/15thAug 815 

Insulation, Thermal 
Mass and Solar Gain 
(3.36m²)(Model X-
TRY) 

Control 1.58 12.62 04:30/21st Jan 26.89 15:30/27thAug 142 

2030 1.30 12.63 04:30/31st Jan 29.37 18:30/07th Jul 351 

2050 1.28 12.90 04:30/08th Jan 30.14 17:30/11th Jul 488 

2080 1.14 12.89 04:30/10th Jan 31.03 17:30/15thAug 889 

Insulation, Thermal 
Mass and Solar Gain 
(5.04m²)(Model Y-
TRY) 

Control 1.47 12.65 04:30/21st Jan 27.16 15:30/27thAug 167 

2030 1.24 12.68 04:30/31st Jan 29.54 18:30/07th Jul 400 

2050 1.23 12.92 04:30/08th Jan 30.29 17:30/11th Jul 546 

2080 1.12 12.91 04:30/10th Jan 31.26 17:30/14thAug 962 
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1.4 Review of Amalgamated Models  

By examining the composite approaches it was identified that some low carbon dwellings 

could have significantly lower sensible heating loads than houses currently built by 

developers but be as susceptible to overheating as standard developer houses. However, 

the composite models did not include higher levels of air-tightness or mid-terrace 

models, among their energy saving strategies, and these were identified as being 

particularly susceptible to overheating in the individual model. In addition, although it 

had been possible to match the properties of the standard developer house in terms of 

thermal comfort it had not been possible to exceed it and in doing so offset the effects of 

rising temperatures as a result of climate change identified by the use of future climate 

weather files.  

These questions of whether higher levels of air-tightness and the clustering of buildings 

would be compatible with thermal comfort challenged the assumption that the optimum 

models would be able to maintain levels of thermal comfort relative to the original Model 

(Model A-TRY). In addition, there were questions about what influence additional air-

tightness would have on thermal comfort if it were included in a scheme’s energy saving 

strategies. To address the questions a final set of models was developed based on the 

optimum and affordable models in Chapter 4. However, these models would be adjusted 

to take account of the different levels of air-tightness explored in the individual models. 

In addition, to counterbalance the possible adverse effects of increased levels of air-

tightness, consideration would be given as to whether the additional 3.36m² of new 

windows (part of the optimum models’ energy saving strategy) should be fixed or opening 

lights.  
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1.4.1 Optimum Amalgamated Models  
The previous chapter had established that the optimum models, combining higher levels 

of thermal mass, higher levels of insulation, 3.36m² of additional south-facing glazing and 

changes to building form would be able to achieve significant savings in sensible heating 

load (0.83MWh – 1.34MWh) when compared with Model A-TRY (see Table 8 and Table 9, 

below). These savings in sensible heating load were accompanied by a modest increase in 

the hours of temperatures in excess of 25°C when compared with the original Model 

(Model A-TRY) (see Table 8 and Table 9).  

Plotting the models on a scatter chart (see Figure 10, below) the optimum models are 

characterised by their greater distribution along the vertical y-axis than the horizontal x-

axis. This chart identified that substantial savings in sensible heating load achieved by 

these models were accompanied by smaller changes in thermal comfort. However, there 

were some indications that this distribution was beginning to change for the 2080 

weather file to the right of the Figure 10, which showed the data points more tightly 

clustered together with less distribution along the y-axis. Vertical lines drawn from the 

baseline model (A-TRY) data points for each one of the four weather files were used to 

provide an indication of the thermal comfort of the optimum amalgamated models 

relative to the original model (see Figure 10). Using the technique it is apparent that most 

of the optimum models have a greater number of temperatures above 25°C than the 

baseline model (Model A-TRY), and lower levels of thermal comfort than the original 

Model using the Ammanford control weather file. However, when the 2030, 2050 and 

2080 Ammanford weather files were used the distribution of the amalgamated optimum 

model relative to Model A-TRY was dependent on whether the narrow or compact 

terrace forms were used (see Figure 10). 
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Figure 10: Amalgamated Optimum Models Scatter chart  

 

Based on the modelling in Chapter 4, it was expected that the Narrow Terrace Models 

(Models 4Xe-TRY and 4Xm-TRY) would have a lower sensible heating load than the 

compact terrace Models (Model 3Xe-TRY and 4Xm-TRY). However, in contrast to the 

previous modelling, the savings in sensible heating load achieved by the Compact 

Optimum Models (Model 4Xe-TRY and 4Xm-TRY) were greater than those of the Narrow 

Terrace Models (Models 3Xe-TRY and 3Xm-TRY) when the Ammanford weather files and 

the advanced modelling of ventilation were applied (see Table 8 and Table 9, below). It is 

not clear why these should cause the results to differ from the modelling in Chapter 4. 

However, it should be noted that the difference between the two approaches was small 

when compared in Section 4.4.1 of Chapter 4, in some cases the sensible heating load 

differed by less than 1%, and therefore it was likely that even small changes to the 

modelling could have tipped the balance away from one approach and in favour of 

another.   

Based on the modelling in the last chapter (Chapter 5), it was also expected that the 

narrow terrace Models (Models 3Xe-TRY and 3Xm-TRY) would have significantly higher 

numbers of hours of temperatures above 25°C than the compact terrace models (Model 

4Xe-TRY and 4Xm-TRY). This was because using continuous occupancy profiles the narrow 

terrace models had three times more hours of temperatures above 25°C than the 
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compact terrace models (see Table 9). Using the Ammanford weather files and the 

advanced modelling of ventilation it was apparent that the Narrow Terrace Models 

(Models 3Xe-TRY and 3Xm-TRY) did have a greater number of hours of temperatures 

above 25°C than the compact terrace models (Model 4Xe-TRY and 4Xm-TRY). However, 

the difference between the two building forms was not as great as models using either 

the continuous or the NCM occupancy profiles. Indeed, the difference in the number of 

hours above 25°C between the Narrow Optimum End Terrace Model (Model 4Xe-TRY) 

and the Compact Optimum End terrace model was only 49 hours using the Ammanford 

Control weather file (see Table 8 and Table 9). Nevertheless, the difference although 

small, was significant, especially when seen across all four weather files. The significance 

of this result was that relative to the Original Model (Model A-TRY) the Optimum 

Compact Terrace had a number of hours of temperatures above 25°C comparable to, or 

less than, Model A-TRY (see Figure 11 and Figure 12, below). In contrast, the Optimum 

Narrow Terrace Models always had a greater number of hours of temperatures in excess 

of 25°C than Model A-TRY (see Figure 11 and Figure 12). 

Figure 11: Amalgamated Optimum Compact Terrace Scatter Chart 
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One of the two variables that were examined in this set of models was the impact of 

increased levels of air-tightness. The increase in the levels of air-tightness was from 

5.8m³/m²h to 3.4m³/m²h. Examining the Optimum Compact Models (Model 4Xe-TRY and 

4Xm-TRY) it is apparent that the increased levels of air-tightness had achieved significant 

reductions in sensible heating load. For example the Optimum Compact End Terrace 

Model (Model 4Xe-TRY-z) had achieved a sensible heating load of 1.25MWh almost 

equalling the sensible heating load of 1.24MWh achieved by the Optimum Mid-terrace 

Model (Model 4Xm-TRY) using lower levels of air-tightness (see Figure 12, below). 

However, the reduction in sensible heating load of the models using increased levels of 

air-tightness was accompanied by an increase in the number of hours of temperatures 

above 25°C. In the case of the Optimum Compact Terrace Models the increase in hours of 

temperatures above 25°C was relatively small and consistent, ranging from an increase of 

28 hours for the end terrace model (Model 4Xe-TRY-z) using the 2080 Ammanford 

weather file to 12 hours for the mid-terrace model (Model 4Xm-TRY-z) using Ammanford 

2030 weather file (see Table 8 and Table 9, below).  

In contrast to the Optimum Compact Terrace Models, the impact of increased levels of 

air-tightness on the Optimum Narrow Terrace Models was less significant for achieving 

reductions in sensible heating load. This was apparent from Figure 12, below, where the 

difference between the Amalgamated narrow terrace data points is closer for the 

Optimum narrow terrace models using the air-tightness. When it is considered that the 

principle difference between the narrow and compact models is building form and the 

location of glazing it is not clear how or why changes in air-tightness should have a 

different effect on these two approaches. The effect of higher levels of air-tightness on 

the number of hours of temperatures above 25°C was as consistent for the Optimum 

Narrow Terrace Models as it was for the Optimum Compact Terrace Models. This 

consistency is evidenced by the fact that the minimum difference between the Optimum 

Mid-terrace Models using the 2030 weather file is 12 hours, the same as the Optimum 

Compact Models (see Table 8 and Table 9).  
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Figure 12: Amalgamated Optimum Narrow Terrace Scatter Chart 

 

The other change in the variables that was explored in the Optimum Models was the 

effect of making the 3.36m² of additional windows on the south façade fixed instead of 

opening lights. In Section 1.2.1 it was identified that the modelling of additional opening 

light windows was disadvantaged by the use of the advanced ventilation modelling, 

Macroflo and the Humphreys Algorithm, which had magnified the effects of window 

opening behaviour on energy losses. In Section 1.2.1 it was identified that one way to 

work around this problem was to use the ventilation losses of the fixed light windows and 

number of hours of temperatures above 25°C of the opening light windows. This meant 

that two sets of models had to be built; one with the additional windows fixed lights and 

the other with the additional windows opening lights. Once this was done the procedure 

described above would be carried out and it would be possible to see the impact that 

adding additional opening, rather than fixed, south-facing glazing would have in reducing 

the number of hours of temperatures above 25°C of the optimum models.  
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The effect of making the additional windows of the optimum models opening lights 

varied depending on the climate file that was used. At its most effective, using the 2080 

climate file, reductions in the number of hours of temperatures above 25°C of 111 hours 

were achieved for the Optimum Narrow Terrace Model with higher levels of air-tightness 

(Model 4Xe-TRY-z), see Table 9, below. In the case of the Optimum Compact Terrace 

Models the overall effect of making the additional windows opening lights was to ensure 

that these models always had a fewer number of hours of temperatures in excess of 25°C 

than the Original Model (Model A-TRY). Indeed, the Optimum End Terrace Model without 

the use of additional air-tightness (Model 4Xe-TRY) and the adoption of south-facing 

opening window lights this approach helped negate some of the effects of climate 

change. This was evidenced by the fact that the number of hours of temperatures above 

25°C of Model X4e-TRY using 2050 Ammanford weather file was within 52 hours of Model 

A-TRY using the 2030 Ammanford weather file (see Table 9, below). The additional 

opening window lights were advantageous in ensuring that these models had a number 

of hours of temperatures above 25°C comparable to Model A-TRY (see Table 1, above).  

One of the interesting results to emerge from a comparison of the Optimum Narrow and 

Compact Terrace Models was that although the Optimum Compact Terrace Models had a 

fewer number of hours of temperatures in excess of 25°C the narrow terrace had a more 

stable climate in terms of internal temperature fluctuations. This was evidenced by the 

difference in peak high and peak low internal temperatures in Table 8 and Table 9, below.  

For example, the difference in peak high temperature of 27.20°C and peak low 

temperatures of 12.35°C for the Optimum Compact Terrace Model (Model 4Xe-TRY) using 

the Ammanford Control weather file was 14.85°C (see Table 9). By comparison, the 

difference for the narrow terrace using the equivalent model and the same weather file 

was 14.09°C (see Table 36). In the case of the Compact Optimum Mid-Terrace Model 

(Model 4Xe-TRY) using increased levels of air-tightness the difference between the peak 

high temperature and peak low temperatures was 18.55°C (see Table 9). This result 

compared with a difference between the high and low temperatures of 16.74°C for the 

Narrow Optimum Mid-Terrace Model (see Table 9). The reason for this smaller 

temperature difference is that even though the narrow terrace had higher peak 

temperatures this was compensated for by the fact that its minimum temperatures were 

much higher than any of the other models.  For example, the Narrow Terrace Model had 
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a minimum temperature of 15.47°C using the Ammanford Control weather file, which 

was several degrees higher than the figure of 11.79°C for Model A-TRY using the same 

weather file (see Table 8). As mentioned before based on the number of hours above the 

threshold temperature the compact terrace models are more comfortable; however, that 

conclusion would be different if temperature fluctuation was used instead as a measure 

of thermal comfort.  

Table 8: Optimum Narrow Terrace Models Test Reference Year Table of Results 

Scheme  

  

Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C* 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      
(Model A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Optimum 
Narrow End 
Terrace    
(Model 3Xe-
TRY) 

Control 1.70 13.96 08:30 21st Jan 28.05 15:30 27th Aug 213 (182) 

2030 1.54 14.58 06:30 31st Jan 30.08 16:30 07th July 457 (395) 

2050 1.48 14.09 04:30 08th Jan 30.88 17:30 11th July  585 (521) 

2080 1.05 14.31 04:30 10th Jan 32.09 17:30 14th Aug 1012(908) 

Optimum 
Narrow Mid-
terrace    
(Model 3Xm-
TRY) 

Control 1.41 14.01 06:30 21st Jan 28.11 15:30 27th Aug 225 (201) 

2030 1.37 14.90 06:30 31st Jan 30.15 16:30 07th July 471 (427) 

2050 1.22 14.21 08:30 08th Jan 31.01 17:30 11th July  603 (538) 

2080 0.82 14.48 06:30 10th Jan 32.21 17:30 14th Aug 1021(921) 

Optimum 
Narrow End 
Terrace (Air-
tightness)  
(Model 3Xe-
TRY-z) 

Control 1.58 14.41 06:30 21st Jan 28.08 15:30 27th Aug 244 (212) 

2030 1.40 15.87 06:30 31st Jan 30.09 16:30 07th July 490 (426) 

2050 1.27 14.47 04:30 08th Jan 30.91 17:30 11th July  615 (553) 

2080 0.96 15.00 06:30 10th Jan 32.09 17:30 14th Aug 1043(941) 

Optimum 
Narrow Mid-
terrace (Air-
tightness) 
(Model 3Xm-
TRY-z) 

Control 1.27 14.77 06:30 21st Jan 28.14 15:30 27th Aug 269 (235) 

2030 1.15 16.41 06:30 31st Jan 30.20 16:30 07th July 512 (447) 

2050 1.11 14.60 06:30 08th Jan 31.02 17:30 11th July  629 (566) 

2080 0.74 15.47 06:30 10th Jan 32.21 17:30 14th Aug 1068(957) 

*Opening windows shown in brackets 

36 

sm70356
Rectangle



 

Overview 

Table 9: Optimum Terrace Models Test Reference Year Table of Results 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C* 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      
(Model A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Optimum 
Compact End 
Terrace    
(Model 4Xe-
TRY) 

Control 1.51 12.35 04:30 21st Jan 27.20 14:30 06th July 164 (141) 

2030 1.37 12.40 04:30 31st Jan 29.69 18:30 07th July 382 (336) 

2050 1.30 12.64 04:30 08th Jan 30.46 17:30 11th July 517 (447) 

2080 0.91 12.66 04:30 10th Jan 31.45 17:30 14th Aug 917 (815) 

Optimum 
Compact Mid-
terrace    
(Model 4Xm-
TRY) 

Control 1.24 12.40 08:30 21st Jan 27.33 15:30 27th Aug 182 (147) 

2030 1.14 12.53 04:30 31st Jan 29.86 18:30 07th July 401 (347) 

2050 1.09 12.71 04:30 08th Jan 30.67 17:30 11th July 539 (472) 

2080 0.72 12.74 04:30 10th Jan 31.65 17:30 14th Aug 939 (839) 

Optimum 
Compact End 
Terrace (Air-
tightness)  
(Model 4Xe-
TRY-z) 

Control 1.25 12.64 08:30 21st Jan 27.28 14:30 06th July 188 (154) 

2030 1.09 12.85 04:30 31st Jan 29.71 18:30 07th July 401 (352) 

2050 0.92 12.94 04:30 08th Jan 30.49 17:30 11th July 539 (476) 

2080 0.72 12.97 04:30 10th Jan 31.46 17:30 14th Aug 945 (839) 

Optimum 
Compact Mid-
terrace (Air-
tightness) 
(Model 4Xm-
TRY-z) 

Control 0.99 12.74 08:30 21st Jan 27.38 15:30 27th Aug 202 (164) 

2030 0.92 13.08 04:30 31st Jan 29.91 18:30 07th July 413 (360) 

2050 0.800 13.03 04:30 08th Jan 30.68 17:30 11th July  559 (494) 

2080 0.54 13.13 04:30 10th Jan 31.68 17:30 14th Aug 956 (858) 

*Opening windows shown in brackets 
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1.4.2 Affordable Amalgamated Models  
The affordable models had been effective at achieving reductions in sensible heating load 

and reductions in temperatures above 25°C relative to the original model (Model A and A-

NCM). For example, Models 4Ge and 4Gm had just 10 hours of temperatures above 25°C 

(see Table 4-33, in Chapter 4). Examining these models using the Ammanford weather 

files and advanced ventilation modelling techniques identified that these models had the 

greatest potential to offset the effects of rising temperatures as a result of climate change 

by reducing the number of temperatures above 25°C. Using the scatter chart the 

Affordable Terrace models, like the Optimum Models in the previous section, were 

characterised by their greater distribution along the y-axis compared with the x-axis. This 

distribution indicated that their collective reductions in sensible heating loads of the 

Affordable Amalgamated Models had been achieved without providing significant 

increases in sensible heating load (see Figure 13, below). Again, as with the analysis in the 

previous section, a vertical line was added to the original models for each of the four 

weather files to provide an indication of thermal comfort relative to the Model A-TRY (see 

Figure 13). However, unlike the optimum models the distribution was mostly to the left of 

the vertical line indicating that the reductions in sensible heating load of the Affordable 

Amalgamated Models had been achieved without increasing the number of hours of 

temperatures above 25°C relative to Model A-TRY (see Figure 13, below).  
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Figure 13: Affordable Amalgamated Models scatter chart  

 

The Compact Affordable Terrace Models followed similar trends to the Compact 

Optimum Terrace Models with the air-tightness models having data points quite separate 

to those of the original model and indicating that the application of this measure could 

bring significant reductions in sensible heating load. Compared with the models in the 

previous chapter the narrow terrace models were not able to match the energy savings of 

the compact terrace and tipped the balance of energy savings to favour the affordable 

compact terrace form (see Figure 13 and Figure 14). However, more significant are the 

results in relation to thermal comfort that identified the 2030 and 2050 weather data set 

of affordable models are capable of going some way to negating the impacts of climate 

change, at least relative to Model A-TRY when the 2030 and 2050 weather files are 

applied (see Figure 14). This is apparent by referring to Figure 14 where the data points of 

the 2050 cluster are close to, or touching, the vertical line of the 2030 baseline model 

cluster are close to touching the line of the vertical threshold line of the 2030 original 

model, Model A-TRY (see Figure 13, above). In one case, Model 4Ge-TRY, it was possible 

to fully negate the impact of climate change and it could be conjectured that the 

application of mitigation measures could achieve further reductions in the number of 

hours of temperatures above 25°C. 
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Figure 14: Affordable Amalgamated compact terrace 

 

The impact of increased levels of air-tightness was also examined for the affordable 

models. As with the optimum models, the compact models (Model 4Ge-TRY and 4Gm-

TRY) benefited most from increased levels of air-tightness to achieve significant 

reductions in sensible heating load. The reduction in sensible heating load of the models 

using air-tightness was accompanied by an increase in the number of hours of 

temperatures above 25°C (see Figure 14). However, in the case of the compact terrace 

models the increase in hours of temperatures above 25°C was again small and consistent 

with the optimum models. For the affordable models the increase in the number of hours 

above 25°C ranged from 28 hours for the end terrace using the 2080 weather file to 12 

hours for the mid-terrace using Ammanford 2030 weather file (see Table 11, below).  
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As with the optimum models increased levels of air-tightness on the narrow terrace 

models did not appear to have as much impact on reductions in sensible heating load as 

on the compact terrace. This is apparent from Figure 15, below, where the difference 

between the Amalgamated narrow terrace data points is much closer to the affordable 

narrow terrace models using the air-tightness, at least compared with the compact 

model. However, in terms of the effect on the number of hours of temperatures above 

25°C the results are consistent with the affordable compact models. This is evidenced by 

the fact that the increase in temperatures for the amalgamated affordable terrace using 

high levels of air-tightness the mid-terrace using the 2030 weather file has a difference of 

12 hours and the end terrace using the control and 2080 weather files has a difference of 

31 hours above 25°C (see Table 11).   

Figure 15: Affordable Amalgamated narrow terrace 
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The previous section (Section 1.4.1), described how the Compact Terrace Models had a 

fewer number of hours of temperatures in excess of 25°C but when peak high and low 

internal temperatures were compared the Narrow Terrace Models had a more ‘equable 

internal climate’ with a smaller range of temperature fluctuations. This result was 

repeated in the Affordable Terrace Models and, for example, the difference between 

peak high and peak low temperatures for the Affordable Compact End-Terrace (Model 

4Ge-TRY) using the Ammanford Control Weather file was 14.72°C (see Table 11, below). 

By comparison the temperature difference for the Affordable Narrow End-Terrace (Model 

3Ge-TRY) using the same Ammanford Control weather file was 13.09°C (see Table 10). In 

the case of the Compact Affordable Mid-Terrace Model using increased levels of air-

tightness (Model 4Ge-TRY-z) the difference between the highest and lowest internal 

temperatures was 18.32°C and this compared with a difference of 17.35°C between the 

highest and lowest internal temperatures using the Narrow affordable mid-terrace model 

(Model 3Ge-TRY) (see Table 10). As with the optimum models, described in the previous 

section, the reason for the reduced temperature fluctuations of the Affordable Narrow 

Terrace Models was the relatively high minimum temperatures. For example, the 

minimum temperature of 13.68°C for the Affordable Narrow End-Terrace (Model 3Ge-

TRY) using the Ammanford Control weather file is 1.89°C degrees higher than the figure of 

11.79°C for Model A-TRY using the same weather file (see Table 10). 

The Affordable Terrace Models were significant because the modelling indicates that 

reductions in sensible heating load of 25-30% could be achieved by employing an 

approach that was likely to be cost neutral when compared with the original scheme. 

