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ABSTRACT

There is a growing need to curtail the carbon eomssin the globe in order to
achieve the climate stabilisation goals based enctimate change threat. And as
such, different initiatives and schemes of Goveminteave targeted a number of
policies at reducing energy and carbon emissiomgets with the housing sector of
the economy not an exception. In order to explbesféasibility of achieving carbon
emissions reduction targets within the housingmseat the UK, the research views
the issue of household energy consumption and oagbussions as complex socio-
technical problem involving the analysis of botle ocial and technical variables.
This thesis therefore describes the developmetiteofystem dynamics based model
to capture and solve the problem relating to tharé&profiles of household energy
consumption and carbon emissions by providing &pa@dvice tool for use by the
policy makers.

In order to investigate the problem, the researdbpts the pragmatist research
strategy involving collection of both qualitativacaquantitative data to develop the
model. The developed model has six modules, whreh population/household,
dwelling internal heat, occupants’ thermal comfodjmatic-economic-energy
efficiency interaction, household energy consumptand household G@missions.
In addition to the ‘baseline’ scenario, the develbpodel was used to develop four
illustrative scenarios of household energy conswnpmnd carbon emissions; which
are: ‘efficiency’ scenario, ‘behavioural changeesario, ‘economic’ scenario, and
‘integrated’ scenario. The ‘efficiency’ scenariongeally considers the effects of
improvements in energy efficiency measures on Hmldeesnergy consumption and
ultimately on household carbon emissions. Additignahe ‘behavioural change’
scenario tries to model the effects of occupanktginge of energy consumption
behaviour on household energy consumption and nasbspissions profile. The
‘economic’ scenario assumes a case of policy chdng&overnment favouring
energy prices reduction, thereby reducing the enedodls payable by the
householders and its consequences on householgyeoc@nsumption and carbon
emissions. And the ‘integrated’ scenario combimesassumptions in the first three
scenarios and then analyses its effects on housenergy consumption and carbon
emissions.

The ‘baseline’ results indicate that about 49% rsgwiin carbon emissions by the
year 2050 below the base year of 1990 are posdNalditionally, the results of the

developed model for all the illustrative scenarindicate that carbon emissions
savings of 46%, 55%, 58%, and 63% below the baae ¢£1990 are possible from
the ‘economic’, ‘efficiency’, ‘behavioural changeand ‘integrated’ scenarios
respectively.

The research concludes that it is unlikely for ahyhe scenarios by its own to meet
the required legally binding reductions of 80% autcarbon emissions by 2050

unless this is vigorously pursued. The unique doution of the research is the

development of a model that incorporates sociorieeth issues that can be used for
decision making over time.
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Chapter 1

INTRODUCTION

1.1 Rationale for the research

Governments at different levels around the gloleeuagently seeking solutions to
the problems emanating from energy consumption Gardon emissions in all
spheres of economy. This is because of the chalehglimate change and other
related effects as a result of carbon emissionsekample, the evidence from the
United Nations Department of Economic and Socidlaitd (UNDESA, 2010)
suggests that the climate change effects due teosaemission could cause
increase in global temperature of up i€ 6This invariably results in extremes
weather conditions. To this end, different initv@s and schemes of Government
have targeted a number of policies at reducingggnand carbon emission, and
housing sector of the economy is not an exceptiothe United Kingdom (UK),
based on the evidence from the Office for Nati@takistics (ONS) (ONS, 2009),
energy consumption in buildings alone is about %2 which domestic sector
accounts for around 27.5% of the total UK’s enecgysumption in the year
2008. Correspondingly, domestic carbon emissicarsdsat about 26% of the total
UK carbon emissions (Nataraja&t al, 2011). It is against this background that
the domestic sector of the economy is chosen asa point for mitigation and
adaptation agendas. As such, the UK Governmeninfiteged quite a number of
strategies aimed at reducing household energy agptsen and carbon emissions
(HECCE). This is mainly due to the importance adedr this sector of the
economy in realising a target of 80% reduction B$@based on 1990 level as
enshrined in the Climate Change Act of 2008.

From the foregoing, the menace posed by carbonsems and other climate
change related effects have created extreme dtifi¢a accurately predict the
energy and carbon emissions performance of dwsllomge occupied (Stevenson
and Rijal, 2010; Bordasst al., 2004). Way and Bordass (2005) posit that
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dwellings are not only becoming more complex, s dighter energy and other
environmental regulations are increasing presswrgarding their greater
predictability. Further to this, outcomes of seVestudies have indicated that
design predictions are not just the same as opagrdtioutcomes of dwellings
once occupied. One of the reasons advanced by iBgil8ervices Research
Information Association (BSRIA) (2011) is becaudettee complex technology
currently in use in order to allow dwellings hiethtargets of energy and carbon
emissions reductions. Mahdavi and Proglhof (200@nstted that “the presence
and actions of dwellings occupants have a sigmfitapact on the energy and
carbon emission performance of dwellings”. Addiaty, a number of
researchers now attach much importance to occupamtstheir behaviour in and
around dwellings and advocate their inclusion wiel@luating the energy and
carbon emissions performance of dwellings (Hitclk¢d©®93; Nicol and Roaf,
2005; Soldaat, 2006; Dieet al, 2009; Okhovatet al, 2009; Gillet al, 2010;
Stevenson and Rijal, 2010; Yun and Steemers, 2011).

Therefore, it has been established that there #lfen®wre to do regarding
household energy when it comes to dwellings-occigpanvironment
interactions. Stevenson and Rijal (2010) arguedhatof the areas of uncertainty
researchers are still struggling with is in findingeans to establish a concrete
methodology that links the technical aspect of dimg$ energy consumption with
that of dwellings occupants. This is with a view dapturing the effects of
occupants on household energy consumption. Prestudies in this area of
dwellings-occupants-environment interactions maifbcused on occupants’
interactions with the control systems and deviagtsip place in dwellings (Hunt,
1979; Fritschet al, 1990; Newsham, 1994; Humphreys & Nicol, 1998; iBewois
et al, 2005; Herkelet al, 2005; Bourgeoi®t al, 2006; Mahdaviet al, 2006;
Soldaat, 2006; Kabiet al, 2007; Borgeson & Brager, 2008; Humphreysal,
2008; Haldi & Robinson, 2009; McDermadt al, 2010; Pray®t al, 2011; Rijal

et al, 2011). The main thrust of majority of these sadis on occupants’

! Occupant(s) and householder(s) are interchangeskly throughout this thesis to mean the
same thing.
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behaviour towards the control of windows for thelre@mfort as well as lighting
and shades for proper illumination in dwellings. ridas models were
recommended for use to predict these actions afpards based on quantitative
data collected and analysed. Generally, dwellingsdnto be acknowledged as
being dynamic and interactions of operators, ocotgpaand designers all
influence the way they perform in terms energy comstion and carbon

emissions.

It is noteworthy to state that dwellings as a systm its own is engineered using
tested components and generally reliable systerhsreas the occupants aspect
of it can be unreliable, variable, and perhaps esrational. Borgeson and Brager
(2008) claim that due to complexity, in terms oérgy consumption and carbon
emissions, dwellings are now behaving in a nonalinend irrational way that
then calls for an approach that is able to copd whis kind of complexity.
Hitchcock (1993) and Borgeson and Brager (2008uarthat researchers are
finding it difficult to predict occupants’ behavi@l aspect of energy
consumption in dwellings. This is mainly because fimdamental approach on
which energy consumption models are based is dlifferent from that of
occupants’ aspect. While energy models that trycdapture the behaviour of
occupants towards the opening of windows (Borgesoth Brager, 2008), for
example, make use of a linear relationship of teatpee difference; the actual
action consequently posed by the occupants followralinear and unpredictable

way, which make modelling difficult.

One of the breakthroughs proposed by Borgeson aadeB (2008) is to model
occupants’ behaviour using stochastic algorithnts map this with climate data.
These models are deficient in the sense that th#yface the challenge of
integrating the occupants’ behavioural aspect eitergy models. Further to this,
the UK Government’s Standard Assessment Proce@AB)(for energy rating of
dwellings [Building Research Establishment (BRE)1ZP] that tries to assign
energy rating to dwellings incorporates a number vafiables into their

calculations. Unfortunately, SAP fails to captutes tvariables related to the
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individual characteristics of the household occuapyihe dwelling.e. household

size, occupants behaviour, and so on (BRE, 201hjs Then shows that the
calculation may be deficient because of the lackolusion of these occupants’
related variables. There is then the need to eaplaays of improving greater
predictability of dwellings energy consumption amérbon emissions by
demonstrating a novel approach that takes intoideration the challenge of