However, based on these results we can say that the Affordable Terrace Models would be 

likely to be not only more energy efficient in term of reducing sensible heating load but 

also more comfortable in terms of reducing the instances of temperatures above 25°C 

relative to Model A-TRY. This was true of both the compact terrace and the narrow 

terrace and it was consistent with the results from the previous chapter, Chapter 4. In 

addition, both of the models had demonstrated that internal temperature fluctuations 

could be reduced to less than that of the original model (Model A-TRY); and the 

implications of these results will be discussed in the next section.   
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Table 10: Amalgamated Models Table of Results – Narrow Terrace 

Scheme  Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Affordable Narrow 
End Terrace    
(Model 3Ge-TRY) 

Control 1.74 13.68 04:30 21st Jan 27.59 15:30 27th Aug 166 

2030 1.55 13.77 04:30 31st Jan 29.72 18:30 07th July 372 

2050 1.41 13.88 04:30 08th Jan 30.61 17:30 11th July 488 

2080 1.07 13.94 04:30 10th Jan 31.67 17:30 14th Aug 864 

Affordable Narrow 
Mid-terrace    
(Model 3Gm-TRY) 

Control 1.43 13.82 04:30 21st Jan 27.63 15:30 27th Aug 170 

2030 1.39 13.97 04:30 31st Jan 29.79 18:30 07th July 382 

2050 1.26 14.00 04:30 08th Jan 30.72 17:30 11th July 505 

2080 0.85 14.08 04:30 10th Jan 31.79 17:30 14th Aug 876 

Affordable Narrow 
End Terrace (Air-
tightness)  (Model 
3Ge-TRY-z) 

Control 1.58 13.99 04:30 21st Jan 27.63 15:30 27th Aug 178 

2030 1.40 14.30 06:30 31st Jan 29.72 18:30 07th July 386 

2050 1.28 14.16 04:30 08th Jan 30.63 17:30 11th July 506 

2080 0.82 14.24 04:30 10th Jan 31.67 17:30 14th Aug 884 

Affordable Narrow 
Mid-terrace (Air-
tightness) (Model 
3Gm-TRY-z) 

Control 1.27 14.06 06:30 21st Jan 27.68 15:30 27th Aug 190 

2030 1.15 14.53 06:30 31st Jan 29.82 18:30 07th July 403 

2050 1.10 14.30 04:30 08th Jan 30.72 17:30 11th July 515 

2080 0.73 14.44 04:30 10th Jan 31.79 17:30 14th Aug 902 
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Table 11: Amalgamated Models Table of Results – Compact Terrace 

Scheme  

 

Weather 
File  Sensible 

Heating 
Load 
(MWh) 

Lowest Internal 
Temperature 

Highest internal 
Temperature 

Hours 
above 
25°C 

Temp. 
(°C) 

Time/Date Temp. 
(°C) 

Time/Date 

Original      (Model 
A-TRY) 

Control 2.34 11.23 04:30/02ndFeb 26.65 14:30/06th Jul 184 

2030 1.93 11.35 04:30/30th Jan 31.48 19:30/07th Jul 420 

2050 1.82 11.74 04:30/08th Jan 32.38 17:30/11th Jul 573 

2080 1.58 11.79 04:30/10th Jan 33.25 18:30/14thAug 996 

Affordable Compact 
End Terrace    
(Model 4Ge-TRY) 

Control 1.60 12.14 04:30 21st Jan 26.86 15:30 06th July 117 

2030 1.42 12.20 04:30 31st Jan 29.37 18:30 07th July 305 

2050 1.38 12.55 04:30 08th Jan 30.18 17:30 11th July 414 

2080 0.98 12.53 04:30 10th Jan 31.05 17:30 14th Aug 788 

Affordable Compact 
Mid-terrace    
(Model 4Gm-TRY) 

Control 1.41 12.20 04:30 21st Jan 27.02 15:30 06th July 130 

2030 1.24 12.30 04:30 31st Jan 29.52 18:30 07th July 318 

2050 1.19 12.64 04:30 08th Jan 30.36 17:30 11th July 443 

2080 0.84 12.62 04:30 10th Jan 31.22 17:30 14th Aug 803 

Affordable Compact 
End Terrace (Air-
tightness)  (Model 
4Ge-TRY-z) 

Control 1.23 12.44 04:30 21st Jan 26.92 15:30 06th July 133 

2030 1.10 12.49 04:30 31st Jan 29.43 18:30 07th July 322 

2050 1.08 12.84 04:30 08th Jan 30.20 17:30 11th July 450 

2080 0.72 12.79 02:30 10th Jan 31.05 17:30 14th Aug 818 

Affordable Compact 
Mid-terrace (Air-
tightness) (Model 
4Gm-TRY-z) 

Control 1.05 12.57 06:30 21st Jan 26.98 15:30 06th July 154 

2030 0.91 12.63 04:30 31st Jan 29.56 18:30 07th July 347 

2050 0.86 12.94 04:30 08th Jan 30.38 17:30 11th July 467 

2080 0.59 12.90 02:30 10th Jan 31.22 17:30 14th Aug 835 

 

  

44 

sm70356
Rectangle



 

Overview 

1.5 Evaluating Thermal Comfort 

The studies indicated that overheating will increasingly become a problem as buildings 

become more effective at reducing sensible heating load through building form and fabric 

based approaches resulting in a greater number of hours of temperatures above 25°C and 

higher peak internal temperatures. It was identified that when the future climate 

scenarios were applied this effect was compounded and increases in temperature were 

magnified. These studies identified that thermal mass and other measures could be used 

to temper the increases in temperature and in some cases these measures would be 

required to maintain thermal comfort. However, as discussed in Chapter 3, Section 

3.11.1, defining thermal comfort is difficult and literature on the subject reveals that this 

is an area for much debate among academics and the construction industry, and this 

study is the context in which the results in this thesis are likely to be evaluated. 

The mean internal temperatures for a number of models graphs of the standard model 

(A-TRY) and the house with the highest levels of overheating in Chapter 4.6, Model V-TRY, 

with PIR insulation and 5.04m² of additional glazing, were plotted on the Nicol chart (see 

Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22 and Figure 23, 

below). To some extent these results correlated with the findings from Chapter 4.6 that 

showed that discomfort would increase due to improvements in building form and fabric. 

This was demonstrated by the fact that the Model V-TRY was further away from the 

comfort temperature optimum than the standard Model (Model A-TRY) and generally at 

the top end of the 2°C above optimum comfort range, as shown in Figure 20, Figure 21, 

Figure 22 and Figure 23, below. Model A-TRY followed the optimum closely; however, all 

of the houses examined were within the comfort range, for the summer months, even 

Model V-TRY, for all of the climate files. These results indicated that even the houses with 

relatively high internal temperatures, at least compared with the baseline design, might 

still be comfortable as temperatures increase as a result of future climate change because 

it is anticipated that the occupants will adjust to the new temperatures. 
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Figure 16: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford Control weather file  

 

 

Figure 17: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2030 weather file  
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Figure 18: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2050 weather file.  

 

 

Figure 19: Adaptive thermal comfort Nicol chart of the original Britannia Drive Design (Model A-TRY) 
using the Ammanford 2080 weather file  
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Figure 20: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the Ammanford control weather file. 

 

 

Figure 21: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the 2030 control weather file. 
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Figure 22: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the 2050 control weather file. 

 

 

Figure 23: Adaptive thermal comfort Nicol chart of the PIR Insulation and Solar Gain (5.04m²) (Model V-
NCM) using the Ammanford 2080 weather file. 
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While there is evidence that climate change has the potential to cause considerable 

discomfort through heat waves and rising temperatures (IPCC, 2007; Swart et al., 2009; 

Roaf et al., 2009) the results from this study indicated that based on the current CIBSE 

guidelines overheating will be a significant problem. In line with the literature (AECOM, 

2012b) these results point to a range of possible solutions, some of which are more 

technical such as provision for trickle ventilation in otherwise airtight buildings in 

summer, or the application of thermal mass; others are likely to be behavioural and 

societal, such as taking afternoon siestas and spending more time outside (ibid). Although 

such technical solutions are likely to be easier to implement, nevertheless it is certainly 

relevant to take into account likely future behavioural adaptation when considering the 

design of domestic buildings. In this context examples of relevant features are shaded 

outdoor spaces and secure means of ventilation at night. It is apparent from the 

principles of adaptive thermal comfort (Nicol & Humphreys, 2010; Tuohy et al., 2007) it 

that the low rise building type that is the subject of this research has advantages including 

the use of natural ventilation and the presence of outdoor space, meaning that this 

building type is expected to be robust so that only minor adaptations should be required 

to contend with future climate change. 

1.5.1.1 Implications of the Study 

The results of the first study indicate that mitigation measures will be required to 

maintain levels of comfort relative to a conventional scheme, characterised by Britannia 

Drive, in new homes relying on high levels of insulation and air-tightness to reduce 

heating load. However, the adaptive thermal comfort analysis indicated that the focus of 

addressing thermal discomfort issues will be less on the technical solutions, as 

characterised by mitigation methods, outlined above, and more on supporting the kinds 

of lifestyles that are likely to be lived in a warmer wetter climate; with consideration 

being given to outdoor cooking facilities, sheltered outdoor spaces and the like (Gupta & 

Gregg, 2013). It is necessary to consider the provision of solar shading to prevent solar 

gain in the summer months, and also the provision of shaded spaces for shelter from the 

summer sun. Thus the results indicate that the prime driver in adaption strategies will be 

lifestyle changes many of which will be difficult to quantify in technical terms but 

important for the designers to consider. These results, and the interpretations of the 

responses to them, described above, represent a broader debate between the 
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proponents of engineered thermal comfort and those of adaptive, low-technology 

strategies (Darby & White, 2005; Chappells & Shove, 2004).  

The adaptive analysis approach indicated that there might be a rise in temperatures in 

the cases of the houses modelled in west Wales but that these rises are expected to be 

within the scope of a healthy active person’s adaptive capacity. Increased mortality rates 

and other issues are associated with rising temperatures; however the results of this 

research project indicate that in the region under consideration, west Wales, for the most 

part temperatures will be within people’s comfort range. Furthermore it may be 

concluded that people will adapt to higher temperatures if given the opportunity, even in 

houses built to higher levels of air-tightness and with higher U-values. 

These adaptive thermal comfort methods have been validated through numerous 

monitoring studies and the results that they have produced in this instance stand in 

contrast to predictions made about the impact of higher temperature in the UK on health 

as a result of climate change (EuroHEAT, 2009; McMichael et al., 2003; Swart et al. 2009). 

However, it is recognised that there are gaps in knowledge with regard to the impact of 

overheating in domestic dwellings (AECOM, 2012a) and the fact that the adaptive thermal 

comfort for this study is based on monthly mean temperatures means that further 

research is also required to investigate the impact of a short term heat wave of two or 

three days (especially if following soon after a cool spell), although this would mean 

having to adjust the formulae, The use of monthly mean temperatures in this study as the 

basis for examining overheating raised questions about the implications of overheating 

for short periods of time where temperatures exceed the comfort limits and how the 

building types and users might adjust to short term heat waves.  
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1.6 Discussion  

The case studies highlighted that concerns about thermal comfort, while by no means a 

barrier to the development of dwellings in rural areas of Wales; could nevertheless be an 

impediment to the acceptance of low carbon housing. A review of the results from the 

NCM models indicated that reducing the sensible heating load increased the potential for 

overheating. As housing in the UK is currently free running in summer (Hacker et al., 

2005), advanced modelling techniques were applied along with future weather files to 

examine how the energy saving strategies would affect thermal comfort.  For the 

research two different building forms, and four different strategies were combined in 

eight different ways but it was not possible to fully decouple the relationship between 

reduced heating and increased potential for overheating. In some respects, this is not a 

surprising result because the focus of the study was on reducing sensible heating load 

and therefore the study does not include many means to reduce overheating not found 

on a conventional dwelling. However, this study did encompass the two methods used to 

reduce overheating in UK dwellings, thermal mass and ventilation and in accordance with 

the literature it was clear that thermal mass and ventilation could play a significant role in 

moderating both low and high peak temperatures and reducing the number of 

temperatures above 25°C (NHBC, 2012). Thus, although this research did not plan to 

examine overheating mitigation techniques, in effect thermal mass was a mitigation 

measure rather than an energy saving approach.  
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1.6.1 Summary of Findings 
There were a number of findings from this study that are important for considering 

thermal comfort, these are described below: 

• The addition of south-facing glazing fixed lights was useful for reducing sensible 

heating load and the addition of south-facing opening lights; however their impact 

on thermal comfort was determined by whether the additional windows were 

opening or fixed lights. It was identified that the approach to modelling ventilation 

could distort the results and that Models using the additional opening light 

windows were disadvantaged by the use of the Humphreys Algorithm and 

Macroflo. This discrepancy could be addressed by using the ventilation losses of 

the fixed windows and number of hours of temperatures above 25°C of the 

opening light windows; however, this would mean making two sets of models. 

Making the additional windows of the optimum models opening lights was 

effective at achieving significant reduction in the overheating achieved for the 

Optimum Narrow Terrace Models and in the case of the Optimum Compact 

Terrace Models helped to ensure that these models always had a fewer number of 

hours in excess of 25°C than the Original Model (Model A-TRY). In the case of the 

Optimum Narrow End Terrace Model without the use of additional air-tightness 

(Model 4Xe-TRY) the adoption of this approach had gone some way to offsetting 

the effects of climate change. 

• The thermal mass models were effective at reducing sensible heating load and 

reducing the number of hours of temperatures above 25°C and smaller 

fluctuations in internal temperatures. The results from the revised models are 

consistent with the thermal models using the continuous occupancy profiles 

where the thermal mass models were able to achieve savings in both sensible 

heating load and reductions in the number of hours of temperature above 25°C. 

Composite models and the individual models using thermal mass were 

distinguished by the lower fluctuations in internal temperatures meaning that 

they had high low temperature and low high temperatures than the models using 

lightweight construction this can be attributed. In contrast, the composite models 

using lightweight construction had the highest temperature fluctuations of all of 

the composite models.  

53 

sm70356
Rectangle



 

Overview 

• These results were in accordance with both the NCM and continuous models. It 

was also indicated at the start of the chapter that there was a correlation between 

reductions in sensible heating load and a higher potential for overheating. These 

results identify that the Mid-terrace Model might be more vulnerable to 

overheating. However, in the case of the Mid-terrace model (Model J-TRY) 

projecting the results forward using the future climate weather files indicated 

increasingly higher levels of temperatures above 25°C relative to Model A-TRY. 

This result is interesting because previous modelling, in Chapter 5, had identified 

the Mid-terrace Models as probably the most cost-effective means of reducing the 

sensible heating load of a conventional building. However, these results appear to 

indicate that some overheating mitigation measures might be required to 

accompany this approach to offset the higher internal temperatures and longer 

periods of uncomfortable internal temperatures. These mitigation measures have 

the potential to offset the cost benefits of this approach if not carefully considered 

although this hypothesis would be explored by examining the affordable 

Amalgamated Models (see Section 6.4). 

• The Combined Improvement Models (Models W-TRY, X-TRY and Y-TRY) had the 

lowest sensible heating load of the composite models; however, the number of 

hours of temperatures above 25°C was either lower or comparable to the original 

Model (Model A) (see Figure 32, above). These models demonstrate that it is 

possible to develop houses that are able to achieve reductions in sensible heating 

load and levels of overheating comparable with houses built to lower thermal 

fabric standards. The incorporation of thermal mass was important to achieving 

this result and it seems likely that the location of the insulation in building fabric 

contributed although further research would be required to confirm this.  

However, questions remain about whether it would be possible to offset the 

effects of a warming climate and for example to have a model using a 2030 

weather file that would have levels of overheating comparable to an original 

model using a Control weather file. These questions would be explored in the next 

section in the affordable and optimum models. 
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• The Affordable Terrace Models were significant because they demonstrated the 

ability to achieve reductions in sensible heating load by employing an approach 

that was likely to be cost neutral when compared with the original scheme. 

However, based on these results the Affordable Terrace Models would be likely to 

be not only more energy efficient, in terms of reducing sensible heating load, but 

also more comfortable in terms of reducing the hours of temperatures above 

25°C. This was true of both the compact terrace and the narrow terrace and it was 

consistent with the results from the previous chapter, Chapter 5. Both approaches 

had demonstrated that they could achieve a reduction in the number of hours of 

temperatures above 25°C relative to the Original Model (Model A-TRY). In 

addition, both of the models had demonstrated that internal temperature 

fluctuations could be reduced to less than that of the original model (Model A-

TRY); and the implications of these results will be discussed in the next section.   

• Projecting the results forward in time there was a significant increase in the 

number of hours of temperatures above 25°C with the hours almost doubling for 

each data set and reaching a peak of 1007 hours for Model C, nearly a ten-fold 

increase over model A. In relative terms, this increase in temperatures is 

significant. However, applying the principles of adaptive thermal comfort suggests 

that these houses may already have a degree of robustness, in the sense that they 

can adapt to changing conditions without the need for structural changes. Further 

research will be required to consider the impact of adaptive thermal comfort over 

the course of a lifetime to consider the question of whether dwellings being built 

today should be designed to have operational lifetimes of several decades, and 

ideally longer given the current rates of house building in the UK, making the 

impact of climate change an important design consideration. The results 

presented here indicate that when considering dwellings designed for warmer 

summers incorporating passive and active measures, medium to heavyweight 

construction is likely to provide more potential for achieving higher levels of 

indoor comfort and reducing lifecycle CO2 emission. 
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Appendix B: Development of a Best Practice Model 

1 Overview 
This Appendix overview begins by providing a description of the final stage of the 

research project. There were two steps in the final stage of the development of the best 

practice model. The first step was an evaluation process of disseminating the results to 

get feedback on barriers to the application of the best practice model (see Section 1.1). 

The second step was a re-examination of the most significant relationships to emerge 

from Chapters 4 and 4.6 to understand the limitations of the approach proposed. Section 

1.2 provides a description of the final form of the best practice model detailing the 

selection of a format for the tool (Section 1.2.1), a brief description of the layout of the 

best practice model (Section 1.2.2) and describes how it would be flexible enough to 

accommodate a number of built forms (Section 1.2.3).  

1.1 Disseminate research outcomes 

To facilitate the dissemination of the results to the academic community the author 

presented a number of papers arising from this research at conferences and symposia in 

the UK and overseas. A brief description of each of the publications and presentations is 

provided below:  

• The findings from the literature review, described in Chapter 2, were presented at 

the Sustainable Building Conference in Helsinki in October 2011 in a paper entitled 

‘An exploration of the challenges facing developers of affordable dwellings 

following low carbon and ecological principles, in rural locations in Wales’ 

(Hatherley et al., 2011a) (See Appendix C). 

• A paper entitled ‘An introduction and review of the challenges facing a registered 

social landlord and their stakeholders in relation to the design and construction of 

an exemplar low carbon, ecological development in a rural area of Wales’ was 

presented at an Association of Researchers in Construction Management 

(ARCOM) workshop at Leeds Metropolitan University in December 2011 

(Hatherley et al., 2011b). This paper described the first phase of the semi-

structured interviews with the design team of Britannia Drive, as described in 

Chapter 3, Section 3.3 (See Appendix D). 
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• The second phase of the semi-structured interviews, which was with the 

developer of the Pembroke Dock Eco-house, described in Chapter 3, Section 3.3, 

was presented at the Zero Energy Mass Customisable Housing (ZEMCH) 

Conference in Glasgow, in 2012. The paper described a comparison of the Eco-

house with Britannia Drive and was entitled ‘Two Approaches to Developing Low 

Carbon Dwellings in West Wales (Hatherley et al., 2012a)’ (See Appendix E). 

• A fourth paper was presented at the Sustainable Building and Energy Conference 

in Stockholm in September, in 2012. The paper was entitled ‘An exploration of 

design alternatives using dynamic thermal modelling software of an exemplar, 

affordable, low carbon residential development constructed by a registered social 

landlord in a rural area of Wales’ and presented the results of dynamic thermal 

modelling of different approaches to developing Britannia Drive, described in 

Chapter 4 (Hatherley et al., 2012b) (See Appendix F).  

Presenting at academic conferences and symposia aided understanding of the benefits 

and limitations of the research methodology, discussed in Chapter 0, Section 1.1, and 

contributions to knowledge. Presentations were also made to local architectural practices 

engaged in the development of residential architecture and moreover, two workshops, 

which are described below, were held for the development team of PHA from whom 

feedback was sought on the development of a best practice model:  

• In November 2011 an initial presentation was made to the PHA technical team, 

who are responsible for the development of new dwellings. The presentation 

covered the results from the literature review, described in Chapter 2, and the 

results from the dynamic thermal modelling, described in Chapter 4. (This 

presentation is provided in Appendix G).  

• In April 2013 a second presentation was made to the PHA technical team. The 

presentation covered the results from the semi-structured interviews, as 

described in Chapter 3, Section 3.3, developments in the dynamic modelling, 

including the results of the thermal comfort analysis, described in Chapter 4.6, and 

a comparison of Britannia Drive with the Eco-house, which was the focus of 

Chapter 3. At this presentation feedback was sought on the recommendations 

made for best practice model in its current state of development. (This 

presentation is provided in Appendix J).  
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Presenting the findings provided an opportunity to understand the advantages of and 

barriers to the application of the best practice model and to discuss formats for the best 

practice model, which will be described in 1.2.1. The potential barriers that were 

discussed will be described in Section 1.1.1, below. 

1.1.1 General Barriers  
The feedback on the best practice model in the workshops was useful; however, many of 

the barriers described in the semi-structured interviews in Chapter 3, Section 3.3, were 

restated. These barriers, which included issues like availability of sites, affordability and 

development costs were described in the initial studies and literature review in Chapter 2, 

Section 2.2, and had contributed to the development of the best practice model. 

However, by restating these barriers to development in the workshops it could be argued 

that the best practice had failed to address them adequately. There is a case for this 

argument; after all, the best practice model did not propose ways in which the number of 

sites made available to social housing developers could be increased, methods by which 

red tape would be reduced to aid development in rural areas, or methods that would 

reduce the capital cost of PHA schemes based on the their current patterns of 

development. Instead, the best practice model offered ways by which low carbon 

buildings could be developed to be more energy efficient and more comfortable at a cost 

comparable to PHA’s current standard schemes.  

As described above, these responses had validity; however, they also pointed to 

institutional barriers within the organisation. The semi-structured interviews, in Chapter 

3, Section 3.3, had identified reluctance within PHA to deviate from their current patterns 

of development when developing the Britannia Drive scheme as a result of going over 

budget on the original Stranraer Road project, described in Chapter 3, Section 3.8.2. In 

Chapter 3, in Section 3.6, Seyfang (2010) described how there was likely to be resistance 

from mainstream house builders to low impact developments, as characterised in this 

research by the Pembroke Dock Eco-house. However, this final stage of the study 

suggested that there might be resistance to more modest, cost neutral, interventions to 

reduce the carbon footprints of new housing by developers identified by the best practice 

model. Further evidence for these barriers to low carbon buildings is provided in the 

paper ‘Overcoming the Social and Psychological Barriers to Green Building’ by Hoffman 

and Henn (2009) where the authors noted that when technical and economic obstacles to 
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the development of green building had been overcome to make them competitive with 

more conventional schemes institutional barriers remained. Hoffman and Henn (2009) 

argued that progress in implementing green building techniques stalled because of 

significant social and psychological barriers within organisations, which they identified as 

habitual routine, organisational inertia and limited company resources (ibid).  

As described above, in Section 1.1, the Pembroke Dock Eco-houses were presented in the 

second workshop to demonstrate alternative approaches that could be developed within 

the affordable housing budget. At the presentation it was described how the Eco-houses 

had been built for £60,000 (see Chapter 3, Section 3.3) and how elements from this 

approach such as foundation and wall details could be applied to PHA schemes. However, 

the general response was that this approach would be too radical a departure from their 

current developments in spite of the potential benefits in terms of embodied energy 

operational energy for the tenants and capital cost over their current approach. This 

response did, again, confirm the conclusions from the initial studies in Chapter 3, Section 

3.6 where Seyfang (2010) described that the radical version of sustainable housing, as 

characterised by straw build, were not perceived as suitable for scaling up or widespread 

replication by mainstream builders.  

1.1.2 Specific Barriers 
In the course of the two presentations to PHA three other perceived obstacles emerged. 

All three of these arose from the terrace house layout proposed for the amalgamated and 

optimum approaches, as described in Chapter 4. In Chapter 4 it was explained that 

adopting a terrace site layout was one of the most cost-effective ways of reducing 

sensible heating load in new build housing and so these obstacles had the potential to 

affect significantly the application of the best practice model. These three barriers are 

described below: 

• Discussions in the workshop described the CfSH standards as a barrier to the 

development of terrace houses. This response was surprising because, as 

explained in Chapter 2, Section 2.2.1, the CfSH is intended to promote rather 

hinder the development of low carbon housing. The participants in the workshop 

cited the fact that bin and cycle stores would have to be located at the front of the 

site, which would increase the cost of the scheme. In preparing the best practice 

model it was possible to refer to the literature case studies, in Chapter 2, which 
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had been built to CfSH standards at least as high as those of PHA dwellings to 

understand how these CfSH standards might act as an obstacle, and this was one 

of the benefits of using built schemes as case studies. However, the literature case 

studies did not identify the standards of the CfSH when applied to a terrace site 

layout as a barrier to development. In particular, in the example of Clay Fields the 

designs and layouts incorporated communal bin stores; in the example of 

Canmore Place problems were avoided through site layout; and on RuralZED 

Upton the issue was addressed by providing bin stores and cycle stores in the solar 

spaces to the front of the houses. As suggested above, this response could be 

indicative of the existence of an institutional barrier to the application of the best 

practice model but research would be required to explore this.  

• Another obstacle mentioned in the workshop was the requirement for ‘Secured by 

Design’. This is a police initiative to ‘design out crime’ and it guides parties 

engaged in the specification, design and construction of new homes in the 

adoption of crime prevention measures in new developments (Secured by Design 

2009). Interestingly Secured by Design requirements were also cited by the 

architecture critic Owen Hatherley as a barrier to the development of terrace 

houses (Hatherley, 2013). Hatherley argued that:  

‘Terrace houses are a typology that is hailed as a viable solution for 
housing… and one which is essentially legislated against by police 
organised Secured by Design regulations that govern the construction of 
new housing, recommending closed layouts with plenty of fences.’(ibid) 

• However, these contentions that Secured by Design Guidelines present a barrier 

to the design of terrace schemes were not substantiated by study of the 

Guidelines themselves. On the contrary reference to these Guidelines failed to 

reveal any explicit recommendations that would either prevent the development 

of terrace housing or that might favour other types of development such as semi-

detached or detached housing. As before, these factors might be indicative of 

institutional barriers within PHA or possibly these barriers arise from the way the 

standards are interpreted and applied by local planning officials (Local Housing 

Delivery Group, 2012). If this were the case then it would be analogous to the 

obstacles faced by the developer of the Eco-house in his interactions with Building 

Control Officers, described in Chapter 3, Section 3.3.2. 
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• The final specific barrier identified was within the planning regulations and it was 

described in the workshops how planners might be resistant to the types of 

scheme advocated by the best practice model. In this research the role that 

planning plays in the development of low carbon houses has been perceived as a 

complex one. In the literature review, in Chapter 2, Section 2.2.2, it was described 

as an obstacle because of the way it restricts land use and site availability (Fairlie, 

2009) and tends to support preservationists who want to maintain an unchanging 

rural environment (Philips, 2005). However, when examining the development of 

individual houses in the initial studies, in Chapter 3, Section 3.3.2, and 

interviewing developers, planning was not cited as a significant obstacle. This is 

attributed to the fact that the Britannia Drive scheme, and even the Pembroke 

Dock Eco-house, are conventional in appearance when compared with other 

housing schemes in west Wales. However, in the workshop there were concerns 

expressed about the terrace layout, particularly because the embodied energy 

study had identified aspects of the design, which if implemented, would affect the 

external appearance of the building. The study, presented in Chapter 3, Section 

3.4, had described how the substitution of one material for another, such as a 

rendered facade for timber, or clay tiles for cement particle tiles, could achieve 

reductions in embodied energy. As with the CfSH obstacles, described above, it 

was possible to refer to the case studies, in particular Canmore Place, which had 

external timber cladding and a terrace site layout as an indication of whether 

planning might be an issue. Reference to this case study identified that there 

could be resistance to these features from planners. However, at Canmore Place 

this obstacle had been overcome by support for the project from the local 

community, as described in Chapter 2, Section 2.4.2. More recent examples such 

as the Lingwood, Green Gauge Homes development (mentioned in Chapter 3, 

Section 3.4.4, with reference to the substitution of materials to reduce embodied 

energy) had also faced opposition from local planners. The project, which used a 

terrace layout and external timber cladding, was initially described by local 

planners as having too urban an arrangement. However, the planners had been 

persuaded to approve the scheme when it was explained that the layout had been 

adopted to reduce energy use and take advantage of passive solar gain (ibid).  
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1.2 Description of the Best Practice Model 

The final development of the best practice model involved bringing together the results 

from the studies into a format that others could understand. As described in Section 1.1 

this was done in collaboration with the industrial partner, and with reference to the 

issues raised in the workshop to ensure that the results were understandable by the 

industrial partner and their consultants and by others who would be likely to use the best 

practice model but who may not be familiar with the schemes assessed in this research.  

1.2.1 Choosing a format for the best practice model 
The studies in the preceding Chapters had identified a number of principles and 

succeeded in quantifying the energy savings, such as reductions in sensible heating load 

relative to the original Britannia Drive scheme. These principles were set out at the end of 

each section that described lessons for the best practice model in Chapters 2, 3, 4, and 

4.6. In turning these principles into a best practice model, the main reference was the 

definition described in Chapter 1. However the breadth of the definition of a model 

described in Section 1.5.3 meant that the best practice model could have taken one of a 

number of forms, as described below:  
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• A Pattern Book - A pattern book approach based on the amalgamated models, in 

Chapter 4 and Chapter 4.6, was one way that the best practice model could have 

been developed. However although the amalgamated models constituted the core 

of the approach and embodied many principles on which the best practice model 

is based there was a risk that simply using these as pattern books would lead to 

inflexibility. The importance of flexibility would be discussed in the next section, 

Section 1.2.3, where the built applications of the best practice model will be 

considered. 

• Web Tool – A web based tool would be useful for disseminating the research to 

other parties. However there were concerns about whether there would be skills 

within PHA to keep this tool up to date.  

• Generative Parametric model - One of the most interesting possibilities by which 

the results of the studies could be used would be to develop a generative 

parametric model. This model would use the standards to which PHA and other 

housing developers are required to build to form the parameters of a solution 

space by which the scope of the range of solutions described in Chapter 4 and 

Chapter 4.6 could be explored using an evolutionary algorithm. This would be a 

tool based more around building form than around materials and so it is likely that 

the thermal mass options would be fully incorporated. However, from 

conversations with the PHAit became apparent that there are not the skills in the 

office to maintain or develop such a model, which would limit its effectiveness and 

it would become out-of-date.  

• IESVE Model – The interconnectivity of software packages means that it is 

possible to export the IESVE models used in this study to a range of drafting 

software packages and in this way the amalgamated models could become the 

framework for built projects. Unlike the parametric models, described above, 

there are professionals within the PHA design team with access to IESVE and 

knowledge of software. However, it would mean introducing new protocols into 

the development of new housing to accommodate this methodology and it would 

mean that in the case of a project like Britannia Drive the mechanical and 

electrical engineers would in practice lead the design process, because they are 

the only members of the design team who currently use the software. 
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• Written Report - Although this is the least innovative of all of the formats, it was 

confirmed during the workshops and in meetings with the PHA Technical Manager 

and Director cthat this was the form that PHA would be most likely to engage with 

for future development. The best practice model is intended to be used by PHA 

first, and hence the weight that was given to their views, although it is also 

intended to become available for use by other rural Welsh housing associations, 

and their consultants, which include architects, engineers, quantity surveyors and 

contractors. Therefore, it was important that the best practice model was in a 

user-friendly format so that it could be understood and, hopefully, adopted by any 

prospective user. In addition, it was also flexible enough for it to be adapted to 

meet further needs of the key participants subject to information becoming 

available. For example, when new cases studies become available and if 

monitoring of PHA’s properties was undertaken then the results could be used to 

update and refine it, and possibly produce new versions.  

For the reasons described above a report format was adopted; however, in doing so it is 

recognised that the best practice model does not have to remain in this form and tthere 

is scope for one or more of the other formats considered above to be used at some point 

in the future. 

1.2.2 Layout of the best practice model 
The final form of the best practice model was a report to PHA based on the lessons 

described at the end of Chapters 2, 3, 4, and 4.6 along with the analysis provided in 

Section 5.5 of this chapter. The report did not include the details of the methodology or 

the process of developing the best of practice model. A summary of the sections of the 

report is provided below:  

• Best practice model goal and objectives – develop and use clearly articulated 

objectives that are consistent, actionable and measurable  

• Best practice model regulatory and policy environment 

• Best practice model management practice reporting, quality control  

• Adaption to changes in conditions  

• Evaluation and adaptability  

• Recommendation  
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1.2.3 Application of the best practice model 
In Section 1.1 it was explained how one of the reasons why the best practice model 

remained a set of principles rather than a template for complete building or a set of 

pattern books was flexibility. This flexibility would be reflected in the broad range of 

methods that could be used to achieve the principles. To illustrate this point three 

examples of ways in which the principles of the best practice model could be met using 

techniques found in the cases studies but different from the dynamic thermal modelling 

were considered in assessing the best practice model and are provided below:  

• Thermal Mass - Thermal mass was identified from the modelling as useful for 

improving thermal comfort, and in most cases reducing sensible heating load, in 

Chapter 4 and Chapter 4.6. In the thermal modelling thermal mass was introduced 

in two ways, first by reversing the external wall so the blockwork was inside the 

insulation and secondly by replacing plasterboard walls with medium weight 

blockwork. However, within the scope of the case studies there were numerous 

ways in which thermal mass was introduced into the construction. In the case of 

Clay Fields the internal walls were lightweight construction and the hempcrete 

external, and the party walls were the heavyweight element providing thermal 

mass. Conversely, for the RuralZED system, the internal walls were of lightweight 

plasterboard construction and a prefabricated panel in the external wall was used 

as the heavyweight element providing thermal mass.  In addition, thermal mass 

was introduced by way of the floors which were heavyweight where clay floor tiles 

were used.  

• Additional Insulation - In the case of additional insulation, higher U-values were 

achieved by replacing the rockwool between the 140mm studs with PIR insulation, 

as described in the methodology in Chapter 3, Section 3.10.4. The methodology 

chapter also explained that it would have been feasible to increase the size of the 

studs and create additional space within the wall build-up for extra rockwool 

insulation as used on the BedZED and RuralZED schemes, which have 300mm 

rockwool insulation walls to achieve a U-value of 0.11W/m²K (see Chapter 2, 

Section 2.4.3). Other alternatives are the solid wall insulation methods such as the 

hempcrete wall used on Clay Fields with U-values of 0.25W/m²K, described in 

Chapter 2, Section 2.4.3, or the straw bale walls of the Pembroke Dock Ecohouse, 

with U-values 0.13W/m²K described in Chapter 3, Section 3.5.2.  
10 
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• Additional Glazing - In the case of glazing there was less diversity in the case 

studies than, for example, the thermal mass and additional insulation instances 

described above. However, the differences were significant in the case of 

Canmore Place where the window arrangements were similar to those used in the 

PHA case studies. In the case of the Clay Field this was more dramatic and this 

project large punched windows on the south façade. Windows could be added to 

the model either as closed or opening lights to and either to the left or the right of 

the existing light. This had the benefit of maintaining the glazing under the eaves, 

which provided some protection from solar gain to windows on the first floor.  

In all of these cases the original decision to take the approaches that formed the basis of 

the solution, described in modelling and used in the amalgamated model was taken to 

ensure that the proposal for reducing energy would be comparable to the original 

Britannia Drive scheme and not to deviate from this scheme. And in outlining these 

alternative approaches the principle should be borne in mind that the more deviations 

from this approach the more the uncertainty in terms of cost. The application of the best 

practice model to a new UK housing development demonstrates that using a combination 

of approaches based on monitored projects and shows great potential for reducing the 

carbon emissions of rural developers. In addition, such an approach is likely to be more 

cost-effective than approaches that currently form the basis of developers such as PHA’s 

model of development. In addition, unlike other models of development, the best 

practice model considers low carbon development in the context of people’s behaviour, 

future climate scenarios, and barriers to the applications of the approach. The literature 

identified that rural housing has received little attention so far and shows real potential 

for reducing carbon emissions in new housing. 

It will encourage the grouping of buildings to reduce external surface area, increase 

affordability and reduce embodied energy in construction. It will encourage the use of 

thermal mass construction, shown by dynamic thermal modelling to be beneficial in 

homes with long hours of occupancy and suitable for low grade heat produced by air 

source heat pumps and ground source heat pumps, which are increasingly being adopted 

in rural areas without access to mains gas (NHBC, 2007). It will identify the potential for 

future overheating due to issues of climate change and recognise the importance of 

cooling strategies. It quantifies the benefit of thermal mass as part of an energy saving 
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strategy; its benefit in moderating overheating and, to a lesser extent, its benefit in terms 

of its embodied energy. Although these approaches have been known to many 

professionals working in the sector for some years this thesis has made a contribution to 

this debate by providing an evidence base to support these claims. 

1.3 Key benefits of the research for the industrial partner 

In the semi-structured interviews, in Chapter 3, Section 3.3, and the literature review, in 

Chapter 2, it was recognised that house builders are under increasing pressure to ensure 

their designs minimise resource use and carbon emissions. The industrial partner PHA, in 

supporting and co-operating with this research project, indicated a willingness to look 

beyond merely meeting their legal obligations and examine how their developments can 

be made more ‘green’. This demonstrates their willingness to address issues of social and 

environmental responsibility. The Best Practice Model, described as a report in the 

Appendix B, can help them identify the most appropriate and effective opportunities for 

reducing carbon emissions in their developments and meet these aspirations. In addition, 

by applying the best practice model to support planning applications barriers to the 

development of low carbon can be addressed in the broader community. 
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Summary 
 
This paper discusses the challenges in developing ecological, low carbon and affordable dwellings 
in rural areas of Wales; since much of the funding in the UK is often focused on urban 
development. The Welsh Assembly Government (WAG) is committed to the aim that the 
construction of new homes moves towards zero carbon as soon as possible. There is a need to 
ensure that this strategy recognises that one size does not fit all; and understanding and 
addressing these issues will be fundamental if WAG objectives are too achieved in rural areas. 
This paper discusses a three year research project, which commenced in autumn 2010 in 
collaboration with the University of Wales Institute Cardiff (UWIC) and Pembrokeshire Housing 
Association (PHA), a registered social landlord and developer of affordable dwellings; to create a 
development model for affordable, low carbon, ecological rural dwellings to achieve WAG targets. 
This paper will be of use to rural developers, designers and architects.  
 
Keywords: affordable, rural development, ecological, low carbon, dwellings, Wales. 

 

1. Introduction 
 
This paper discusses and illustrates some of the research, which is part of the first author’s         
doctorate project, which commenced in November 2010 in the Ecological Built Environment 
(EBERE) group at UWIC, in collaboration with PHA; both organisations are situated in Wales, UK. 
This work is to develop and test a best practice model for ecological, low carbon and affordable 
dwellings that could be constructed in rural areas of Wales, UK. This paper reviews the challenges 
in developing low carbon affordable dwellings in rural Wales and begins by reviewing the back-
ground literature to support the research, which includes the economic context for rural develop-
ment in Wales; the challenges presented by the Welsh Assembly Governments’ (WAG) decision to 
push for the development of low carbon dwellings ahead of England in as near to 2011 as possible; 
the nature of the rural Welsh construction industry; the problems of affordability of dwellings rural 
areas; and the issues surrounding the dwellings planning system in rural areas. The proposed 
methodology for the research project is discussed as are the expected outcome. The paper con-
cludes by offering possible directions to addressing the issues surrounding the development of low 
carbon dwellings in rural areas of Wales, UK.  
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2. Background and Context 
 
2.1 The challenges of the Rural Economy in Wales 
In the report entitled ‘The New Rural Economics’, Kilkenny [1] outlined how the challenges faced 
by rural communities have been explored by economists and refers to the economist Edgar Hoo-
ver, who identified three foundation stones to the understanding of economics at a regional level:  
 

“To sum up, an understanding of spatial and regional economic problems can be built on 
three facts of life: (1) natural resource advantages, (2) economies of concentration and (3) 
cost of transportation and communication.” [2] 

 
These Hoover and Giarratani, (referred to H&G hereafter) (1999) ‘facts of life’ identify many of the 
challenges facing rural communities in Wales and understanding the effects of these factors it is 
possible to identify the difficulties of developing affordable dwellings in rural areas. By applying 
these H&G [2] factors to a single county (Pembrokeshire) in Wales the authors believe that build-
ing development can be influenced from the macro-economic level down i.e. the regeneration and 
development of cities to the micro-economic level i.e. the construction of individual dwellings. 
 
Taking Pembrokeshire, in west Wales (UK), as an example it is possible to examine the issues 
raised by its natural resources advantage, characterised by the county’s rural amenities, which 
include 243 miles squared of national parkland and an extensive coastline. A consequence of 
these rural amenities is that the county attracts many in-migrants from the from urban areas of 
England, termed counter-urbanisation, and many of its dwellings are owned as second homes by 
people whose main residence and employment is outside the county raising property prices and 
therefore making dwellings unaffordable for many local people [3]. In addition, the rural attractions 
of Pembrokeshire mean that there are tight planning controls over the location and appearance of 
new buildings, restricting development and further raising the price of dwellings. These restrictions 
on development are particularly strict in the Pembrokeshire Coast National Park [4-5]. 
 
This effect of middle and high income in-migrants moving into rural areas drawn by rural amenities 
was identified by Jonathan Murdoch in ‘The Rural Economy and the British Countryside’ [6]. Mur-
doch observed that, with regard to the built environment, the influx of middle and high incomes 
people leads to traditional buildings being bought and restored and local ‘features of interest up-
held as ‘sacred goods’’. Murdoch also identified that politically active middle class in-migrants are 
resist most types of development except those that fit the local aesthetic in the rural areas in which 
they reside. Murdoch used the term ‘preservationism to describe the effects of these in-migrants 
on rural locations. A consequence of the ‘preservationist’ approach towards existing traditional 
properties is that Housing Associations in areas with high natural capital subject to in-migration, 
such as Pembrokeshire, are forced to focus on new-build developments as a means to meet social 
housing need, based on the experience on PHA [Ibid]. 
 
With regard to economies of concentration, the population of Pembrokeshire is very low at 117,300 
people, or 72 people per kilometres squared (km2) [7], compared with 227,100 people/km2 in 
Swansea [8], or 601 people/km², and 300,000 people/km2 in Cardiff [9]. The majority of residents in 
Pembrokeshire live in villages and across the county’s 1618 km² there are five main towns: Milford 
Haven, Pembroke Dock, Tenby, Haverfordwest and Fishguard [7]. From PHA’s experience of de-
velopment in the county of Pembrokeshire, the lower population in the county compared with the 
other counties discussed above, in Wales means that there are fewer design and construction 
teams for developers to commission. Thus, the market for construction service is less competitive 
leading to higher tender returns than in urban areas making tender returns higher as identified 
Wales Rural Observatory (WRO) report ‘Housing need in Rural Wales’ [10]. 
 



 

Finally, transport routes and transport durations are much longer in rural Pembrokeshire than in 
urban areas, such as Cardiff or Swansea, which adds to costs, based on the experience of PHA. 
Despite the issues outlined above WAG does not provide additional funding for housing associa-
tions that develop in Pembrokeshire and weekly salaries are 12% lower in Pembrokeshire than the 
Wales average [7]. In Cardiff, residents on average earn 4.5% more per year than residents in the 
rest of Wales [9]. 
 
2.2 The Challenge of Delivering Low Carbon Dwellings  
 
Wales is one of the few countries in the world to place sustainable development at the core of its 
constitution and Section 79 of the Government of Wales Act 2006 [11] established an ongoing 
requirement for WAG to promote sustainable development. This commitment has contributed to 
the decision of Welsh Assembly Ministers to take a lead over other regional assemblies in its their 
approach to meeting UK and European legislative requirements to reduce carbon emissions from 
the built environment set in the Climate Change Act 2008 [12] and the Buildings Directives 2002 
[13] and 2010 [14]. In responding to these requirements WAG has set an objective for the 
construction of new homes to move towards zero carbon as soon as possible; and announced a 
target for this to be implemented by 2011 [15].  
 
In support of this accelerated timeline towards zero carbon, WAG received devolved powers from 
the UK’s national government at Westminster in November 2009. Since September 2010 all new 
dwellings in Wales have been required to meet code level three of the Code for Sustainable 
Homes (CfSH) to receive planning permission [15]. Control of the Building Regulations in Wales is 
set to be transferred to Welsh Ministers from 31 December 2011 [15].  The transfer will enable new 
building regulations (primarily involving changes to the current Approved Document L 1 (ADL1)) to 
be applicable in 2013 following a consultation process in 2012 [16]. As a first step to zero carbon, 
an improvement of 55% over the 2006 edition of ADL1 of the Building Regulations will be 
implemented in 2013. This accelerated programme is several years in advance of the ADL1 in 
England, Northern-Ireland and Scotland and presents considerable challenges for the Welsh 
construction industry. 
 