occupants’ aspect of energy consumption in dwedling

Undoubtedly, integration of dwellings occupantspext with that of dwellings

characteristics/parameters regarding energy consampin buildings sits

squarely within the socio-technical systems (ST@reach of systems-based
methodology of scientific inquiry. As pointed owrker, dwellings as a system is
seen to comprise two subsystems: physical subsytatrelates to dwellings
characteristics/parameters (technical system) amdah subsystem regarding
occupants actions within the dwelling (social sygteDwellings as a system is
affected should there be any change to both thenieal and social systems.
Invariably, any change to technical system will daegffects on physical
subsystem; likewise any change in social systerhhaite corresponding effects
on the human subsystem (Figure 1.1). On one hant ssthanges to technical
system may have an indirect influence on the huswubsystem, while on the
other hand some changes to the social system maeydmaindirect influence on

the physical subsystem as well (Figure 1.1).

Technical system

Social system

Figure 1.1: Interactions between the social and technicaksyst
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It should not be forgotten that dwellings as a aystrelates with the outer
environment, which have both direct/indirect inflge on both the technical and
social systems. Any change in the outer environng@ments will definitely
influence the behaviour of these technical and aosystems. This will
consequently have effects on household energy ogptsen and associated
carbon emissions. This then presents a kind of t®mgystem that calls for an
approach that is able to cope with this type afation. It needs to, however, be
noted that engineering models can only deal witghdiitanges to technical system
alone and social models can as well cope with llaages to social system alone.
For example, within the energy sector, modellingrgg consumption and carbon
emissions has been purely based on econometrizGgriald et al., 2002),
statistical (Fung, 2003), or building physics (Sbok & Dunster, 1997) method.
One of the main thrusts of this research, therefieréo present an approach that
links this phenomenon together, aids in its undexing, and offers ways of
testing different strategies for reducing houseteosidrgy consumption and carbon
emissions. This is in order to contribute to theboa emissions reduction target
of the UK Government. Notably, there are quite anber of variables at play
here. These variables are interrelated and depernshe another. Among them
are the variables that are related to the intemaatif dwellings themselves with
outer environment as well as the interaction ofupemts with the systems put in
place to operate dwellings in a sustainable way.thése present a kind of

complex system.

Climatic variables (outer environment element),dgample, are unpredictable as
any change in these.@.in terms of external temperature, rainfalic), may have
effects on heating, ventilatiortc. They are then likely to trigger a response from
the occupants to appropriately react to this sitnan terms of heating, use of hot
water, etc. The reactions from occupants too still largely elepp on a number of
determinantsdg.g.demographic, cultural, and economic variablesagbtur; etg.
Analysis of this scenario presents a kind of compgstem that has multiple
interdependencies with multi-causal relationshifdse variables at play here are

both “soft” and “hard” and their behaviour changes non-linear way over time
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with multiple feedback loops. These variables &@yever, difficult to predict
and keep under control. The situation described/aliitustrates an example of
the STS of household energy consumption and caepmssions. This research
then intends to dwell into this issue of STS of $ehold energy consumption and
carbon emissions with a view to adding to the ustdeding of complex nature of
household energy consumption issues. This is bggsiag a novel approach to
policy makers capable of testing different stragegiand interventions for
reducing household energy consumption and carbassems.

It is on this basis that the research seeks toemthe following questions:

1. What are the social and technical variables inftirggn household energy
consumption and carbon emissions?

2. What are the modelling approaches in use to fotdwassehold energy
consumption and carbon emissions?

3. What is the most suitable modelling approach toceptualise the
complex socio-technical systems of household eneagg carbon
emissions?

4. How could the influence of these socio-technicadtems variables on
household energy consumption and carbon emissiensddelled and
predicted using a pragmatic approach?

5. What are the effects of energy efficiency measurescupants’
behavioural change, and energy prices on housefm@dyy consumption

and carbon emissions?

1.2 Research Aim and Objectives

The aim of this research is to develop a dynamidehof the socio-technical
systems of energy consumption and carbon emissibtise UK housing stock
with a view to providing a tool to policy makerspedle of testing a range of
possible futures regarding household energy consampand carbon emissions.