One of the principle challenges faced by developers and designers of low carbon schemes in 
Wales is that the current low level demand for dwellings compared with England, means that many 
suppliers have held back on developing products for low carbon dwellings and many new products 
are unlikely to be available until the construction industry in England provides this demand. As zero 
carbon (CfSH Level five) is not due to be mandatory in England until 2016 [17] and with house 
builders likely to land bank planning consents for some time after that, it may not be until 2017 or 
2018 that products for zero carbon dwellings will emerge into the market place that are suitable 
[18]. For many manufacturers the Welsh construction industry is too small to commit to substantial 
product development when compared to the English construction industry, which is over 22 times 
larger based on quarterly output from the period of November 2010 to January 2011 [19]. 
 
In addition to developing new products, developing new skills in the construction industry is 
another challenge posed by WAG’s accelerated programme. The standards for low carbon, 
ecological homes, as characterised by the CfSH are more vulnerable to the performance of the 
external envelope and build quality. In addition, these standards also frequently require the 
installation of new technologies ranging from micro-generation technologies, including ground 
source heat pumps or photovoltaic panels, to the application of technologies not generally used in 
dwellings in the UK, such as heat recovery units. Meeting the challenge of raising the performance 
of the building fabric and installing and maintaining renewable technologies will mean developing 
new skills for many contractors [20].To compensate for the current lack of skills within the 
construction sector in Wales there has been a drive among some contractors and manufacturers to 
develop newer forms of construction, such as thin bed mortars, structural insulated panels and pre-
fabricated construction to meet higher building envelope standards [18]. 
 
A consequence of this lack of products and skills is that currently low carbon dwellings have higher 



 

capital costs compared to dwellings built using traditional construction techniques. There are a 
number of reports examining what the uplift in cost necessary to meet each of the levels of the 
CfSH when compared to a similar home built using current standards (ADL1). The figures range for 
uplift in capital costs vary considerably: 10% to 43% for a CfSH level five end terrace in the 
Communities and local Government Report [21]; 35% for a CfSH level five end terrace in the 
Gentoo report [20]; and 59% to 64% for a CfSH level five semi-detached house in the Lee 
Wakemans Report [18]. However, these reports examined theoretical dwellings built in non-specific 
locations without taking into account regional economics and the potential challenges of 
economies of concentration and transport costs outlined by H&G [2]. 
 
3. The Rural Welsh Economy  
 
3.1 The Rural Welsh Construction Industry 
 
In rural areas of the UK construction firms are characterised by their small size, 94% of rural firms 
employ ten or fewer workers with 43% employing up to two people and 20% employing between 
three and five employees [22]. Many rural construction firms have considerable experience in the 
residential sector with 37% to 60% citing domestic building installation, completion and repair as 
their main work [22]. In Wales; the Wales Rural Observatory Business Survey [23] outlined some of 
the characteristics of these small construction firms, as described below: 
 
• They are run by local people and the most important factor influencing the decision of the 

directors to locate the business in rural Wales was because they were already living there. 93.8% 
of construction industry businesses cited this as a reason why they had chosen to locate their 
business in rural Wales as compared to an aggregate of 81.3% in the survey [23]. 

• There was a desire from many construction industry recipients to the survey to keep their 
businesses small. The statement: ‘I would definitely like the business to grow’ scored highly on 
aggregate (70.2%); however, only 49.5% of construction businesses agreed with this. 

• With regard to customers only 26.5% of construction respondents to the survey had customers 
more than 100 km away from the business premises, suggesting the local nature of their 
market, and 50% of construction sales were generated from other small businesses against an 
aggregate of 27% of rural businesses [Ibid]. 

 
As discussed in Section 2.2 above, the construction of low carbon dwellings can require specialist 
construction techniques, especially when zero carbon is set as an objective. It is in this regard that 
rural construction firms can be seen as lacking because their small size and the dispersed nature  
of their market means that a third focus on the general building market and only 18% of firms offer 
a specialisation (and that was only in joinery) [22]. These results highlight a lack of skills necessary 
to develop zero carbon homes in rural areas. In addition, many rural construction firms do not have 
access to the specialist supply chains being utilised by some contractors in urban areas to over-
come a lack of skill in their workforce. This lack of a specialist supply chain was apparent from the 
Countryside Agency report which highlighted the fact that 89% of rural contractors rely on builder’s 
merchants as their principle source of supply for construction materials, as opposed to specialist 
suppliers that could provide guidance to ensure the high quality standards necessary to deliver 
zero carbon homes [Ibid]. In the Wales Rural Observatory business survey 78.4% of recipients 
from the rural Welsh construction industry said that their suppliers were located less than 30 km 
from their business premises suggesting very short supply chains [23]. 
 
The difficulty in building low carbon dwellings in rural Wales is confirmed by the experience of PHA 
building CfSH level four dwellings in Pembrokeshire under the WAG’s Pathfinder Housing scheme. 
PHA’s original attempts to achieve CfSH level four using a building fabric based approach were 
found to be unaffordable based on the budgets available from WAG. PHA eventually met the 
standard by utilising the fabric design of their CfSH level three dwellings, with the addition of 
photovoltaic panels to upgrade the property. The decision by PHA and its design team to using a 
tried and tested methodology for the building fabric, relying on a workable supply chains for west 



 

Wales illustrates that achieving low carbon dwellings through a fabric led approach is particularly 
challenging in rural areas without capital investment, the development of rural supply chains or the 
development of specific local solutions. 
 
The Countryside Agency report [22] explained that significant sustainability and local economic 
benefits could be gained from encouraging greater locality of supply of primary products originating 
in rural areas such as aggregates, quarry products, timber, and blocks, bricks and tiles. However, 
there are a number of examples where the sourcing of local materials can been taken beyond 
supplying aggregates and quarry products and could go far as utilising the agricultural capacity of 
the rural economy to grow materials. Examples of this include the RuralZED house developed by 
Bill Dunster [24,25], the Modcell system [26] or Ty Unnos [27] which utilise local grown prefabri-
cated components to achieve low carbon design. By utilising modular prefabrication based on re-
newable resources (especially wood) these systems can overcoming skills shortages. The Centre 
for Advanced and Renewable Materials identified that Wales is well placed within the UK to exploit 
this emerging technology of locally grown prefabricated construction systems through strong links 
with agriculture, access to R&D capabilities and a wide portfolio of funding sources [28]. 
 
3.2 Affordability of Dwellings in Rural Areas of Wales  
 
As discussed in Section 2.1 above, there are a number of factors acting on the affordability of 
dwellings in rural areas such as in-migration and the purchase of second homes has been one of 
the most influential factors rural and coastal tourist areas of Wales. As a result between 1997 and 
2003 house prices in the nine rural authorities in rural Wales increased by an average of 82.9% 
compared to an all Wales increase of 73.2% [10]. The report identified the continuing effect of 
theses factors combined with the uplift in house prices associated with low carbon homes would 
compound the current shortage in affordable dwellings in many rural areas of Wales.  
 
Since the publication of the Wales Rural Observatory survey in 2006, there has been a recession 
causing house prices across the UK to fall between January 2008 and March 2009, and this has 
affected Wales by producing an overall decrease in the need for affordable dwellings [29]. A study 
conducted by Wales Rural Observatory [29] revealed that the recent downturn in the dwellings 
market has had little impact on the affordability of dwellings in rural areas as despite falling prices, 
dwellings are becoming less affordable due to the difficulties in securing required mortgages and it 
is now more difficult for new entrants and those on low incomes to enter home ownership [29].  
 
3.3 Planning as an Obstacle to the Development of Rural Housing 
 
The rural planning system in the UK has come under criticism for creating an environment in which 
dwellings has become unaffordable for many living in rural areas. In his book ‘Low Impact Devel-
opment: Planning and People’, Simon Fairlie [30] argued that the current system for rural planning 
dating back to the Town and Country Planning Act of 1947, operates to restrict the amount of land 
that is allocated for residential uses. Fairlie argues that the restrictions result in a scarcity of devel-
opment land in rural areas; monopoly control by corporations who buy options on land likely to be 
allocated escalating its price; a lack of affordable dwellings and ‘massive indebtedness of a large 
proportion of the population with a host of other repercussions including overheating of the UK 
economy and the 2007 to 2008 credit crunch’ [Ibid].  
 
While many people would not go so far as to level the cause of the credit crunch on the UK plan-
ning system there is certainly a belief that it is an obstacle to addressing dwellings need in rural 
Wales by some developers. A criticism levelled at the planning system is that its policies tend to 
reflect UK and WAG policies rather than local preference [10]. Conversely, some RSL developers 
have noted that local opposition to development, including social housing, was a significant factor 
in restricting development and ‘ruralness’ with its associations with landscape and beauty often 
made planning an emotive subject [Ibid]. 



 

Table 1 Project work plan 

  
Within planning authorities there is awareness of the need for affordable dwellings in rural commu-
nities and Pembrokeshire’s Planning Guidance [31] allows, affordable dwellings to be built in or 
near a settlement ‘in exceptional circumstances where there is proven local need’. However, there 
is still some debate as to how successful these ‘exception sites’ have been for providing affordable 
dwelling and to what extent the planners should intervene to ensure that land that would not oth-
erwise be permitted for dwellings should enable dwellings to be built at an affordable price [10].   
 
Fairlie [30] argues that more fundamental change to the planning system is required to address 
issues of environmental degradation and provision of affordable dwellings. People should be al-
lowed to build anywhere if they conform to agreed environmental criteria argues Fairlie. This ap-
proach would eliminate the artificial prices attached to allocated land and would ‘create an incen-
tive for developers to compete with each other not by outbidding each other for scarce develop-
ment sites but by drawing up projects that judged to be more sustainable than those of rivals’ ar-
gues Fairlie. There is a precedent for the type of low impact development advocated by Fairlie [Ibid] 
in Pembrokeshire at Lammas Eco-village which was the subject of a prolonged planning process 
[32]. The success of Lammas’ planning proposal led to the concept of low-impact development 
being recognised by the local Planning Authority through Pembrokeshire's policy 52 [33] and the 
rest of Wales through ‘TAN 6: Planning for Sustainable Rural Communities’ [34]. 
 
4. Research Methodology 
 
With regard to developing a methodology for the research programme, the literature review has 
identified the following weaknesses in existing literature: 
 

• There is little current information on the rural Welsh Construction industry, as demonstrated 
by two key sources of information on the Welsh and UK rural construction industry, which 
have not been updated since 2004 [10, 22].  

• This lack of recent information on the current rural Welsh construction industry underlines 
that little research has been conducted on how rural developers have been adapting to 
meets the challenges, set by WAG, of producing low carbon rural housing. 

• There is a lack of information on the experience of designers, developers and builders in 
Wales building low carbon dwellings what they consider as the most effective means of 
achieving affordable, low carbon dwellings in rural locations.  

• The question about the development of experience is especially true of the dwellings built 
through the WAG’s pathfinder programme and at the time of writing (March 2011) there is 
still no information on how successful the pathfinder houses have been in achieving their 
objectives. This lack of information is exacerbated by the fact that WAG has not provide 
funding for monitoring the in-construction or post occupancy thermal performance of low 
carbon dwellings to assess whether low carbon design has translated into low carbon con-
struction and operation. 

• There is little information on the availability of the specialist skills, supply chains, materials 
and components required for building low carbon ecological rural Wales.   

 
 
 

Work 
Packages  

Description  

WP1  Literature review on appropriate rural dwellings systems/monitoring 
WP1 develops a conceptual framework for the research project and literature review. 
The literature review includes legislative and policy drivers; ecological building fabric 
approaches; renewable energy systems; research techniques used in interviews and 
monitoring environmental performance in dwellings; and procurement methods. 



 

WP2 Monitoring – post occupancy evaluation, physical monitoring and analysis  
WP2 investigates the success of the strategies adopted by rural developers in achiev-
ing CfSH Level three and Level four with the aim to obtain information, using energy 
monitoring and questionnaires on the following: existing energy use; factors which 
influence energy use; attitudes toward energy efficiency.  

WP3 Analysis of qualitative and quantitative data from case studies  
WP 3 will evaluate the performance of case study houses and identify factors influenc-
ing thermal performance, resource use and occupant comfort and behaviour.  

WP4  Production of a draft rural model for ecological and low carbon Dwellings 
Communities  
WP 4 undertakes analysis and interpretation of factors influencing thermal perform-
ance, energy use and occupant comfort and behaviour to aid development of a best 
practice model. 

WP5 Development of Best Practice Model for Rural Ecological and Low Carbon 
Dwellings Communities  
WP5 will apply and test the best practice model design guide approach on vacant 
sites as part of Pembrokeshire Housing Association’s landbank. 

WP6 Dissemination of research outcomes 
WP6 will bring the research together in a format that will make it readily usable by the 
rural developers. The project is due to be completed in October 2013. 

 
The overall aim of the first author’s doctorate project is to develop a best practice model for the 
development of low-carbon, ecological, low rise rural dwellings, for a 21st century Wales. To 
achieve this objective the work plan above has been prepared (Table 1) highlighting the various 
work packages.  
 
The outcomes of the research are expected to be relevant to the design of low carbon rural 
dwellings and the development of methodologies for improved environmental performance. This 
research will also provide a framework for future development by rural Welsh housing associations 
for low carbon, ecological housing development addressing issues such as procurement, design, 
local resources and the ongoing affect of the occupants on building performance. 
 
5. Conclusion 
 
The paper has set the background and context for a doctorate research project that commenced at 
UWIC in November 2010 to develop a best practice model for low carbon, ecological and 
affordable dwellings for rural parts of Wales, UK. The paper has provided a comprehensive review 
of literature specific to rural dwelling development in Pembrokeshire, Wales. The key findings arise 
from recognition that WAG’s targets presents a considerable challenge to for the Welsh 
construction industry especially in rural areas with short supply chains and a shortage of skills. The 
decision by PHA and its design team to construct its dwellings relying on a workable supply chains 
for west Wales illustrates the difficulties of building affordable low and zero carbon dwellings in 
rural areas without support whether  through capital investment or planning support such as 
‘exception sites’.  Potential exists to utilise the rural economy to develop new supply chains; 
however, it could be argued that capital investment would be required to release this capacity. This 
literature review when assessed in terms of H&G [2] facts of life suggests that within the emerging 
eco-economy of the twenty-first century Wales there lies the potential for the first factor, natural 
resource advantages, to offset the disadvantages of the second and third factors, economies of 
concentration and costs of transportation and in doing so revitalise rural areas. 
 
The key challenges facing the doctorate have been discussed and include a lack of recent informa-
tion on the rural Welsh Construction industry and how successful attempts to develop the knowl-
edge base of designers, developers and builders in rural Wales have been and based on their ex-



 

perience to date. The methodology for the research project have been discussed and will include 
post occupancy evaluation, physical monitoring and analysis and development of a practice model 
design guide. The outcomes of the research are expected to be relevant to the design of low car-
bon rural dwellings and the development of methods and methodologies for improved environ-
mental performance. This research will provide a framework for future development by rural Welsh 
housing associations for low carbon, ecological housing development addressing issues such as 
procurement, design, local resources and the effect of the occupants on building performance.  
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In October 2010 Pembrokeshire Housing Association (PHA) completed a 
development of six residential units, as part of the Welsh Government pilot project 
scheme to promote the development of sustainable housing in Wales. Researchers 
from Cardiff Metropolitan University, are working in collaboration with PHA to 
understand the obstacles that were encountered in developing their pilot project, and 
consider the effectiveness of the scheme in achieving its low carbon objectives. This 
paper explains the methodology and results of structured interviews that were 
conducted with the design and construction team considering their approach to low 
energy design; the development of the environmental strategy of the project; 
perception of obstacles to the design process; and interaction of the design with the 
building users. The initial results of the interviews highlight the problems associated 
with developing low carbon schemes to a tight budget and also suggest that there is a 
degree of dislocation between the design team and the end users. The broader 
implications of the results are discussed with regard to a three year research project to 
develop a best practice model to develop innovative, affordable, low carbon housing 
in rural areas of Wales. 

Keywords: Design, Green Buildings, Housing, Post-occupancy evaluation, 
Sustainability. 

INTRODUCTION 
In March 2010 Pembrokeshire Housing Association (PHA) completed a development 
of six residential units on Britannia Drive, in Pembroke Dock, built to Code for 
Sustainable Homes level four, as part of the Welsh Government Code for Sustainable 
Homes (CfSH) pilot project. The Welsh Government CfSH Pilot Project started in 
                                                 
1 sihatherley@cmu.ac.uk 
2 jlittlewood@cmu.ac.uk 
3 jcousell@cmu.ac.uk 
4 ageens@cibse.org 
5 nigel.sinneett@pembs-ha.co.uk 
6 wes.cole@pembs-ha.co.uk 



 

 

2008 and used a portion of the Social Housing Grant programme to support twenty 
two schemes throughout Wales to understand issues arising from developing 
dwellings to meet levels four and five of the CfSH (Welsh Government 2011). The 
initiative formed part of a broader strategy by the Welsh Government to move towards 
zero carbon construction based on the CfSH and culminated in amendments to 
Planning Policy, in September 2009, requiring all new housing developments of over 
five units in Wales to meet code level three of CfSH to receive planning permission 
(Welsh Assembly Government 2010). It was hoped that the exemplar pilot projects 
would help the industry develop the skills and supply chains required to deliver low 
carbon dwellings and assess the implications of building to higher standards of the 
CfSH. In addition, it was also believed by the Welsh Government that these projects 
would inform the timetable for achieving the aspiration for all new homes to be zero 
carbon (Welsh Government 2011a). 

Funding was not provided within the pilot project initiative to investigate the 
differences between developing housing in urban areas of Wales compared with rural 
areas, such as Pembrokeshire; consider the relationship of the designers to the end 
users; or review whether the standards set by the initiative were being achieved in the 
completed buildings. An extensive on-site monitoring was envisaged as part of this 
scheme but was restricted due to economic constraints (Welsh Government 2011). 
This means that many of the project’s ambitions of assessing the implications of 
building dwellings to higher standards of the CfSH and looking at the impacts of 
higher standards will have on fuel costs and carbon emissions have been largely 
undermined. This failure to provide widespread monitoring of the pilot projects is 
significant in light of increasing evidence that designs produced for low and zero 
carbon housing are not achieving their expected designed performance on completed 
buildings (Zero Carbon Hub 2010). 

In order to consider how the issues of design and building performance were being 
addressed on the PHA’s own pilot project researchers from the Ecological Built 
Environment Research & Enterprise group at Cardiff Metropolitan University are 
working with PHA to develop a monitoring programme of their scheme. This 
monitoring programme forms part of a doctoral research project to develop a best 
practice model for affordable, ecological, low carbon dwellings in rural areas of 
Wales. A first step in approaching the evaluation of PHA’s Pilot project which 
reached practical completion in March 2009 is to consider the following questions:  

• Are the final dwellings achieving the standards set by the design? 
• What are the barriers to low carbon design in rural areas? 
• What are the factors that influenced the design of the project?  
• What was the nature of the relationship of the design team with the tenants? 
•  How successful have the designs been in meeting the user’s (tenants) comfort 

requirements? 
 

This paper discusses the methodology and results of structured interviews with the 
design and construction in relation to the questions above and provides an insight into 
their approach to the low energy design of the scheme.  Structured interviews were 
also prepared for the tenants considering a range of issues including occupant 
behaviour, occupant attitudes, energy use, perception of comfort and interaction with 
building control systems but at the time of writing this paper none of the occupants 
have volunteered to take part in the study. 



 

 

METHODOLOGY 
A combination of open and closed questions was used for the structured interview 
questionnaire, which were designed to last between forty minutes to an hour. The 
questionnaire was divided into five sections, which are as follows: 

• the first section asked for contact information;  
• the second investigated the participants general approach to low carbon 

housing design;  
• the third section was specific to the pathfinder house and asked about various 

influences on the low carbon design;  
• the fourth was again specific to the pilot project and asked about obstacles to 

the scheme’s development;  
• the final section asked about consideration for the building users in the design 

process.  
 

Closed questions were used to establish the theme of each section and to provide 
easily comparable results and open questions were used to provide more detailed 
answers. Interviewees were provided with opportunities to qualify their responses to 
the closed questions at the end of each section; however, in practice, as the interviews 
were recorded, the interviewees generally explained their answers as they responded 
to each question. 

This approach of using open and closed questions can be criticised for making the 
examination of results more difficult and there is evidence that using a combination of 
open and closed questions can mean that interviewee’s shorten their responses to the 
open questions (Vitale et al 2008). However, in practice it provided a useful means to 
raise points in structured manner that the interviewee might not have otherwise 
considered. This approach proved particularly effective with regard to questions about 
the relationship of the design team with the building users.  

A seven point Likert item approach was employed for the closed questions with 
interviewees asked to rate various factors such as, for example, 'whether they saw 
planning policy as an obstacle to development' from 1(“None at all”) to 7 (“A lot”) 
(Johns 2010). The open ended questions were generally related to the closed questions 
and asked questions such as ‘Do you think that user behaviour will be a significant 
factor in the energy efficiency of the pathfinder houses since construction?’ To 
overcome some of the problems of consolidating data generated by open and closed 
questions the software package NVivo was used to analyse the results.  

The small sample of seven key members of the design team allowed one to one 
interviews to be employed to gather information for this stage of the research. The 
interviewees included the following professionals:  

•  Development Officer 
• Quantity Surveyor 
• Architect 
• Mechanical Engineer 
• Electrical Engineer 
• Clerk of Works 
• Contractor 

 



 

 

Because of the ongoing nature of the research with PHA the interviewer had met most 
of the interviewees on previous occasions. The fact that the interviewee’s were aware 
of the research could well have resulted in some social desirability bias in responses 
(Marlowe and Crowne 1961) and there is evidence that it socially desirable to be seen 
to promote sustainability in the work place (Payne and Raiborn 2001). However, 
given the context of the research project it would have been difficult to design social 
desirability bias out of the questionnaire and there is evidence that researchers who are 
familiar with their respondents can arrive at a level of understanding that will result in 
their answers being more honest (Miyazaki and Taylor 2007).  

It was recognised in preparing the questionnaires that the specific nature of some of 
the questions and the broad nature of the different disciplines in the design team may 
mean that not all of the participants would be in a position to answer the questions to 
the same level of detail. This aspect of the data gathering would be difficult to design 
out and, for example, another approach might have been to prepare separate 
questionnaires for each one of the different disciplines each individually catered to 
their approach. However, this would have been time consuming to prepare and, more 
importantly, would have made comparison of results difficult. 

 

RESULTS  
As mentioned in the previous section, the nature of the interview topic meant that 
there was potential for social desirability bias; however, the evidence for this is 
limited to some of the responses in the last section about consideration for the building 
users in the design. For example, a socially desirable response was evident in the 
answer to the question of ‘whether user attitudes were a consideration in design 
process?’ One interviewee answered that ‘I would like to say yes but I am just trying 
to think where we actually applied that to our design process - I would say yes.’ Un-
evidenced responses, such as this, especially when they go conflict with other 
answers, suggest that in this case the interviewee was providing a socially desirable 
response.  

With regard to acquiescence bias, whereby the interviewee has a tendency to agree 
with all the questions or indicate a positive connotation, there is some evidence of this 
from one of the participants. However, the acquiescence bias of this participant 
appears to be limited to sections three and four.  

 

General Approach to Low Carbon Housing Design 
With regard to the initial questions about the interviewees general approach to the 
design of low carbon housing and what they considered as cost effective approaches 
there was a high level of agreement, which is interesting considering the range of 
disciplines interviewed. Virtually all of the participants rated passive solar heating, 
natural ventilation, natural daylighting, improved insulation, improved levels of 
airtightness and thermal mass as cost effective measures with ratings of five or higher 
in the closed questions (see chart one below). The fact that there was so much 
agreement on the cost effectiveness of these passive design approaches in the 
development of low carbon housing raised the question with the interviewer of why 
these approaches had not played a greater role in the exemplar project which relied on 
photovoltaic panels (PV) to achieve CfSH level four.  



 

 

Chart 1: Perception of the relative cost effectiveness of various design approaches to achieve 
low carbon housing 

 
As previously mentioned, PV played a considerable part in the pilot project achieving 
CfSH level four; however, the closed question responses gave this technology the 
second lowest overall score of all the options presented.  However, as the interviews 
progressed the justification for using PV on Britannia Drive became apparent in 
responses such as the one below:  

“That’s [referring to PV] better for the housing association because of feed in tariffs - 
if we can ever get them sorted out. So I would say that's a win win for the both 
housing association and end user so I would rate that quite highly.” 
In addition, it was apparent that various members of the design team saw PV as 
suitable for social housing projects, for its ease of use and the fact that it requires little 
or no interaction with the tenants. This was explained in one of the responses below: 

“the reason why we got to PV and solar was because we considered that you could 
have other systems there; you open up the cupboard and it’s like a NASA control 
centre and they'll [the tenants] just shut the door and say oh my God what's that - its 
like their worst nightmare.” 
With regard to other approaches biomass scored the lowest and there was a mixed 
response within the design team about the cost effectiveness of technologies such as 
rainwater harvesting and solar hot water. As might be expected, there was some 
differences in the interviewee’s experience of the technologies and approaches 
offered, with some participants having had first hand experience of these technologies 
and approaches and others merely having read about them in industry publications 
which had to be considered when examining the results.  



 

 

Influences on the Low Carbon Design of the Pilot Project 
With regard to the various influences on the low carbon design of the project and its 
location in Pembroke Dock there was a high level of agreement that the locality of the 
scheme was not a significant influence. The response from the design team to the 
question of whether the rural location of the project had been important was that they 
did not consider the setting of the scheme as especially rural. Several of the responses 
pointed out that the availability of mains gas was a significant factor in defining a 
project as rural and one interviewee explained that the availability of mains gas at 
Pembroke Dock was probably influential in the site being used for the pilot project: 

 “I think that if it was any more rural as in outside of an area served by gas it would 
never have been picked as the pilot scheme to achieve code four because it’s too 
difficult with oil or other forms of heating.” 
There was general agreement among the interviewees that the houses designed for 
Britannia Drive did not differ significantly from conventional houses developed by 
PHA. A number of interviewees used the question of whether they saw the houses as 
significantly different to a conventional scheme by PHA, as a means to describe, and 
in some cases justify, the approach that had been taken, as explained below: 

“I would say that it doesn't differ greatly… Which is in a sense a good thing because 
you haven't got to push the boundaries and do silly things. You can do the low carbon 
solution with just standard kind of approaches. Obviously the M&E isn't standard any 
longer - but all the building form can be very similar.” 
Experience of the design team on an earlier low carbon scheme, that went 
significantly over budget appears to have contributed to a desire not to deviate from 
their typical approach and was referred to by a number of interviewees in reference to 
the pilot project. Nevertheless, it is interesting that a micro-renewable led design 
strategy was adopted to meet the project's low carbon aspirations despite there being 
debate within the construction industry about the merits of this approach (Energy 
Saving Trust 2010). Several interviewees gave detailed accounts of the micro-
renewable led approach and why it was adopted on the Britannia Drive scheme: 

“ I think the way we approached it [was] a little like stepping into the unknown -  
going from the BREEAM standard of Eco homes... we  stuck with our traditional 140 
stud so  the fabric of the building and the general details didn't change too much. 
What we looked upon was the eco-bling… to achieve code four taking our standard 
unit and possible looking at… [adding] the PV system and an efficient gas boiler.” 
As discussed above, there has been debate within the construction industry about the 
viability of micro-renewables led approach and these arguments were reflected in the 
responses of the design team. While some interviewees defended the approach that 
was taken on the project, others were more critical explaining that if the PV failed for 
whatever reason it would undermine the environmental strategy of the scheme: 

“But you think that it has achieved code four it’s just with the bolt-ons, with all the PV 
- it’s not really which the right approach - is it? Because if the PV fails the house 
doesn't perform with regard to code four and all the aspirations.” 
Chart Two below illustrates a high level of agreement that the building regulations 
and the CfSH were significant influences on the development of the low carbon 
design of the pilot project; however, the budget stood out as the most important factor. 
This was an interesting response for a project that was supposed to be designed as an 



 

 

exemplar low carbon scheme, but perhaps representative of the issues facing the 
development of low carbon housing by Registered Social Landlords and the difficulty 
of developing low carbon dwellings within the social housing budget was recognised 
in the Welsh Government Pilot Project Interim Report (Welsh Government 2011). 
Chart 2: Perception of the influence of various factors in the development of the low carbon 
design of the pilot project houses.  

 
The significance of budget on the development of the scheme was an aspect of the 
design that all of the interviewees felt was worthy of comment and the importance of 
the social housing budget in the approach of PHA to development is discussed in the 
quote below:  

“Affordability is really at the forefront of thinking in most cases. We operate on very 
tight margins - I mean our main source of income is obviously the rent which is often 
bench marked… our grant funding comes conditioned with meeting DQR and the code 
and everything now I think... budget is really something which we...[it] is a big issue.” 
From the response to questions about the influence of various factors on the 
development of the low carbon design of the pilot project it was apparent that one of 
the chief drivers for adopting a mico-renewables led approach was that it was seen as 
simple, cost effective means to achieve CfSH level four. This initial finding was 
confirmed in the next section where obstacles to the development of the pilot project 
were considered. 

 

Obstacles to the Development of the Pilot Project 
With regard to questions on obstacles to the development of the pathfinder houses, in 
contrast to the answers in previous section, there was evidence that interview 
responses were more contextualised. Answers appeared to be much more influenced 
by the role of the interviewee in the design team and their professional background. 
However, as with the questions about influence on the design strategy, it was apparent 
that there was a consensus on the role of the budget which was perceived as the chief 
obstacle to development (see chart three below). Additional anecdotal evidence about 



 

 

the importance of developments costs was provided by the fact that Development 
Officer and Quantity Surveyor's responses to the closed question were very similar in 
this section suggesting a degree of accord between the project leader and the 
professional charged with ensuring that the project is within budget. A detailed 
explanation for the reason why development costs can be a significant obstacle was 
provided in the response below:  

“I'd say development costs are often an obstacle on all schemes that we deal with. The 
problem we have, if I can elaborate on that, is that a lot of the land that we source 
tends to come predominantly from the local authority - former garage sites scrappy 
bits of land which have often not been developed for the reason that from time when 
the local authority used to develop housing it was often deemed to be undesirable. 
Consequently we have a lot of abnormal costs with developing these sites.” 
With regard to the other responses to questions about obstacles to the development of 
the pilot project it is more difficult to find a clear consensus. Lack of knowledge of the 
design team was not perceived as an obstacle and most interviewees, with the 
exception of the Clerk of Works, did not perceive the procurement route (which was 
design and build) as a hindrance to the development of the scheme. The role of 
planning controls as an obstacle had a mixed response as did the role of building 
regulations and, as explained above, these responses often had a professional context.  
Chart 3: Perception of obstacles to the development of the pathfinder houses 

 
Only the Quantity Surveyor and Development officer, and to a lesser extent the 
Architect perceived a lack of skills and availability of specialist materials to be an 
obstacle on this project. This was in spite of problems gaining Micro-generation 
Certification Scheme (MCS) accreditation for the PV to take advantage of the feed-in-
tariff. The experience of getting a suitably qualified contractor to install and 
commission the PV, which is a fundamental element of the low carbon strategy, 
would support the case for a lack of skills. The problem with regard to taking 
advantage of the feed-in-tariff, and it’s implications in gaining revenue, is described 
below: 



 

 

“I suppose at Britannia the problem we have... we didn't have the MCS accreditation 
at the time and we are now sourcing that through another contractor so I guess we 
have now missed out on twelve months of generation tariff so hopefully once we get 
the other contractor and get certified, we've had all the quotations in now, get the 
generation meters fitted; then yes we will see some payback on it.” 
The difficulty in gaining revenue from the feed-in-tariff suggests that in the short term 
one of the advantages of adopting a micro-renewable led approach has been partially 
undermined. In addition, an issue surrounding the installation of the photovoltaic 
panels on a scheme that is dependent on its micro-renewable technologies to meet its 
low carbon objectives raises questions about their performance; however, further 
monitoring would be necessary to confirm their effectiveness.  

 

Consideration for the Building Users in the Design Process 
It was apparent from the answers in the final set of questions that, aside from 
provision of a home user guide, the consideration of many aspects of user behaviour 
had been neglected in the design of the pilot project. Of the thirty-five answers 
provided by all of the participants in this section fifteen were given a one rating 
meaning that the interviewee believed that the particular item had not been considered 
at all. In addition, as mentioned previously, there was evidence that positive responses 
were given in a number of cases because it was socially desirable and in one instance 
the interviewee refused to answer a question, citing the fact that he felt that it was 
outside of his field of expertise. 
Chart 4: Consideration of user behaviour in the development of the pilot project houses 

 
Even where some aspects of interaction of the design with the building users had been 
considered, such as simplicity of the control systems, there was debate about just how 
effective these measures had been. The statement was made that ‘we try and make 
things as user friendly as possible, we avoid as many controls and gadgets - things that 
can be messed with and altered’. However, there was still a belief by those members 
of the design team that interact with the tenants’ post-practical completion that control 
systems were still too complicated. This opinion is expressed below: 

“You've got central heating systems where we're zoning upstairs from downstairs 
because we get an extra point for the code if we've got them as two separate systems; 



 

 

but then we've got a digital control... in the sitting room for the downstairs and then 
we've got another digital control in the kitchen that runs the upstairs with a separate 
room stat upstairs and its just far too complicated to get people to understand and the 
water's controlled off one for both but the heating is controlled off two separate ones 
and they're not the same make... well they're the same make but they're not the same 
model so its far too complicated.” 
As suggested by the quote above, several interviewees questioned whether focusing 
on the requirement to achieve CfSH level four to meet the pilot project objectives had 
led to the neglect of consideration of the users as part of the energy efficiency 
strategy. The opinion that focusing on achieving CfSH requirements by the most cost 
effective means had led to the neglect of some fundamental low carbon design 
considerations was reflected in other comments, such as the one below: 

“The only reason why they're putting them in [energy saving technologies] now is 
because they can't achieve the code for sustainable homes - they can't achieve the 
ratings without putting them in and that's driving it rather than anything else. Rather 
than thinking well if we put them in it would be better for our tenants… I think we're 
designing it to achieve a code pass and that's what I was saying earlier about they 
need to rethink the whole design for it to start including some of these things into the 
design… light levels and laying the site out to work best with the way the sun is 
shining... you need to start doing that to make some of this stuff work - the more cost 
effective stuff” 
Whatever the validity of the criticisms above they do mirror the remarks of some 
commentators that the CfSH’s focus on reducing emissions rather than energy saving 
make micro-renewable led approaches more desirable often to the detriment of 
passive design approaches (Climate Works 2011).  

 

CONCLUSION 
The results of the interviews highlight the problems associated with developing low 
carbon schemes on a social housing budget and also suggest that even on exemplar 
schemes, such as the one described in the paper, that affordability can be the primary 
concern. No doubt part of this concern was derived from earlier unsuccessful low 
carbon schemes; however, there is evidence that budget will be a significant factor in 
the development of low carbon dwellings in England and Wales (Osmani M and 
O'Reilly A 2009). The results of this paper indicate it is likely that many 
housebuilders will take a path of least economic resistance in the development of 
these schemes (Ibid) and thus the micro-renewable led approach taken by PHA on this 
project could be representative of future affordable housing as long as the focus of 
legislation remain on reducing emissions rather than energy saving. There is evidence 
that in the development of Welsh Building Regulations that this issue will be 
addressed and the Welsh Government Policy Document explains that the objective 
will be reducing demand through passive measures such as an efficient fabric before 
consideration is given to renewable generation (Welsh Government 2010b).  

A number of interviewees expressed the opinion that some approaches to low carbon 
design that could have produced significant energy saving were neglected in the 
development of this project. From the interviews, it was apparent that budget restraints 
and adherence to the CfSH did go some way to answering the question of why passive 
design approaches, which had been considered cost effective by most members of the 



 

 

design team, had been ignored in the final design solution in favour of micro-
renewable led approach. However, it is also true that many of the participants 
maintained that the approach that was taken was the most suitable given the 
constraints of the project. Ultimately the success of the micro-renewable led approach 
adopted by PHA can only be confirmed by further investigation, including interviews 
with the tenants and building performance monitoring which would provide the 
opportunity to benchmark the scheme against its own aspirations and other similar 
projects that have taken a fabric first approach to meet their low carbon objectives.  

Although the project is located in a rural town in Pembrokeshire there was a 
perception among the design and construction teams that because the site had access 
to mains gas rather than solid fuel that this project was not fully representative of the 
issues facing developers in rural areas of Wales. In part, this response could be 
explained by the relative experience of the members of the design team and the fact 
that, generally, the scope of their businesses does not extend to the more metropolitan 
areas of south Wales, such as Swansea or Cardiff.  However, this result is significant 
for the development of a best practice model for affordable low carbon dwellings in 
rural areas of Wales because it raises questions about what constitutes a rural project. 
One of the biggest obstacles mentioned in interview responses was the availability of 
gas in an area and initial evidence suggests that the availability of mains gas will be a 
significant factor in defining an area as rural, in the context of the research project, 
and a significant obstacle to low carbon development (Baker 2011). 

The results indicate that beyond the requirement of the CfSH to provide a home user 
guide little consideration is given to user behaviour in the development of the design 
this is despite evidence that the building users can play a considerable part in the 
energy efficiency of a project (Combe et al 2011) and that design can be a tool to 
influence user behaviour (Lockton et al 2009). The results suggests that there is a 
degree of dislocation between the design team and the end users that means that even 
when the professionals believe that they are delivering simple user interfaces they can 
nevertheless be too complicated for the occupants. 
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An exploration of design alternatives using 
dynamic thermal modelling software of an 

exemplar, affordable, low carbon residential 
development constructed by a registered so-

cial landlord in a rural area of Wales  
 

Abstract 

Pembrokeshire Housing A ssociation (PHA) a registered social landlord, based 
in Haverfordwest, Wales, UK , have developed six low carbon houses to meet 
Code for Sustainable Homes (CfSH) level four, as part of an exemplar scheme for 
the Welsh Government’s CfSH pilot project. A tried and tested methodology was 
adopted in developing the PHA’s pilot project houses that meant alternative low 
and zero carbon design methods were not fully explored. This paper employs 
comparative analysis to evaluate the final PHA scheme against other design op-
tions in order to assess alternative low energy approaches that might have been 
considered during the design of the project. Dynamic thermal modelling is used to 
assess and compare the design options in which the following are considered: 
building form; use of the thermal mass within the building fabric; design of the ex-
ternal envelope; and passive solar design strategies. The discussion considers the 
implications of the results with regard to approaches to low carbon design, as part 
of a doctoral research project, by the lead author on to develop innovative, afford-
able, low carbon housing in rural areas of Wales, UK. 

 
Background 

In 2010 Pembrokeshire Housing Association (PHA) completed a development 
of six two bedroom, semi-detached houses on Britannia Drive, in Pembrokeshire, 
west Wales, UK, built to the Code for Sustainable Homes level 4. The project was 
developed as part of the Welsh government’s Code for Sustainable Homes (CfSH) 
pilot project to promote the construction of low and zero carbon housing through 
the Registered Social landlord (RSL) framework (Welsh Government 2011). The 
Britannia Drive design team took the decision to use a tried and tested methodol-
ogy for the design and construction of the houses and utilised photovoltaic panels 
to meet the requirements for CfSH code level four. 

The use of a tried and tested methodology meant that alternative design options 
for the low carbon design of the houses were not fully examined and this provides 
research opportunities to explore alternative approaches. In addition, dynamic 
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thermal modelling was not used to examine the energy performance of the design. 
T he fact that design options were not explored and dynamic thermal modelling 
was not used on this scheme provides opportunities to assess the thermal perform-
ance of different passive design approaches through dynamic thermal modelling. 
 

Methodology 

Dynamic thermal modelling predicts the energy performance of buildings using 
mathematical models to determine the interplay of heat exchange (Jankovic 2012). 
Dynamic thermal modelling software is frequently used to provide a prediction of 
the final energy usage of a scheme based on range of inputs including local cli-
mate, patterns of occupancy, building geometry, and building fabric (Morbitzer et 
al. 2001). However, the aim of this study was not to predict or compare the energy 
efficiency of the built project against a model, but rather to create variations of a 
control model, based on the as-built project; to assess design solutions with the po-
tential to minimise energy consumption for space heating. 

A  comparative analysis approach was used whereby different design options 
were benchmarked against the original scheme rather than against an absolute 
standard, such as a representative dwelling built to a zero carbon standard (B ry-
man 2008; Creswell and Clark 2011). T he disadvantage of the comparative analy-
sis approach was that it was difficult to set the building design options within the 
broader context of aspirations by the B ritish and W elsh Governments to develop 
zero carbon dwellings (Welsh Assembly Government 2009). However, the use of 
comparative analysis meant that design solutions developed for the study would 
be relevant to PHA ’ s current approach and would not significantly deviate from 
the affordability and build-ability of the original scheme. 

T wo studies were undertaken; one exploring the design of individual dwellings, 
and a second investigating alternative approaches to the development of all six 
residential units. T he first study investigated the impact of upgrades and adjust-
ments to building fabric, such as introducing thermal mass, providing additional 
glazing on the south façade and improving the u-value of the building fabric. For 
the first study, the physical shape of the building, such as plan form and overall 
massing was not adjusted. The second study investigated the impact of developing 
the dwellings as a terrace rather than semi-detached houses. For this second set of 
studies the buildings’  form was adjusted; however, the floor area of the original 
scheme was maintained as a constant, since any significant increase in floor area 
would undermine the affordability of any alternatives and any reduction would re-
duce the ability to compare results. 

The designs from these two studies with the lowest sensible heating load were 
then amalgamated into two final schemes. These two final schemes represented 
optimum solutions, within the scope of the study, with regard to reducing sensible 
heating load and maintaining affordability. 
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Climate, Heating and Cooling and Occupancy Profiles 

T he site for B ritannia Drive is located in Pembroke Dock, in Pembrokeshire;  
therefore Aberporth E xample Weather Y ear was used as the weather file because 
it provided a data set relevant to the location in west Wales. Weather files are used 
by dynamic thermal modelling software to provide a context for thermal calcula-
tions and an E xample Weather Y ear matches the characteristics of a year to the 
average monthly values for a number of years of data (University of E xeter 2010). 

A  continuous occupancy profile, whereby the property would be considered 
occupied twenty-four hours, a day was adopted for these studies for two reasons. 
Firstly it was decided to minimise the multiple independent variables where possi-
ble. Secondly from discussions with PHA  staff it was apparent that near continu-
ous occupancy is not uncommon in social housing. However, future models will 
be calibrated with data from thermal monitoring of PHA ’ s properties to allow oc-
cupancy profiles to be based on actual tenancy occupancy patterns. 

With regard to annual heating profiles the heating period was set from 1st Sep-
tember to 30th April. A  heating set point was set at 19 degrees centigrade (°C);  
thus, when internal temperatures fell below this threshold during the heating pe-
riod the boiler was activated. T he cooling set point was set at 22°C; thus, when in-
ternal temperatures rose above this threshold from 1st May to August 31st cooling 
was provided by additional natural ventilation through opening windows.  

Building Geometry  

T he design of the B ritannia Drive development had the principle elevations on 
the north and south facades. A  south façade with three windows faces the street, 
and a north façade with four windows faces the back garden and the east and west 
facades, while significant in area, contain no glazing (see figures 1 and 2 below). 
T his north-south orientation was maintained for all of the models.  

A ll of the projects were subjected to a Suncast analysis in the Integrated E nvi-
ronmental Solutions (IE S) dynamic thermal modelling software package. T his 
component of the software package takes account of building orientation and solar 
shading to calculate solar gain. PHA’ s design for the dwellings at B ritannia Drive 
had windows located immediately under the eaves (see figure 1 below) and this 
design feature was accounted for in the models, to allow Suncast to analyse the ef-
fect of shading provided to windows by this feature (see figure 2 below). 

 
Figure 1 (left) and Figure 2 (right)– Britannia Drive south elevation as-built, before 
installation of photovoltaic panels (left) and IE S model north elevation (right). 
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Building Fabric Specification 

T he make-up of a building’ s fabric can significantly affect a building’ s thermal 
performance, but not just with regard to thermal conductivity as in u-values, but 
also through its thermal mass (T uohy et al. 2009). Four alternative fabric specifi-
cations were explored for this study with variations in u-values and thermal mass.  

T he first specification was based on  PHA’ s standard wall construction, which 
consisted of 140mm deep timber studs in-filled with mineral wool insulation for 
the inner skin and a rendered 100mm blockwork outer skin which provided a u-
value of 0.21 W/m2K  (see table 1 below). T he second specification investigated 
the option of reversing the standard PHA building fabric, so that the blockwork 
element was on the inside of the insulation; thereby following passive solar design 
principles (L owndes, 2008). Moreover, this does not increase the quantity of 
thermal mass within the building fabric; however it does affect the admittance 
value and decrement values. T he admittance value is the ability of an element to 
exchange heat with the environment when subjected to cyclic variations in tem-
perature and the decrement factor is the ratio between the cyclical temperature on 
the inside surface compared to the outside surface (T he Concrete Centre 2009). 
R eversing the building fabric reduced the decrement factor, and increased the ad-
mittance value of the wall build-up by a factor of three (see table 1 below). 