This will improve the understanding of complex matwf household energy
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consumption and carbon emissions. In an attemputet@lop and evaluate the
model, a number of scenarios are constructedustilite the possible futures of
energy consumption and carbon emissions for the Hokising stock. These
scenarios are used to explore the possibility dfiiemng carbon emission
reductions of about 80% by 2050 as enshrined inGhlmate Change Act of
2008.

The specific objectives to achieve the aim of tesearch are to:

1. Identify the social and technical variables inflaeg household energy
consumption and carbon emissions.

2. Review the modelling approaches used in forecastmgsehold energy
consumption and carbon emissions.

3. ldentify the most suitable modelling approach tonaptualise the
complex Socio-Technical Systems (STS) of househadergy
consumption and carbon emissions.

4. Develop the dynamic model of the socio-technicateays of household
energy consumption and carbon emissions.

5. Use the developed model to evaluate the effecteneirgy efficiency,
occupants’ behavioural change, and energy pricebausehold energy

consumption and carbon emissions.

1.3  Scope of the Research

The scope of this research is discussed basedeotiothain of investigation and

the level of aggregation/disaggregation.

1.3.1 Domain of Investigation

Generally, dwellings can either be domestic (redidd or non-domestic.

Regarding energy consumption and associated -carbmissions, much
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importance has been accorded to the dwellingsniergé, either domestic or non-
domestic (Steemers, 2003). This may be due toatiethat dwellings generally
share a chunk of total annual energy consumptiod associated carbon
emissions as ONS (2009) report suggests. A fughave into the consumption
and emissions profile of dwellings reveals that dbenestic sector retain the lion
share of these consumption and emissions, espeitidtie UK (Steemers, 2003;
ONS, 2009). To buttress the above, Hitchcock (1998ues that the domestic
sector is an important component of the energy @mgnof most countries.

Additionally, the policy of the UK government to ke all new homes zero
carbon as a way of meeting the carbon reductiorgettaas stipulated in the
Climate Change Act further reinforces the imporeaatdomestic sector to policy
formulation. It is equally important to note in-depof how domestic buildings

respond to social (occupants aspect), technicalys{phl aspect), and

environmental (social or technical) changes wh&oibhes to energy consumption
and related carbon emissions. Taking into consiaerall the above arguments
regarding the domestic sector and coupled with fdoe that it is practically

impossible for this research to dwell into and gtuall different arrays of

buildings, it is against this backdrop that thise@ch aims to limit the scope of
this study to domestic sector and investigate ssagarding household energy
consumption and carbon emissions. Also, it is regsto highlight that

modelling the occupants’ aspect, especially occigh@ehaviour, requires special
modelling. As such, occupants’ behaviour is treag@xogenous variable within

this thesis.

1.3.2 Level of Aggregation/Disaggregation

Johnston (2003) argues that the level of disaggimyavithin any model of
energy consumption and associated carbon emissiordwellings is large,
especially if such a model utilised a bottom-uprapph (see Section 2.4.3). This
is to mean that the degree of this disaggregatoaidcget down to the level of

energy consumption for individual dwellings’ endegsn terms of space heating,
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hot water consumption, cooking energic. or this could include a considerable
amount of detail regarding the effects of dwellitgermodynamics to energy
consumption. Similarly, the level of aggregationthn the top-down energy
models, for example, is large as well. In this rdgaconomic variables, for

example, may be used to forecast energy consumiptidwellings.

In order to therefore streamline the scope of tesearch, it is necessary to
determine the level of aggregation/disaggregatmrbé incorporated into the
model. This would then give the explanatory pdwef the model output.

Johnston (2003) relates the level of aggregatisafgtiregation and the
explanatory power together as shown in Figure 1tR the theoretical optimum

level. This research will then strike a balancaubyng variables in both the levels
of aggregation and disaggregation since the tamgdience for the research is

energy policy makers.