 
Table 1 – Britannia Drive as-built before, the installation of photovoltaic panels   

Building Fabric U value 
W/m²K 

Internal Heat 
Capacity 
KJ/m²K 

Admit-
tance 
Value 

Decre-
ment fac-
tor  

Standard External Wall 0.21 19.95 1.45 0.41 

Reversed Standard Wall  0.21 134.07 4.37 0.34 

PIR Insulation External Wall 0.16 19.95 1.49 0.39 

Reversed Wall w/  PIR insulation 0.16 134.07 4.37 0.32 

Standard Internal Wall  0.37 11.97 0.90 0.99 

Blockwork Internal Wall  1.62 79.00 3.28 0.59 

Standard First Floor Ceiling 0.11 11.97 1.10 0.81 

PIR Insulation First Floor Ceiling 0.08 11.97 1.03 0.61 

 
T wo further specifications considered the impact of replacing the mineral wool 

insulation between the interior wall studs with higher performance polyiso-
cyanurate (PIR ) insulation which is commonly used in the construction industry as 
a substitute for mineral wool insulation. T his substitution of materials would have 
cost implications, as solid slab insulation can be as much as three times more ex-
pensive than an equivalent amount of mineral wool insulation (Davis L angdon 
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2009). Nevertheless, it represented a means of upgrading PHA’ s building fabric 
while maintaining their current approach of using a 140mm deep timber stud wall. 
A s T able 1 (above) shows this substitution of materials raised u-values from 0.21 
W/m²K  to 0.16 W/m²K , but did not significantly impact the admittance and dec-
rement values. T he fourth fabric specification combined a reversed building fabric 
with PIR  insulation thus the exterior wall benefited from increased admittance and 
u-values.  

 

Results 

T wo principle outputs were examined to gain an understanding of space heat-
ing and internal thermal comfort. Sensible heating load was used as the principle 
measure of operational energy and was considered both as a total measure and as a 
percentage reduction over the control building. With regard to thermal comfort, 
peak dry resultant temperature and number of hours over 25°C were taken as the 
most significant measures. Heating season temperatures were generally governed 
by the heating set point, which ensured that internal temperature were maintained 
within the comfort range; thus, it was only in summer (1st May to 31st August) that 
internal temperatures exceeded 25°C. In addition, because summer cooling relied 
on natural ventilation provided by opening windows the houses are reliant on the 
building fabric to keep temperatures within the comfort range of 19°C to 25°C. 

Modelling of the Individual Buildings  

A n initial set of models (models A to G in table 2) considered the impact of in-
dividual improvements such as increasing solar gain, increasing thermal mass to 
interior spaces or improving the insulation. T he results from these initial models 
demonstrates that reversing the building fabric (as in model D) can provide mod-
est (2.0%) reductions in sensible heating load, reduce the peak internal tempera-
ture by 1.45°C and reduce the number of hours that the house was warmer than 
25°C by 34 hours (see T able 2 and graph 1, below). Increasing the thermal mass 
with the addition of internal concrete blockwork walls in model E  doubled this 
percentage reduction in heating load and eliminated internal temperatures above 
25°C (see T able 2 and graph 1, below).  

Increasing glazing on the south facade by 1.68m² (model B ) produced a reduc-
tion in sensible heating load of just 0.6%. Increasing the glazing also increased the 
number of hours where temperatures were above 25°C by 44hours (see table 2, 
and graph 1, below). Additional glazing (a further 1.68m² on the south façade, as 
in model C) aggravated the problems and produced a peak internal dry resultant 
temperature of 29.74°C, 2.19°C higher than the original model, (see T able 2, and 
graph 1, below). T hese results indicate that passive solar gain can be advantageous 
in providing ‘ free’  space heating and reducing heating loads; however, in light-
weight construction temperatures above comfort can occur when measures are not 
taken to address overheating.  
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Graph 1 – Britannia Drive individual improvements peak dry resultant temperatures for 
main bedroom (south facing) during peak (external) dry bulb temperature week. 

 
Table 2 – Britannia Drive single house, individual improvements table of results 

Scheme  Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduc-
tion in sen-
sible heat-
ing load 

Peak in-
ternal 
Tempera-
ture (°C) 

Time/Date 
of peak in-
ternal 
tempera-
ture 

No. of 
hours 
above 
25°C 

Original  
(Model A) 4.51 0.0 27.55 

17:30 
15th Aug 53 

Solar Gain (1.68m²)  
(Model B) 4.48 0.6 28.48 

17:30 
15th Aug 97 

Additional Solar Gain 
(3.36m²) (Model C) 4.48 0.7 29.74 

17:30 
15th Aug 209 

Reversed External Wall  
(Model D) 4.42 2.0 26.10 

16:30 
15th Aug 19 

Internal Blockwork  
(Model E) 4.32 4.0 24.84 

13:30 
16th Aug 0 

Improved Insulation  
(Model F) 4.06 10.0 27.82 

17:30 
15th Aug 69 

Mid Terrace  
(Model G) 4.03 11.0 27.86 

17:30 
15th Aug 78 
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Date: Sat 13/Aug to Fri 19/Aug

Dry-bulb temperature: AberporthEWY.fwt (AberporthEWY.fwt)
Dry resultant temperature: Original (britannia drive.aps)
Dry resultant temperature: Reversed External Wall (britannia drive.aps)
Dry resultant temperature: Solar Gain (1.68m²) (britannia drive.aps)
Dry resultant temperature: Mid terrace (britannia drive.aps)
Dry resultant temperature: Internal Blockwork (britannia drive.aps)
Dry resultant temperature: Additional Solar Gain (3.36m²) (britannia drive.aps)
Dry resultant temperature: PIR Insulation (britannia drive.aps)
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Graph 2 – B ritannia Drive composite improvements peak dry resultant temperatures for 
main bedroom (south facing) during peak (external) dry bulb temperature week. 

 
Table 3 – Britannia Drive single house, composite improvements table of results 

Scheme  Annual 
Sensible 
Heating 
Load 
(MWh) 

% reduc-
tion in sen-
sible heat-
ing load 

Peak in-
ternal 
Tempera-
ture (°C) 

Time/Date 
of peak in-
ternal 
tempera-
ture 

No. of 
hours 
above 
25°C 

Original  
(Model A) 4.51 0.0 27.55 

17:30 
15th Aug 53 

PIR Insulation  
and Thermal Mass (Model 
H) 3.90 13.6 26.08 

 
13:30 

16th Aug 21 
Thermal Mass and  
Solar Gain (1.68m²) 
(Model I) 4.12 8.6 25.46 

 
13:30 

16th Aug 10 
Thermal Mass and Addi-
tional Solar Gain (3.36m²) 
(Model J) 4.06 10.1 25.94 

 
13:30 

16th Aug 20 
PIR Insulation and Solar 
Gain (1.68m²) (Model K) 4.04 10.5 28.5 

16:30 
15th Aug 105 

PIR Insulation and Solar 
Gain (3.36m²) (Model L) 4.04 10.5 29.14 

16:30 
15th Aug 171 

PIR Insulation, Thermal 
Mass and Solar Gain 
(1.68m²) (Model M) 3.76 17.9 25.94 

 
13:30 

16th Aug 11 
PIR Insulation, Thermal 
Mass and Solar Gain 
(3.36m²) (Model N) 3.71 18.0 25.97 

 
13:30 

16th Aug 22 
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Date: Sat 13/Aug to Fri 19/Aug

Dry-bulb temperature: AberporthEWY.fwt (AberporthEWY.fwt)
Dry resultant temperature: PIR Insulation and  Thermal Mass (britannia drive.aps)
Dry resultant temperature: PIR Insulation, Thermal Mass and Solar Gain (1.68m²) (britannia drive.aps)
Dry resultant temperature: Original (britannia drive.aps)
Dry resultant temperature: Thermal Mass and Solar Gain (3.36m²) (britannia drive.aps)
Dry resultant temperature: Thermal Mass and Solar Gain (1.68m²) (britannia drive.aps)
Dry resultant temperature:  PIR Insulation and Solar Gain (3.36m²) (britannia drive.aps)
Dry resultant temperature: PIR Insulation, Thermal Mass and Solar Gain (3.36m²) (britannia drive.aps)
Dry resultant temperature:  PIR Insulation and Solar Gain (1.68m²) (britannia drive.aps)
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A  second set of models (models H to L ) combined approaches such as addi-

tional south facing glazing and thermal mass to internal walls (models I  and J); or 
thermal mass with higher performance insulation (model H); or additional glazing 
on the south façade with higher performance insulation (Models K  and L ) (see 
T able 3). T he most significant energy savings from this set of models was 
achieved through the combination of thermal mass with PIR  insulation which not 
only reduced the sensible heating load of the original scheme by 13.6% and re-
duced the number of hours over 25°C and peak internal temperature to 21hours 
(see table 3). 

T he results of table 3 indicate that the successful application of passive solar 
gain to reducing heating load is related to the provision of thermal mass both for 
addressing thermal discomfort but also for storing and releasing heat when re-
quired. T his was demonstrated by the fact that the difference in heating reduction 
between the lightweight models of the initial study (models B  and C) with 1.68m² 
and 3.36m² of extra glazing was 0.6% and 0.7%; however, for the higher thermal 
mass composite models the respective reduction in sensible heating load was 8.6% 
(model I ) and 10.1% (model J) (see tables 2 and 3). 

T he use of higher performance insulation and passive solar gain without ther-
mal mass achieved a 10.5% reduction in sensible heating load (see table 3). How-
ever, this approach produced a significant increase in internal temperatures over 
the original model with an additional 52 hours of temperatures in excess of 25°C 
over the control model (model A) (see table 3). Maintaining the lightweight build-
ing fabric, but increasing the glazing from 1.68m² to 3.36m² with higher perform-
ance insulation (see models K  and L ) produced almost no decrease in sensible 
heating load and substantially increased the number of hours which internal tem-
peratures were above 25°C to 171 hours (model L ) (see table 3). T hese results 
suggest that there is an upper limit at which passive solar gain can be employed as 
a strategy for reducing space heating without the aid of thermal mass to store heat 
and moderate overheating. 

Combining all of the passive strategies (models M and N); thermal mass, addi-
tional glazing and insulation proved to be a useful strategy achieving a 17.9% and 
18% reduction in sensible heating load compared to the control model (model A) 
(see table 3). T he evidence suggests that the use of thermal mass successfully ad-
dressed any problems that might have occurred with regard to overheating as the 
internal temperatures and the number of hours where temperatures were above 
25°C was lower than the original model at 11 hours  in model M (see table 3). 

Modelling of the Site 

T he second study took advantage of the fact that the gable ends on the east and 
west elevations did not have doors or windows and thus, in principle, could be 
butted against each other to create a terrace (model 2). In practice it would be 
problematic to abut the houses against each other due to the requirement for the 
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provision of car parking spaces between the units; therefore, a terraced option was 
explored that utilised a shallow, but wide floor plate (5.04m x 10m) for each 
dwelling, which located the houses in a 5.05m zone between a front parking zone 
and rear gardens (model 3, figure 3). A  further terraced model (model 4, figure 4) 
was developed based on a cube form, with a square floor plate (7.1m x 7.1m), to 
examine the impact of further minimising the ratio of external surface area to in-
ternal volume. 
 
Figure 3 (left)  – IES visualisation of site model - narrow terrace south façade (model 3) 
Figure 4 (right) – IES visualisation of site model - compact terrace south façade (model 4) 

   
 
Table 4 – Britannia Drive site model table of results 

Scheme  Annual 
Sensible 
Heating 
Load 
(MWh)  

% Energy 
Improve-
ment over 
Base 
Model  

Peak in-
ternal 
Tempera-
ture (°C) 

Time/Date 
of peak in-
ternal 
tempera-
ture 

No. of 
hours 
above 
25°C per 
house 

Original  
(Model 1) 27.05 0.0 28.56 

17:30 
15th Aug 61 

Terrace  
(Model 2) 25.07 7.3 28.75 

17:30 
15th Aug 73 

Narrow T errace (Model 3) 21.4 20.9 30.17 
17:30 

14th Sep 303 

Compact Terrace (Model 
4) 21.5 20.8 29.10 

17:30 
15th Aug 90 

 
T he results from the first terrace model (model 1) indicated the benefit of 

minimising the external surface and produced a 7.3% saving in overall sensible 
heating load for all six houses (see table 4 above). W hilst, a compact form, mini-
mising the external fabric surface area was one of the most significant factors in 
reducing heating it was the narrow terrace (model 3) that achieved the lowest an-
nual sensible heating load of 21.5MWh, slightly lower than the compact terrace 
(Model 4) with 21.4MWh. T his result was due to the fact because of the shallow 
floor plan it was possible to put almost all of the windows on the south facade. 
T his result confirms the findings from the composite models studies (models H to 
N) which identified the benefits of combining passive design strategies; however, 
the fact that the majority of the windows were on the south façade meant that this 
design had significantly more hours (303 hours) where internal temperatures were 
above 25°C than the original design (see table 5). 
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Amalgamated Models 

A  final set of options took the site model (model 3) and the individual building 
model (model M) with the lowest sensible heating load to create an optimum solu-
tion within the limited context of the two studies. T hese amalgamated models (see 
3Ma and 3Mb in table 5) combined a narrow compact terrace form with PIR  insu-
lation, thermal mass and 3.36m² of additional glazing. A malgamated model 3Mb 
achieved a 40% decrease in sensible heating load for a mid-terrace option and 
model 3Mb achieved a 36% decrease in sensible heating load for an end terrace 
over the original model (model A). However, this model did have siginifcant 
problems with regard to overheating with 348 hours where internal temperatures 
would be higher than 25°C and peak temperatures of 32.99°C. Further 
development of the design would be required to address overheating issues to take 
advantage of energy and carbon savings without reducing  thermal comfort. 
 
Table 5 – Britannia Drive Amalgamated model results  

Scheme  
Sensible 
Heating 
Load 
(MWh) 

% Energy 
Improve-
ment over 
Base 
Model  

Peak in-
ternal 
Tempera-
ture (°C) 

Time/Date 
of peak in-
ternal 
tempera-
ture 

No. of 
hours 
above 
25°C 

Amalgamated E nd Terrace 
(Model 3Ma) 2.89 36 31.82 

15:30 
14th Sep 384 

Amalgamated Mid Terrace 
(Model 3Mb) 2.71 40 32.99 

15:30 
14th Sep 454 

Affordable E nd Terrace 
(Model 3E a) 3.40 25 27.62 

15:30 
14th Sep 65 

Affordable Mid Terrace 
(Model 3Eb) 3.11 30 28.50 

15:30 
14th Sep 99 

 
A n affordable solution was also developed that omitted PIR  insulation,  

maintained the glazing at the same quantity as the original scheme but increased 
thermal mass (as model E ). T his design produced  a reduction in sensible heating 
of  25% for an end terrace and 30% for a mid-terrace (see table 5). In addition, the 
peak internal temperature  of 27.62°C for the end terrace was only 0.17°C higher 
than the original scheme, which indicates that this solution would not require 
significant design development to address overheating problems. 

 
Conclusion  

T he study indicates that significant energy savings (25% - 40%) in sensible 
heating load can be achieved even on an exemplar low carbon project with little or 
no additional capital cost. Measures such as specifying thermal mass to internal 
walls, considering the ratio of external area to internal volume and the massing of 
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the buildings on the site can provide considerable savings in heating load with ap-
parently little or no addition to the capital cost of a project. T he use of designs fea-
tures to allow internal rooms to capture passive solar gain can also be used to re-
duce heating load; however it can be problematic with regard to maintaining 
thermal comfort unless measures to mitigate overheating (Orme et al. 2010) and 
store heat within the fabric are considered.  

T he study also indicates that overheating will increasingly become a problem 
as buildings become more become more effective at reducing sensible heating 
load through building form and fabric based approaches. T hus, considering meas-
ures to address overheating, such as the specification of thermal mass, as in this 
study, and perhaps ventilating strategies like night cooling or stack ventilation, 
will become more important in low carbon house design.  

T he study indicates the benefits of combining approaches rather than being 
overly reliant on one strategy; however the interplay of these approaches requires 
careful consideration to maintain reasonable levels of internal comfort and dy-
namic thermal modelling should be considered to investigate any potential issues.  
T he results indicate that the application of thermal mass, passive solar gain, high 
levels of insulation and a terrace form should be considered to produce significant 
savings in energy in dwellings that comply with social housing design standards in 
Wales, UK .  
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Abstract 
In October 2010 Pembrokeshire Housing Association (PHA) completed a development 
of six residential units, in Pembroke Dock, in west Wales, as part of a Welsh 
Government pilot project to promote the development of low carbon housing in Wales 
based on the Code for Sustainable Homes (CfSH). In the same year, in the same town, 
a small scale developer undertook the design and construction of two houses based on 
ecological principles using strawbale construction. The houses built by this developer 
were designed and built outside of the requirements of the CfSH and utilised passive 
design approaches along with local and natural materials to reduce operational and 
embodied energy. Researchers from the Ecological Built Environment Research and 
Enterprise group, at Cardiff Metropolitan University, are working in collaboration with 
PHA to develop a best practice model for low carbon housing in rural areas of Wales and 
these two projects provide an opportunity for the researchers to investigate and compare 
two distinct approaches to low carbon design each with the aim to deliver sustainable, 
affordable dwellings. To evaluate these two schemes structured interviews were held 
with the design team of the pilot project and the designer/builder of the eco-house to 
understand their respective approaches; the influences and obstacles that affected the 
development of the schemes; and how they considered user behaviour. The paper 
concludes by considering the lessons that registered social landlords might learn from 
small scale ecological developers for the design and construction of low and zero energy 
housing in rural areas. 
 
Keywords: housing, sustainable development, affordable, rural, Wales. 
 
Introduction 
 
Researchers from the Ecological Built Environment Research and Enterprise group, at 
Cardiff Metropolitan University, are working in collaboration with PHA to develop a best 
practice model for low carbon housing in rural areas of Wales. This paper compares and 
examines two housing projects in Pembroke Dock, west Wales, UK, each with the aim to 
deliver ecological, low carbon, affordable dwellings but designed and built using different 
principles to consider the following questions: 
 

• In this case how did a CfSH based approach to affordable low carbon housing 
differ from a low carbon approach based outside of the requirements of the 
CfSH? 

• What have been the significant influences on the approaches adopted by the two 
developers? 

• What were the obstacles to development for these two approaches? 
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• What role did user behaviour play in the development of these two approaches? 
 
Background  
 
The first project was developed by Pembrokeshire Housing Association’s (PHA) and 
consists of six four-person (two bedroom) houses on Britannia Drive, in Pembroke Dock 
built to Code for Sustainable Homes level four. The project was one of twenty-two 
schemes which used a portion of the Social Housing Grant programme to assess the 
implications of building to higher standards of the CfSH and inform the timetable for 
achieving the aspiration for all new homes to be zero carbon (Welsh Government 2011). 

 
 
Figure 2: Britannia Drive pilot project house elevations: south elevation (top left) north elevation 
(bottom left) east elevation (top right) west elevation (bottom right). 
 

          
 
Figure 1: Britannia Drive pilot project house plans: ground floor (left) first floor (right). 
 
The six units in Pembroke Dock were built using timber frame construction, infilled with 
insulation, with a rendered blockwork outer skin and photovoltaic (PV) panels mounted 
on the roof. This construction represents a ‘tried and tested methodology’ of PHA and 
has been used on almost all of their house design over the past five years. The pilot 
project was not prescriptive about how each development should achieve the target of 
CfSH level four or higher, which allowed PHA to meet the requirements by using PV 
panels to upgrade a standard house design. 



 

      
 
Figure 3: Britannia Drive - south elevation before installation of Photovoltaic panels: south east view 
(right) south west view (left).  
 
The second project, less that a mile away, and also in Pembroke Dock, is by a self-
builder who undertook the development of two five-person (three bedroom) eco-houses 
(see Fig. 4 and Fig. 5). A low carbon footprint and affordability were also the key aims of 
this eco-house project, but because the development numbered less than five dwellings 
it was exempt from the Welsh Government requirements to meet the CfSH (Welsh 
Assembly Government 2010).  
 

 
 
Figure 6: Pembroke Dock strawbale eco-houses elevations: south elevation (top right) north 
elevation (bottom right) east elevation (bottom left) west elevation (top left) 
 
 



                      
     
Figure 5: Pembroke Dock strawbale eco-houses: ground floor plan (left) and first floor plan (right) 
 
The two houses were built using strawbale construction with a structural timber frame 
and recycled or low impact materials wherever possible. A website on the eco-houses 
explains that they were designed around passive design principles so that the living 
spaces, such as the main bedroom and lounge face south, and have large windows to 
take advantage of passive solar gain. In addition, passive stack ventilation and 
‘breathable’ walls provide ventilation to the houses without compromising the insulation 
(Howlett 2012). 
 

 
 
Figure 6: Pembroke Dock strawbale houses – view of south elevation awaiting final render coat 
 
Data Collection Methodology 

The principle method for collecting data on the two projects has been through structured 
interviews. In the case of the eco-houses the data from these interviews was supported 
by email correspondence and by reference to a website on the project and in the case of 
the CfSH pilot project, as PHA is an industrial partner on the research project, it was 
possible to gain access to the contract documents and members of staff at their offices.  
 
A combination of open and closed questions was used for the structured interview 
questionnaire, which was designed to last between forty minutes to an hour. The 
questionnaire was divided into five sections, which are as follows: 
 

• the first section asked for contact information;  



• the second investigated the participants general approach to low carbon housing 
design;  

• the third section was specific to each project and asked about various influences 
on the low carbon design;  

• the fourth was again specific to each project and asked about obstacles to the 
scheme’s development;  

• the final section asked about consideration for the building users in the design 
process.  
 

Closed questions were used to establish the theme of each section and provide easily 
comparable results and open questions were used to provide more detailed answers. 
Interviewees were provided with opportunities to qualify their responses to the closed 
questions at the end of each section; however, as the interviews were recorded, the 
interviewees generally explained their answers as they responded to each question. 
 
A seven point Likert item approach was employed for the closed questions with 
interviewees asked to rate various factors such as, for example, 'whether they saw 
planning policy as an obstacle to development' from 1(“None at all”) to 7 (“A lot”) (Johns 
2010). The open ended questions were generally related to the closed questions and 
asked questions such as ‘Do you think that user behaviour will be a significant factor in 
the energy efficiency of the pathfinder houses since construction?’ To overcome some of 
the problems of consolidating data generated by open and closed questions the software 
package NVivo was used to analyse the results.  
 
A sample of seven key members of the design team for the CfSH pilot project and the 
sole designer/builder of the eco-houses were interviewed. The interviewees included the 
following professionals:  
 

• Development Officer 
• Quantity Surveyor 
• Architect 
• Mechanical Engineer 
• Electrical Engineer 
• Clerk of Works 
• Contractor 
• CfSH Assessor 

 
 
How can a code based approach differ from an ecological approach based outside 
of the code? 
 
Initial questions asked about the cost effectiveness of various approaches to achieving 
low carbon design highlighted that there was a considerable level of agreement with the 
members of the CfSH pilot project team and the designer/builder of the eco-house about 
the cost effectiveness of low carbon design strategies such as passive solar heating, 
natural ventilation, natural daylighting, improved insulation, thermal mass and improved 
air-tightness (see Fig. 7). 



 
Figure 7: Perception of the relative cost effectiveness of various design approaches to achieve low 
carbon housing 

 
Where the participants did differ was in answer to the question of whether they thought 
that their approach differed significantly from that of a conventional house. There was a 
consensus among most members of the design and construction team of the CfSH pilot 
project houses that it did not differ significantly from a conventional house of its type, as 
described below: 
 

 “I would say that it doesn't differ greatly… Which is in a sense a good thing 
because you haven't got to push the boundaries and do silly things. You can do 
the low carbon solution with just standard kind of approaches. Obviously the 
M&E isn't standard any longer – but the building form can be very similar.” 

 
The mention of building form in quote above is interesting because building form was 
only mentioned in passing with reference to the pilot project. However, building form was 
described as being central to the low carbon strategy of the eco-house both in terms of 
reducing capital costs and but also for reducing operational energy, as explained below: 
 

 ‘In terms of things like design and keeping house form compact and relativley 
small you're minismising surface area relative to volume and reducing the build 
co;, keeping it affordable.’ 

 
In addition to building form the designer/builder of the eco-house highlighted the way in 
which he approached the design as a significant way in which it differed from a 
conventional house; as described below: 
 

0 1 2 3 4 5 6 7 

Improved Air-tightness 

Thermal mass  

Improved insulation  

Solar Hot Water  

Specification of Materials  

Photovoltaic Panels  

Natural Daylighting  

Natural Ventilation  

Mechanical Ventilation and heat recovery  

Passive Solar Heating  

Biomass Boilers  

Rainwater Harvesting 

How do you rate the following as cost effective approaches for acheiving low 
carbon housing? 

EcoHouse Respondent 

Respondent 1 

Respondent 2 

Respondent 3 

Respondent 4 

Respondent 5 

Respondent 6 

Respondent 7 



‘Yes - partly in that it’s an ongoing process… as I started construction I've been 
experimenting and learning from it so its been a developing organic process 
rather then the fixed one you'd expect.’ 

 
The specification of materials as a low carbon approach drew a mixed response from the 
participants and this is significant because the comments highlighted it as one of the key 
differences in approach between the eco-house designer/builder and the developers of 
the pilot project. Comments by members of the pilot project development team explained 
that they perceived cost as barrier in the specification of materials with low embodied 
energy; as explained below: 
 

‘If you’re building a house you're going to speak to Jewsons and they're going to 
give you the most cost-effective price on a material and are you actually going to 
ask the question of how much energy has it taken to produce that concrete 
block? I don't think you would. If you did you would probably end up paying a bit 
extra.’ 

 
Responses, such as the one above, were in contrast to those from the eco-house 
designer/builder who put the use of locally sourced, natural and recycled materials at the 
core of his approach. When asked about the role of material specification in his 
approach to the development of low carbon housing he gave the following reply: 
 

‘Critical - It can make a huge difference to the fabric of a house. If you look at 
straw build you've got something that's carbon sequestering - you are locking up 
carbon for the lifetime of the building whereas you if you build in concrete or 
cement although it carbonates to an extent you are still taking up to a massive 
carbon footprint.’ 

 
These responses highlight that although there is a considerable level of overlap between 
the two projects there are some significant differences. The influences on the 
development of the low carbon approach that produced these differences are explored in 
the next section. 
 
What have been the significant influences on the two approaches adopted? 
 
The second section of the questionnaire investigating key influences in the development 
of the two schemes; responses to these questions described how the pilot project team 
considered planning regulations, building regulations and the standards set by the CfSH 
as major influences (see Fig. 8). However, the budget was highlighted by the pilot project 
interviewees as the single most significant influence. Comments by pilot project 
interviewees described how the restrictions of the social housing budget combined with 
legislative requirements to considerably influence the approach PHA took to 
development:  
 

“Affordability is really at the forefront of thinking in most cases. We operate on 
very tight margins - I mean our main source of income is obviously the rent which 
is often bench marked… our grant funding comes conditioned with meeting DQR 
and the code... budget is really something which we...[it] is a big issue.” 

 
Another significant influence on the development of the pilot project, explained in several 
comments, was experience on an earlier low carbon scheme that went significantly over 
budget. This earlier scheme appears to have contributed to a desire not to deviate from 
their typical approach in terms of building form and fabric. Thus, a micro-renewable led 



design strategy was adopted to meet the pilot project's low carbon aspirations despite 
there being some debate within the construction industry about the merits of this 
approach (Energy Saving Trust 2010). Several respondents described the micro-
renewable led approach adopted for the pilot project; including the interviewee below: 
 

“I think the way we approached it [was] a little like stepping into the unknown - 
going from the BREEAM standard of Eco homes... we stuck with our traditional 
140 stud so the fabric of the building and the general details didn't change too 
much. What we looked upon was the eco-bling… to achieve code four taking our 
standard unit and looking at… [adding] the PV system and an efficient gas 
boiler ...  I think we probably did the right thing I don't think we did anything wrong 
we achieved the code in a cost effective way... maybe its not the way the 
assembly would like us to approach it.’ 

 
The debate within the construction industry about the viability of a micro-renewables led 
approach were reflected in the responses of the design team of the pilot project and 
while some interviewees defended the approach (as above), others were more critical 
explaining that if the PV failed it would undermine the environmental strategy of the 
scheme, as explained below: 
 

“But you think that it has achieved code four, it’s just with the bolt-ons, with all the 
PV - it’s not really the right approach - is it? Because if the PV fails the house 
doesn't perform with regard to code four and all the aspirations” 

 
Legislation and budget appear to be less significant influences on the approach of the 
eco-houses, at least when compared to the pilot project. This is evident in response to 
the how the CfSH was rated as an influence. Members of the pilot project design team 
all rated the CfSH as a significant influence (with a rating of five or more) (see Fig. 8); 
however, the developer of the eco-house chose not to adopt a development approach 
based on the CfSH, despite being a code assessor by profession. Through emails the 
eco-houses’ designer/builder described his reasons for not adopting the CfSH, citing the 
way in which he perceived that it favours large developers using standardised solutions: 
 

“The Code is set up to favour larger developers using standardised solutions and 
actively penalises smaller developers and low-tech, low energy solutions... The 
Green Guide gives rammed earth walls an A+ rating for having a low 
environmental impact, but you can also get an A+ rating for a concrete block wall 
built with cement mortar, despite the immense environmental cost of cement 
production.” 

 



 
Figure 8: Perception of the influence of various factors in the development of the low carbon design 
of the pilot project houses.  

 

Obstacles to the Development of the Pilot Project 
With regard to the perception of obstacles it is apparent that the approaches of the eco-
house and the pilot project produced quite distinct obstacles. In the case of the pilot 
project, there was a considerable level of difference about perception of obstacles 
among the development team based on each individual’s professional role within the 
scheme (see Fig. 9). However, there was almost universal agreement that development 
costs were the most significant obstacle, as detailed in the comment below: 
 

“I'd say development costs are often an obstacle on all schemes that we deal 
with. The problem we have, if I can elaborate on that, is that a lot of the land that 
we source tends to come predominantly from the local authority - former garage 
sites scrappy bits of land which have often not been developed for the reason 
that from time when the local authority used to develop housing it was often 
deemed to be undesirable. Consequently we have a lot of abnormal costs with 
developing these sites.” 

 
With regard to the eco-house development costs were also identified as an obstacle but 
not to the same degree as the in pilot project (see Fig. 9). No doubt, part of the reason  
why development costs were not seen as such a significant obstacle on this project was 
because the designer/builder of the eco-house was able to draw on free and cheap 
labour and materials, as explained below: 
 

‘construction has been very cost-effective at approx. £60,000 to date (£30,000 
per house) but there's a lot of free labour and time in that… I've found there is a 
wealth of materials available free or cheap; my clay plaster was dug from a 
neighbour's garden (about 10 tonnes of it!), there was some usable stone and 
slate on site and freecycle and neighbours renovations have been a godsend - 
free second hand kitchen cupboard doors, taps and bathroom white goods, left 
over insulation etc. have all found their way to my site.’ 
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Figure 9: Perception of obstacles to the development of the pathfinder houses 

 
The building regulations, was not perceived as an obstacle by the designers and builders 
of the pilot project; however, for the eco-house it was considered as one of the most 
significant obstacles, with a rating of six (see Fig. 9). The reason for the building 
regulations high rating by the designer/builder of the eco-house was described as 
follows:  
 

‘Basically I think that building regs although its not prescriptive; although it should 
really be about basic principles; building control officers, in my experience, are 
very heavily rooted in what they know and understand. What they like are 
standardised solutions… I think in terms of low impact development its a real 
sticking point. What's being imposed by the Welsh Assembly in terms of policy is 
completely unrelated to what is happening on the ground its a completely 
different approach and its not marrying up.’ 

 
With regard to the pilot project and the role of the building regulations as an obstacle the 
low ratings (with six of the seven participants giving it a rating of three or less) (see Fig. 
9) perhaps reflecting the fact that the ‘tried and tested’ solution adopted for this scheme 
was in keeping with the standardised solutions favoured by building control officers (as 
argued above). However, the low ratings also perhaps indicate that the stricter 
requirements set the CfSH have replaced building regulations as a legislative obstacle, 
as explained below:  
 

‘I mentioned earlier it was almost looked upon that the building regulations is 
something we tend to achieve as the norm. The code is the thing that seemed to 
focus attention... I didn't see building regulations as being a major obstacle.’ 

 
With regard to the availability of specialist materials and the specialist skills it was only 
the Quantity Surveyor, the Development Officer and, to a lesser extent, the Architect 
who perceived a lack of skills and availability of specialist materials to be an obstacle on 
the pilot project. These participants cited the difficulties gaining an Micro-renewables 
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Certification Scheme accredited installer for the PV as the reason for their high ratings. 
But generally, it was felt by the pilot project team that the conventional nature of the 
house meant that the sourcing of specialist materials had not been a problem, as 
explained in the comment below: 

 
‘No - Because it was timber frame - a pretty standard construction… I'm just 
thinking more of the M&E whether that was influenced... [by a lack of materials] 
because we had the bolt-ons - it really wasn't... it wasn't an obstacle.’ 
 

In contrast, to the pilot project, the sourcing of specialist materials for the eco-houses 
was rated alongside development costs as the second the most significant obstacle to 
the development. The reason for the high rating is explained below: 
 

‘Thinking back what I found was - was using ecological materials there is very 
much a right and wrong time of the year to be for looking for some things. So with 
straw its harvested in August - if you start looking in February after a hard winter 
it can actually be very difficult to get hold of it. Things like the hazel rods that you 
use for reinforcing the walls - coppicing stops at the end of March so if you're 
looking in April it can be a real job to find any significant quantities.... So yes 
availability of materials can be an issue.’ 
 

With regard to the development of a best practice model for low carbon housing in rural 
areas of Wales, the fact that each scheme’s obstacles appears to be addressed by the 
other scheme’s approach indicates that there could be some merit in combining 
approaches. However, to successfully combine these two approaches  a number of 
issues will have to be addressed: supply chain issues in the sourcing of local, natural 
materials; a issues around a lack of incentives for non-standard approaches, evidenced 
by PHA’s decision to use a tried and tested methodology; and a lack of flexibility with 
regard to how low carbon buildings legislation is implemented at local level. 
 
Consideration for the Building Users in the Design Process 
 
There is evidence that the building users can play a considerable part in the energy 
efficiency of a project (Combe et al 2011) and also that design can be a tool to influence 
user behaviour (Lockton et al 2009); however, it was apparent from the answers in the 
final set of questions that, aside from provision of a home user guide, and to a lesser 
extent simplicity of control systems, that consideration of many aspects of user 
behaviour had been neglected in the design of the pilot project. Of the thirty-five answers 
provided by the participants involved in the pilot project in this section fifteen were given 
a one rating meaning that the interviewee believed that the particular item had not been 
considered (see Fig 10).  
 



 
 
Figure 10: Consideration of user behaviour in the development of the pilot project houses 

In the case of the eco-house the role of user behaviour on building performance was 
complicated by the fact that the designer/builder would be living in one of the properties 
and renting the other. Nevertheless there was a belief by the developer that the nature of 
the eco-house would influence its tenants though high levels of insulation which would 
reduce heating demand, although he conceded that he would be trying to rent the house 
to someone environmentally conscious; as explained below:  
 

‘I think that that you can influence user behaviour by increasing levels of 
insulation so that even if they do want it warmer it’s not going to take that much 
energy to keep it warmer. But obviously if someone moves in and cranks up the 
thermostat so that it is 30 degrees all the time then obviously it is going to have a 
bearing on energy efficiency… I think also that it will tend to be someone more 
environmentally conscious who is going to want to rent a house like that and who 
I'd be more comfortable renting a house like that’ 

 
The designer/builder of the eco-house explained the importance of choosing someone 
environmentally conscious in the quote below: 
 

‘I think it is a more sensitive type of housing - if you get water into the middle of a 
straw wall somehow that could cause a serious  issue and you can't go slapping 
emulsion paint on the walls because that would stop it being breathable but yes it 
is sensitive house that needs to be treated properly but if you treat it properly it 
will look after you’ 

 
The fact that the designer/builder of the eco-house is in a position to choose someone 
environmentally conscious contrasts with housing associations, such as PHA, who often 
had to contend with tenants who might have little or no interest in a particular house’s 
energy saving features. One interviewee described how PHA often has to contend with 
tenants with little or no interested in a house’s energy saving features:                                                             
 

‘I think that the other issue is that because the tenants don’t pay for this 
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equipment to go on their building they're not that interested in it.  If you were 
putting this on your house you would research it a little bit to see what benefits 
you're going to get from it, you would be keen to see that the system is set up to 
run in the most efficient way possible but because they have no financial 
commitment to it to be honest they're not that bothered with it.’ 

 
These two sets of responses highlight the important role that the building users can play 
in the development of approaches to low carbon dwellings. The fact that designer/builder 
of the eco-house had some control over the tenancy has provided a degree of freedom 
to develop a more ‘sensitive’ design while PHA tenant’s meant that they were often 
limited to systems that require minimal engagement with the users, such as PV.  
 

CONCLUSION 
From the structured interviews it was apparent that by their respective aims both of these 
projects had been a success: the pilot project team successfully delivered a CfSH level 
four house within the social housing budget and the straw-bale eco-house was 
successful in achieving a low-impact home that was cheap to build. A detailed analysis 
of the embodied energy and cost of both projects is necessary to compare the 
effectiveness of specification of materials for reducing carbon emissions and either 
monitoring or dynamic thermal modelling analysis will be required to compare the 
operational energy of the two schemes.  
 
This study suggests that the developer of the eco-house was able to use a degree of 
legislative freedom, at least when compared to PHA, to explore a holistic design that 
reflected his concerns about appropriateness of a CfSH based approach for small 
developers using low tech solutions. His concerns, and those of the some members of 
pilot project design team about the use of PV to raise the code rating of the scheme, 
raise questions about the appropriateness of the CfSH based approach adopted by the 
Welsh Government and echo unease among some sustainability consultants (including 
the eco-house designer/builder) that the CfSH favours standardised high tech solutions 
(Climate Works 2011). Questions about obstacles to the pilot project highlighted the 
problems associated with developing low carbon schemes on a social housing budget 
and suggest that even on exemplar schemes that affordability is the primary concern 
reflecting evidence that budget will be a significant factor in the development of low 
carbon dwellings in England and Wales (Osmani M and O'Reilly A 2009).  
 
Regarding the development of a best practice model for affordable, low carbon housing 
in rural areas of Wales this study indicates that significant savings in capital cost could 
be achieved though the use of local materials and the adoption of a more compact form, 
as on the eco-house. It is questionable whether it would be appropriate for a social 
housing developer, such as PHA to replicate this strawbale approach due to sensitivity of 
the material to maltreatment by tenants and issues surrounding sourcing materials. 
However, this study indicates that the financial barriers, perceived by some members of 
the pilot project design team, to reducing the embodied energy in social housing can be 
overcome by a departure from the standardised approaches to construction used on the 
pilot project. However, this study also indicates that questions remain about whether the 
present legislative context, both at local and national level in Wales, provides suitable 
incentives and flexibility for developers to adopt non-standard low carbon building 
solutions within the social housing framework. 
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PATHFINDER HOUSE QUESTIONNAIRE – 
DESIGN TEAM
 

PERSONAL SECTION 

 When asked to write information into the blank spaces provided, please write clearly using black or blue ink. 
Most questions ask you to select from a number of choices. For each of this type of question, please mark the 
appropriate box or boxes with a tick mark. If you make a mistake, cross through the tick and mark your new 
answer with a tick mark. 

To be completed by the relevant person  

 

1. PERSONAL DETAILS 
 
Name (optional)  
Gender Male □ Female □ 
Profession  

 
 

Address  
 
 

Postcode  
Email Address  
Contact Telephone No.  
 

2. PROCESS AND APPROACH 
  
2.1)  Do you think the design and/or construction process of the pathfinder houses differ significantly from 
that of conventional houses? 

□ No  

□ Yes – please comment below 
 
 
 
 
 
 
2.2)  How do you rate the following as cost-effective approaches of for achieving low carbon housing? 
(Please mark one box, which best expresses your judgement, on each scale) 
 

  1 2 3 4 5 6 7  

Improved Ait-tightness None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  
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Thermal mass  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Improved insulation None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Solar Hot Water  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Specification of Materials None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Photovoltaic Panels None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Natural Daylighting None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Natural Ventilation None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Mechanical Ventilation 
with heat recovery 

None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Passive Solar Heating None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Biomass Boilers  None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Rainwater Harvesting None at all □ □ □ □ □ □ □ A lot 

 
2.3) Are there any other obstacles for achieving low carbon housing not mentioned above that you would 
wish to include below? (Please mark one box only) 

□  No 

□ Yes – please comment below 
 
 
 
 
 
 
 

3. DEVELOPMENT OF STRATEGY 
 
3.1)  Do you think the relatively rural location of the pathfinder houses had a significant impact on the 
environmental strategy that was adopted? 

□ No  

□ Yes – please comment below 
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3.2) Could you rate the influence of the following factors in the development of the low carbon design of the 
pathfinder houses? (Please mark one box, which best expresses your judgement, on each scale) 
 

  1 2 3 4 5 6 7  

Budget  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Availability of specialist 
components None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Availability of local materials None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

BRE Standards for CFSH None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

The Local Climate None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Building Regulations  None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Planning Regulations - National None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Planning Regulations - Regional None at all □ □ □ □ □ □ □ A lot 

 
3.3) Are there any other factors that influenced the development of the low carbon design of the pathfinder 
houses that you wish to include below? (Please mark one box only) 

□ No 

□ Yes – please comment below 
 
 
 
 
 
 
3.4) How do you rate the following as obstacles to the development of the pathfinder houses? (Please mark 
one box, which best expresses your judgement, on each scale) 
 

  1 2 3 4 5 6 7  

Development Costs  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Availability of Specialist 
Construction skills  None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Availability of specialist 
materials/components  None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Availability of local materials None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Local Planning Controls  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

The Procurement route None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Lack of knowledge of the design 
team None at all □ □ □ □ □ □ □ A lot 
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3.5) Are there any other obstacles for achieving low carbon design of the pathfinder housing not mentioned 
above that you wish to include below? (Please mark one box only) 

□ No 

□ Yes – please comment below 
 
 
 
 
 
 
 

4. INFLUENCE OF USER BEHAVIOUR 
 
4.1) Do you think that user behavior will be a significant factor in the energy efficiency of the pathfinder 
houses since construction? (Please mark one box only) 

□ No 

□ Yes – please comment below 
 
 
 
 
 
 
 
4.2) Was user behavior a consideration in the development of the pathfinder house environmental strategy? 
(Please mark one box only) 

□ No 

□ Yes – please comment below 
 
 
 
 
 
 
 
4.3) Could you rate to what extent the following items were taken into account with regard to considering 
user behaviour for the pathfinder houses? (Please mark one box, which best expresses your judgement, on 
each scale) 

  1 2 3 4 5 6 7  

Lack of knowledge of the 
construction team None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Building Regulations None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Planning Regulations - National  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Planning Regulations - Regional None at all □ □ □ □ □ □ □ A lot 
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4.4) Are there any other items taken into account with regard to considering user behavior for the 
pathfinder not mentioned above that you would wish to include below? (Please mark one box only) 

□  No 

□ Yes – please comment below 
 
 
 
 
 
 

5. INFLUENCE ON USER ATTITUDES 
 
5.1) Do you think that user attitudes will be affected by the design of the design/construction of the 
pathfinder houses? (Please mark one box only) 

□ No 

□ Yes – please comment below 
 
 
  
 
 
 
5.2) Was any attempt to influence user attitudes incorporated into the design/construction process? (Please 
mark one box only) 

□ No 

□ Yes – please comment below 
 
 
 
 
 
 

  1 2 3 4 5 6 7  

Simplicity of Control Systems None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Automation of Temperature 
Controls  None at all □ □ □ □ □ □ □ A lot 

  1 2 3 4 5 6 7  

Energy Display Monitors  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Smart Meters  None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Provision of a Home User Guide None at all □ □ □ □ □ □ □ A lot 
  1 2 3 4 5 6 7  

Automation of lighting  None at all □ □ □ □ □ □ □ A lot 
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PATHFINDER HOUSE QUESTIONNAIRE – 
BUILDING USERS
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PERSONAL SECTION 

When asked to write information into the blank spaces provided, please write clearly using black or blue ink. 
Most questions ask you to select from a number of choices. For each of this type of question, please mark the 
appropriate box or boxes with a tick mark. If you make a mistake, cross through the tick and mark your new 
answer with a tick mark. 