Theorstical optimum

Explanatory power

>

Level of aggregation/disaggregation

Figure 1.2: Level aggregation/disaggregation and explanatovygp

(Adapted from Johnston, 2003)

2 Within the context of this thesis, explanatory povs defined based on Johnston (2003) to be
the model’s ability to give the required insightsoi the issue of energy consumption and
associated carbon emissions in the UK housing stock
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1.4  Methodological Approach Designed for the Reseeln

This research uses a mixed-method research desgyndrom the pragmatist
philosophical view in order to achieve its objeesvstated in Section 1.2. The
reason for adopting the mixed-method research designotivated based on three
main reasons that include the nature of the rekeamgblem, the data and the
methods of collecting these data and the purpo$ieeafesearch (see Section 4.3).
The research problem involves answering questielasimg to twhat and ‘how,
which means a single approach cannot be used teearikose questions. This
then informed the decision to use a method thatptements both the qualitative
and quantitative research strategies. The systemandigs (SD) used as the
modelling approach, on its own merit, is hinged aompluralistic approach that
considers both the qualitative and quantitativeregghes to modelling. It is also
evident that the nature of the research in thisishentails capturing both the
qualitative and quantitative data, which by implica means triangulation of data

collection methods (see Section 4.4).

The research starts with a review of extant litemtin the area of energy
consumption and carbon emissions in housing sethtos. involves identification

of social and technical variables influencing egeopnsumption and carbon
emissions in dwellings. Also, a review of extaterdature on the methods used in
forecasting household energy consumption and caglbaissions was conducted
with a view to assessing their possibility of beinged to conceptualise the
research problem (see Chapter two). The reviewetber revealed their

unsuitability for the research and the need to thee socio-technical systems
approach to capture the problem. This then leads rieview of extant literature

regarding the modelling techniques for capturing $bcio-technical systems (see
Chapter three). The review favours the system dycsmms the most suitable

approach to capture the problem in the research.

10
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Developing models using the system dynamics approamlves using both the
qualitative and quantitative data sources. In tieisearch, the qualitative data
sources are based on the literature review andviete Interviews were
conducted in order to capture the views of the gg@nd practitioners during the
model conceptualisation (see Sections 5.6.2, 6d, @5) and validation (see
Chapter eight) stages of the research. Also, qading data like household
energy consumption based on end-uses, populationper of householdstc.
were used for the development of the model in thesis (see Sections 4.4.2,
5.6.3, and 6.6).

1.5 Structure of the Thesis

In a bid to achieve the objectives of the reseakFatpire 1.3 shows the logical

structure of how the research was conducted araitezpin this thesis.

Chapter two contains a review of extant literataipeut energy consumption and
carbon emissions in housing sector. The chaptdysemissues relating to energy
consumption in domestic buildings together with rggepolicy and carbon
emissions targets in the UK. Additionally, the ctesipreviews the theoretical
frameworks underpinning the household energy copsom and carbon
emissions. The social and technical variables émiting household energy and
carbon emissions are identified. The chapter algecally reviews the extant
literature to reveal the epistemological issueatimey to HECCE models in order
to critique different energy models that are praslg or currently in use by
assessing their strengths and weaknesses. Thithia wiew to achieving the first

and second objectives of the research.

The main thrust upon which this thesis is basedisnodelling the STS of
HECCE. Chapter three of the thesis then presentvarview of the systems-
based approach of scientific inquiry from where 8ES theory emanates. This

chapter therefore critically examines the tenetghefsystems-based approach of

11
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scientific inquiry as overall umbrella under whitie STS theory is hanging.
Further to this, the STS theory is critically reved. This was followed by a
critical appraisal of different techniques to motted STS as identified in extant
literature. The critiques of these different appiees are undertaken in a bid to
identifying the most suitable modelling techniqeecbnceptualise the problem

under study. This chapter therefore fulfils theeative three of the research.

CHAPTER 1
Introduction
HAPTER 2
¢ CHAPTER 3
Energy Consumption and . q
Carbon Dioxide Emissions Modelll.ng the Socio-
R . Technical Systems
in Housing Sector
CHAPTER 4

Research Methodology \

CHAPTER 5

Chapter 10

System Dynamics
Approach Conclusions and
~~\ Recommendations

CHAPTER 6

Model Conceptualisation |~
and Formulation

CHAPTER 7 CHAPTER 8 ’ CHAPTER 9

Model Behaviour Policy Formulation and

Analysis (Baseline Rods) TeStfng i Analysis (lllustrative
. Validation .
Scenario) Scenarios)

\

Figure 1.3: Thesis structure
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Chapter four provides the methodological approachhe study. The chapter
draws together and integrates information presemeadhapters two and three to
provide the research methods for fulfilling theeaattjves of the study. The chapter
discusses the philosophical knowledge base undengrthe research in general
and positions the research method in one of theareb paradigms. Further, the
chapter discusses the method of data collectioscu3sion of model development

and validation concludes the chapter.