To be completed by each adult in the household. 

 

1. PERSONAL DETAILS 
 
Name (optional)  
Gender Male □ Female □ 
Age 18-24 □ 45-54 □ 

25-34 □ 55-64 □ 

35-44 □ 65 or older □ 

Number of People in each 
age bracket living in the 
house (please indicate 
number on dotted line) 

18 or 
younger ___ 45-54 ___ 

18-24 ___ 55-64 ___ 

25-34 ___ 65 or older ___ 

35-44 ___   

Address  
 
 

Postcode  
Email Address  
Contact Telephone No.  
 

2. COMFORT 
 
2.1) How do you find the temperature of your home during the following seasons? (Please mark one box in 
each row) 
 

  1 2 3 4 5 6 7  

Summer (21/06 – 20/09) Too hot □ □ □ □ □ □ □ Too cold 
  1 2 3 4 5 6 7  

Autumn (21/09 – 20/12) Too hot □ □ □ □ □ □ □ Too cold 
  1 2 3 4 5 6 7  

Winter (21/12 – 20/03) Too hot □ □ □ □ □ □ □ Too cold 
  1 2 3 4 5 6 7  

Spring (21/03 – 20/06) Too hot □ □ □ □ □ □ □ Too cold 

 
2.2) How would you describe the typical living conditions in your house? (Please mark one box, which best 
expresses your judgement, on each scale
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Air Movement - 

Ventilation  1 2 3 4 5 6 7  

Living Room Too airtight □ □ □ □ □ □ □ Too draughty 

Kitchen Too airtight  □ □ □ □ □ □ □ Too draughty 

Master Bedroom Too airtight □ □ □ □ □ □ □ Too draughty 

2nd Bedroom Too airtight □ □ □ □ □ □ □ Too draughty 

3rd Bedroom Too airtight □ □ □ □ □ □ □ Too draughty 

Bathroom Too airtight □ □ □ □ □ □ □ Too draughty 

Hall Too airtight □ □ □ □ □ □ □ Too draughty 

Cloakroom Too airtight □ □ □ □ □ □ □ Too draughty 

Air Quality  1 2 3 4 5 6 7  

Living Room Dry □ □ □ □ □ □ □ Humid 

Kitchen Dry □ □ □ □ □ □ □ Humid 

Master Bedroom Dry □ □ □ □ □ □ □ Humid 

2nd Bedroom Dry □ □ □ □ □ □ □ Humid 

3rd Bedroom Dry □ □ □ □ □ □ □ Humid 

Bathroom Dry □ □ □ □ □ □ □ Humid 

Hall Dry □ □ □ □ □ □ □ Humid 

Cloakroom Dry □ □ □ □ □ □ □ Humid 

Natural daylight  1 2 3 4 5 6 7  

Living Room Too bright □ □ □ □ □ □ □ Too dark 

Kitchen Too bright □ □ □ □ □ □ □ Too dark 

Master Bedroom Too bright □ □ □ □ □ □ □ Too dark 

2nd Bedroom Too bright □ □ □ □ □ □ □ Too dark 

3rd Bedroom Too bright □ □ □ □ □ □ □ Too dark 

Bathroom Too bright □ □ □ □ □ □ □ Too dark 

Hall Too bright □ □ □ □ □ □ □ Too dark 

Cloakroom Too bright □ □ □ □ □ □ □ Too dark 

Glare from Sun and Sky  1 2 3 4 5 6 7  

Living Room Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Kitchen Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Master Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

2nd Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

3rd Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Bathroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Hall Satisfactory □ □ □ □ □ □ □ Unsatisfactory 
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Cloakroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Artificial Light  1 2 3 4 5 6 7  

Living Room Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Kitchen Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Master Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

2nd Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

3rd Bedroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Bathroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Hall Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

Cloakroom Satisfactory □ □ □ □ □ □ □ Unsatisfactory 

 
         

  

3. CONTROL OF ENVIRONMENT 
 
3.1) How much control do you feel that you have over the following aspects of your home environment? 
(Please mark one box, which best expresses your judgement, on each scale) 
 

Air Temperature  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Living Room None at all □ □ □ □ □ □ □ A great deal 

Space Heating  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Water Heating  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 
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Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Cooling  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Natural Ventilation  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Mechanical Ventilation  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Natural Light   1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 
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Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Artificial Light   1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Noise Pollution  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

6.3) At what temperature are you most comfortable? (Please complete the appropriate box) 
 

Room Temperature (°C)   
 

Living Room  □ Don’t know 
 

Kitchen  □ Don’t know 
 

Master Bedroom  □ Don’t know 
 

Second Bedroom  □ Don’t know 
 

Third Bedroom  □ Don’t know 
 

Bathroom  □ Don’t know 
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Hall  □ Don’t know 
 

Cloakroom  □ Don’t know 
 

 
3.2) If it is too warm how likely are you to do the following to return it to a comfortable temperature in the 
following rooms? (Please mark one box, which best expresses your judgement, on each scale) 
 
 

Turn down/off the 
thermostat  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Open a window/door  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Remove an item of  
clothing  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Turn down/off  a 
radiator/TRV 

 
1 2 3 4 5 6 7 
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Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 
  1 2 3 4 5 6 7  

Other- Please specify 
below  None at all □ □ □ □ □ □ □ A great deal 

 
 
 
 

 
3.3) If it is too cool how likely are you to do the following to return it to a comfortable temperature in the 
following rooms? (Please mark one box, which best expresses your judgement, on each scale) 
 

Turn up/on the 
thermostat  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Close a window/door  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Put on warmer  clothing  1 2 3 4 5 6 7  

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 
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Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 

Turn up/on  a 
radiator/TRV 

 
1 2 3 4 5 6 7 

 

Living Room None at all □ □ □ □ □ □ □ A great deal 

Kitchen None at all □ □ □ □ □ □ □ A great deal 

Master Bedroom None at all □ □ □ □ □ □ □ A great deal 

2nd Bedroom None at all □ □ □ □ □ □ □ A great deal 

3rd Bedroom None at all □ □ □ □ □ □ □ A great deal 

Bathroom None at all □ □ □ □ □ □ □ A great deal 

Hall None at all □ □ □ □ □ □ □ A great deal 

Cloakroom None at all □ □ □ □ □ □ □ A great deal 
  1 2 3 4 5 6 7  

Other- Please specify 
below  None at all □ □ □ □ □ □ □ A great deal 

 
 
 
 
 
 
 
 
 
 

 

4. ENERGY AND WATER USE 
 
4.1) How important do you think it is to reduce the amount of electricity

 

 that you use in your home (e.g. 
electricity, gas): (Please mark one box on each scale) 

   1 2 3 4 5 6 7  

To save money?  Important □ □ □ □ □ □ □ Unimportant 
   1 2 3 4 5 6 7  

Out of concern for the 
environment? i.e. Climate 
Change 

 
Important □ □ □ □ □ □ □ Unimportant 

   1 2 3 4 5 6 7  

To reduce the decline of 
finite resources? 

 Important □ □ □ □ □ □ □ Unimportant 

 
 
4.2) How important do you think it is to reduce the amount of heating fuel

 

 you use in your home (e.g.  gas, 
oil, LPG, other ): (Please mark one box on each scale) 

   1 2 3 4 5 6 7  
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To save money?  Important □ □ □ □ □ □ □ Unimportant 
   1 2 3 4 5 6 7  

Out of concern for the 
environment? i.e. Climate 
Change 

 
Important □ □ □ □ □ □ □ Unimportant 

   1 2 3 4 5 6 7  

To reduce the decline of 
finite resources? 

 Important □ □ □ □ □ □ □ Unimportant 

 
4.3) How important do you think it is to reduce the amount of water

 

 you use in your home for the following 
reasons: (Please mark one box on each scale) 

   1 2 3 4 5 6 7  

To save money?  Important □ □ □ □ □ □ □ Unimportant 
   1 2 3 4 5 6 7  

Out of concern for the 
environment? i.e. Climate 
Change 

 
Important □ □ □ □ □ □ □ Unimportant 

   1 2 3 4 5 6 7  

To reduce the decline of 
finite resources? 

 Important □ □ □ □ □ □ □ Unimportant 

  

5. BILLING AND ENERGY USAGE 
 
5.1) How are you billed for your electricity use? (Please mark one box only) 

□ Monthly □ Quarterly 
 If ‘monthly’  If , how much do you pay on average 

each month? 
‘quarterly’, how much do you pay on average 

each quarter? 

□ Less than £20 □ £60 - £79 □ Less than £60 □ £180 - £239 

□ £20 - £39 □ £80 - £99 □ £60 - £119 □ £240 - £299 

□ £40 - £59 □ More than £100 □ £120 - £179 □ More than £300 
 
5.2) How does your bills
 

 compare with what you paid in your previous home? (Please mark one box only) 

Electricity 
Much less 
expensive Less expensive Similar More expensive Much more 

expensive 
Don’t know/Not 

applicable 

□ □ □ □ □ □ 
 

Gas 
Much less 
expensive Less expensive Similar More expensive Much more 

expensive 
Don’t know/Not 

applicable 

□ □ □ □ □ □ 
 
 

Water 
Much less 
expensive Less expensive Similar More expensive Much more 

expensive 
Don’t know/Not 

applicable 
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□ □ □ □ □ □ 
 
5.3) Do you ever experience difficulties with paying your household bills (e.g. for electricity, gas, water, 
service charges)? (Please mark one box only) 
 

Utility Bill  Usually or always Sometimes Rarely or never 

Electricity □ □ □ 
Heating Fuel  □ □ □ 
Water □ □ □ 
 
5.4) Have you had to make any lifestyle choices because of the cost of your household bills? For example, 
putting up with the cold to save money on heating bills. (Please mark one box only) 

□ No – I don’t have to make any lifestyle choices 

□ Yes – please comment below 
 
 
 
 
 

6. OVERALL OPINIONS ABOUT YOUR HOME 
 
6.1) How easy do you find it to use the controls for the space heating system
 

? (Please mark one box only) 

 1 2 3 4 5 6 7  

difficult □ □ □ □ □ □ □ easy 

 
6.2) How easy do you find it to use the controls for the hot water system
 

? (Please mark one box only) 

 1 2 3 4 5 6 7  

difficult □ □ □ □ □ □ □ easy 

 
6.3) What is the temperature setting on your room thermostat? (Please complete the appropriate box) 
 
Room Temperature (°C)   

 

Living Room  □ Don’t know/Not applicable 
 

Kitchen  □ Don’t know/Not applicable 
 

Master Bedroom  □ Don’t know/Not applicable 
 

Second Bedroom  □ Don’t know/Not applicable 
 

Third Bedroom  □ Don’t know/Not applicable 
 

Bathroom  □ Don’t know/Not applicable 
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Hall  □ Don’t know/Not applicable 
 

Cloakroom  □ Don’t know/Not applicable 
 

 
6.4) What is the temperature setting on your hot water thermostat? (Please complete the appropriate box) 
 

  °C □ Don’t know/Not applicable 

 
6.5) Apart from the Master heating system, do you use any other appliances to heat individual rooms? 
If ‘Yes’

□ No  

, please describe the type of heater used in each room. 

□ Yes – please provide details i.e. type of heater etc 
 
 
 
 
6.6) Do you use any other appliances to cool individual rooms i.e. fans etc ? If ‘Yes’

□ No  

, please describe the type 
of cooling mechanism used in each room. 

□ Yes – please provide details i.e. type of cooling: fans etc 
 
 
 
 
6.7) How do you find the temperature of the water in your home? (Please mark one box only) 
 

 1 2 3 4 5 6 7  

Too hot □ □ □ □ □ □ □ Too cold 

 
 
 Yes No  
6.8) Do you have to run the tap for a long time to get hot water? 
 □ □  

 If ‘Yes’  , about how long? (Please mark one box only)  

5-10 seconds □ 10-15 seconds □ 15-20 seconds □ More than 20 seconds □ 

6.9) To what extent do you agree or disagree with the following statement: (Please mark one box only) 

 Regarding the heating and hot water systems

 

 in your home: 

Strongly 
agree 

Tend to 
agree 

Neither 
agree nor 
disagree 

Tend to 
disagree 

Strongly 
disagree 

Don’t 
know/Not 
applicable 

I feel confident in making adjustments 
to the controls to use energy in the 
most efficient and economical way 

□ □ □ □ □ □ 
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6.10) Do you ever keep your windows closed in WINTER

 

 for any of the following reasons? (Please mark one 
box on each line) 

 Never Sometimes Often All the time 

Cold □ □ □ □ 
Draughts □ □ □ □ 
Noise outside □ □ □ □ 
Security (fear of intruders getting in) □ □ □ □ 
Smells of air pollution outdoors □ □ □ □ 
Saving energy □ □ □ □ 
 
6.11) Do you ever keep your windows closed in SUMMER

 

 for any of the following reasons? (Please mark one 
box on each line) 

 Never Sometimes Often All the time 

Cold □ □ □ □ 
Draughts □ □ □ □ 
Noise outside □ □ □ □ 
Security (fear of intruders getting in) □ □ □ □ 
Smells of air pollution outdoors □ □ □ □ 
Saving energy □ □ □ □ 
 
 

7. BUILDING MANAGEMENT 
 
7.1) Have you been provided with a copy of a Home User Guide? (Please mark one box only) 
 

Yes No Don’t know 

□ □ □ 
 
7.2) How energy efficient is your home in your opinion? (Please mark one box only) 
 

   1 2 3 4 5 6 7  

Energy efficiency  satisfactory □ □ □ □ □ □ □ unsatisfactory 

Comments (optional) 
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7.3) Have any of your household (to your knowledge) ever made requests for improvements to the heating, 
ventilation or air-conditioning in your building? (Please mark one box only) 
 

Yes No Don’t know 

□ □ □ 
 
 If ‘Yes’
 

, how satisfied were you with the following? (Please mark one box on each scale) 

   1 2 3 4 5 6 7  

Speed of response  satisfactory □ □ □ □ □ □ □ unsatisfactory 
   1 2 3 4 5 6 7  

Effectiveness of response  satisfactory □ □ □ □ □ □ □ unsatisfactory 

Please provide details of the problem(s) experienced 
 
 
 
 
 
 
 
7.4) Have any of your household (to your knowledge) ever made requests for improvements to other 
aspects of your living environment? (Please mark one box only) 
 

Yes No Don’t know 

□ □ □ 
 
 If ‘Yes’
 

, how satisfied were you with the following? (Please mark one box on each scale) 

   1 2 3 4 5 6 7  

Speed of response  satisfactory □ □ □ □ □ □ □ unsatisfactory 
   1 2 3 4 5 6 7  

Effectiveness of response  satisfactory □ □ □ □ □ □ □ unsatisfactory 

Please provide details of the problem(s) experienced 
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Participant Information Sheet 
Pathfinder House Design Team Questionnaire 

 
UREC reference number: 26.02.05/11a 
 
Dear Sir/Madam, 
 
The Ecological Built Environment Research and Enterprise (EBERE) group at the 
University of Wales Institute at Cardiff (UWIC) is currently engaged in a research 
project with Pembrokeshire Housing Association. This project is investigating how 
successful the pathfinder homes have been in meeting the user’s comfort 
requirements and understanding what steps the inhabitants take to control their 
environment to ensure that their spaces are achieving a suitable level of comfort. 
 
I am a researcher from UWIC and my research is related to how people use their 
homes. I am part of a group of researchers in EBERE, researching dwelling types, the 
tenure type, building configuration (fabric, service and controls) types, building 
occupancy patterns, occupant perceptions, current energy use and carbon dioxide 
emissions, associated with non-renewable resource use and occupant behavioural 
patterns. The data that will be collected will be used for the purposes of the research 
project. This is a University Research project not a commercial or governmental 
survey. The results of the survey will be published in academic journals and 
conference proceedings.  
 
In consultation, in collaboration and with support from Pembrokeshire Housing 
Association, the EBERE researchers have prepared a questionnaire and would be 
very grateful if you could complete it. The data gathered from this questionnaire will 
greatly contribute to the research investigating non-renewable resource use and the 
effects of house types and occupant behavioural patterns on non-renewable resource 
use in existing dwellings, in Pembrokeshire, to be used in a best practice model for 
housing in rural Wales.  
 
Kind Regards, 
 
Simon Hatherley 
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What would happen if you join the study? 
Please can you fill in this questionnaire about non-renewable resource use in the 
pathfinder houses and sign the consent form.  
 
If you wish to take part in a follow-up interview about non-renewable resource use in 
the pathfinder house please complete the final page on the questionnaire, with your 
name and contact details.  
 
What happens if you want to change your mind? 
If you agree that you wish to join the study you are still able change your mind and 
withdraw at any time, your decision will be completely respected.  
 
Are there any risks? 
There are no risks to you or your family involved in completing the questionnaire, or 
follow-up interview.  
 
Your rights 
Joining the study does not mean you have to give up any legal rights.  
 
What happens to the data? 
All the material will be kept safely in a locked room and locked cupboard, in EBERE’s 
offices at UWIC in accordance with data protection guidelines. All the information you 
provide is strictly confidential, and everyone working on the study is bound by law to 
respect your privacy.  Your name and address and personal details will be kept 
completely separate from the data collected and there is no information that could 
identify you. When we have finished the study and analysed the information, all the 
forms that are used to gather data and consent form will be kept for 10 years, since 
this is a requirement by one of the funding bodies for these research projects. 
 
Completion of the questionnaire 
If you do not know the answer to any of the questions, try to answer to the best of your 
ability, but if you cannot then leave the question blank. 
 
EBERE Researchers: 
 
DR JOHN LITTLEWOOD 
Programme Coordinator, Director of EBERE, UWIC 02920 416676, jlittlewood@uwic.ac.uk 
  
MR SIMON HATHERLEY  
Academic Associate (KESS), EBERE, UWIC sihatherley@uwic.ac.uk 

mailto:jlittlewood@uwic.ac.uk�
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UWIC PARTICIPANT CONSENT FORM  

 
UWIC Ethics Reference Number: 26.02.05/11a 
 
Participant name or Study ID Number:  
 
Title of Project: Pathfinder House Questionnaire 
 
Name of Researcher: Simon Hatherley 
___________________________________________________________________  
 
Participant to complete this section: Please initial each box.  
 

1. I confirm that I have read and understand the information 
sheet dated ............................ for the above study. I have 
had the opportunity to consider the information, ask 
questions and have had these answered satisfactorily.  

 

 

2. I understand that my participation is voluntary and that I am 
free to withdraw at any time, without giving any reason, 
without my relationship with UWIC, or my legal rights, being 
affected.  

 

 

3. I understand that relevant sections of any of research notes 
and data collected during the study may be looked at by 
responsible individuals from UWIC for monitoring purposes, 
where it is relevant to my taking part in this research. I give 
permission for these individuals to have access to my 
records. 

 

4. I agree to take part in the above study.  
 
 

 

 

 
 
 
 
_______________________________________ ___________________  
Signature of Participant                                               Date  
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Would you be interested in a follow up interview to discuss the results of your 
questionnaire? 
Yes □ No  □ 
 
Please supply some contact details: 
 
 
Name______________________________________________________ 
 
 
Telephone Number___________________________________________ 
 
 
Mobile Number______________________________________________ 
 
 
Email address_______________________________________________ 
 
 
Address____________________________________________________ 
 
 

______________________________________________________ 
 
 

______________________________________________________ 
 
 

______________________________________________________ 
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Solar Gain   Original Scheme  Inner Blockwork Leaf  Mid Terrace 

Additional Solar  
Gain   

Internal Blockwork 
Throughout 

2%   0.6%   11%   

  4%   0.7%   10%   

Improved  
Insulation 

 53  19 97   78 

 0  209  69 

u–value 0.21 

u–value 0.16 
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Thermal Mass and  
Solar gain  2 

Improved Insulation and  
Thermal Mass   

Original Scheme   

Improved Insulation,  
and solar gain 1    

Improved Insulation,  
Thermal mass and  
solar gain 2    

Improved Insulation,  
Thermal mass and  
solar gain 1    

9%   10%   

11%   26%   27%   

Improved Insulation,  
and solar gain 2   

Thermal Mass and  
Solar gain  1 

14%   

11%   

 53  21  10  20 

 105  171  11  22 
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13%   

13%   

303   per house 

90  per house 

6%   

73 
per 
house 
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36%   40%   

25%   30%   

Improved Insulation  
Additional glazing  
Thermal mass 
South facing glazing 
Terrace 

Thermal mass 
South facing glazing 
Terrace 

Optimal   

Affordable    

 65 

 99 

 454 

 385 
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Conclusions 
 

• Significant energy savings (25% - 30%) in sensible heating load can be achieved even on 
an exemplar low carbon project with little or no additional capital cost through measures 
such as specifying thermal mass to internal walls, considering the ratio of external area to 
internal volume and the massing of the buildings on the site.  

 
• There are benefits of combining approaches rather than being overly reliant on one 
strategy; however the interplay of these approaches requires careful consideration to 
maintain reasonable levels of internal comfort.     

 
• Overheating will increasingly become a problem as buildings become more become more 
effective at reducing sensible heating load through building form and fabric based 
approaches. Thus measures to address overheating, such as the specification of thermal 
mass, will become more 
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"Prediction is very difficult, especially if 
it's about the future."  
 
-Nils Bohr, Nobel laureate in Physics  
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Summary of Main Points (1)  

•The results highlight the difficulty in making accurate predictions of the extent of overheating in 

dwellings due to the sensitivity of the data to variables such as the ventilation and choice of climate file.  

 

•However,  trends in the data indicate that overheating will become more of a problem as a result of the 

combined effects of higher thermal fabric standards and climate change. 

 

•The data indicates that by using thermal mass and  considering the placement of insulation can reduce 

the potential for overheating. Increasing levels of airtightness and passive solar gain will require careful 

consideration to alleviate the higher temperatures that can arise from applying these measures and in 

some cases will require mitigation strategies. 
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Summary of Main Points (2)  

•The use of adaptive thermal comfort standards indicates temperatures are unlikely to rises beyond levels 

that are tolerable, based on the current climate models. 

 

•The use of adaptive thermal comfort standards also indicates that as well as technical solutions, such as 

applying ventilation strategies and thermal mass, it is important to consider adaptation strategies that 

tenants might adopt to cope with higher temperatures.  
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Discussion Point 
 

•The two presentations have outlined approaches to developing low carbon housing using 

lower levels of embodied energy,  applying passive design strategies, measures to address 

the potential for overheating and climate change adaption strategies – but where do you see 

the future design of PHA’s housing going in the next few years?  
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AN EXPLORATION OF DESIGN APPROACHES USING  DYNAMIC THERMAL 
MODELLING SOFTWARE 

 
 
 

Presented by Simon Hatherley  
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