Chapter five discusses the system dynamics appraacfirmed up for the

research. The philosophical knowledge base undeargrthe research in general
discussed in Chapter four was linked to the epistegical and ontological issues
of system dynamics approach as modelling technitpueconceptualise the
HECCE issues addressed in the thesis. Moreovaresseegarding the system
dynamics research process firmed up for the stadydevelopment of the model

algorithms are all discussed in this chapter.

Chapter six reports the model conceptualisatiogesiaf the system dynamics
approach as firmed up for the study. The chaptst déixplains the boundary of the
model and illustrates this with the use of a mddelndary chart. Reference
modes of key variables in the model are illustratésdwell. Furthermore, the
chapter establishes the causal relationships arttengariables hypothesised to
influence HECCE. This was arranged into six differenodules to reflect the
causal loop diagram (CLD) for population/househwmiddule, CLD for dwelling

internal heat module, CLD for occupants’ thermaméart module, CLD for

climatic-economic-energy efficiency interaction mbg CLD for household

energy module, and CLD for household carbon emissinodule. Following on,

the chapter provides the report of transformatibthe CLDs produced under the
model conceptualisation to stock and flow diagrd®ISDs). The chapter shows
how the variables in the model are related to edbbr in the form of equations
in readiness for simulation. The equations devealope this chapter are for
baseline simulation. The SFDs are arranged basekdeosix different modules of

the model as explained in chapter five.

13
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Chapter seven gives a discussion of the behaviowar@bles in the model based
on the baseline simulation performed. That is ctiepter reports the behaviour of
key variables in the population/household modweeglting internal heat module,
occupants’ thermal comfort module, climatic-econoiemnergy efficiency
interaction module, household energy module, andséloold carbon dioxide
emissions module. It is worthy of note that the dvebur exhibited by the main
outputs of this model in terms of household enengy carbon dioxide emissions

are explicitly discussed in this chapter basedratieses of HECCE.

In chapter eight, issues relating to model teséind validation are discussed. The
model testing and validation process developedherresearch are discussed by
appraising the test and validation types as wellgasng some background
information of experts and professionals that tpak in the validation exercise.
This was then closely followed by describing andveing the results of each test
performed.

Chapter nine carries out a discussion of energigyp&rmulations and analysis.
The chapter presents for different scenarios foatedl to include ‘efficiency’,
‘behavioural change’, ‘economic’, and ‘integratestenarios. The chapter also

compares the results of some of these scenaribssaihe past studies.

Chapter ten concludes the thesis by giving thefikelngs of the research and the
contributions to the field of study. Also, the ltations of the study were also
highlighted. Further, the chapter addresses themreeendations for further study

based on the limitations of the present study istthesis.

14



Chapter 2

ENERGY CONSUMPTION AND CARBON DIOXIDE
EMISSIONS IN THE HOUSING SECTOR

2.1 Introduction

Within the research community, there is a geneoalsensus that the threat of
global warming as a result of climate change witirease. As a result, different
strategies have evolved targeting carbon emissinhsctions. The housing sector
is therefore at the centre of this reduction targ€his chapter discusses issues of
energy consumption and carbon emissions in houssotpr together with how
energy policy has evolved over the years. Also, ¢hapter reviews previous
studies that are serving as the theoretical framewaderpinning the HECCE
models. This serves as the basis for reviewingstwal and technical variables

influencing household energy consumption and cagroissions.

The chapter also identifies the arrays of energgetswthat have evolved over the
years together with their capability of analysingelgy consumption and their
associated carbon emissions trends in housingrseictbe economy. This is as a
result of the growing need to curtail the carbonssions in the globe in order to
achieve the climate stabilisation goals based @ndimate change threat as
enunciated above. For example in the UK, the needdlise the target of carbon
emissions as stipulated in the Climate Change A2008 has rapidly spurred the
emergence of many energy models, especially indibiestic sector of the
economy, to analyse different strategies and schesh¢he government. These
kinds of models are therefore required in ordegtide in understanding the
effects of different strategies and schemes of gbeernment before they are

implemented.
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2.2 Energy and Carbon Emissions in Housing Stocks

There is a general consensus within the reseantimemity regarding the threat
of global warming as a result of climate change teadue to an increase in
greenhouse gases emitted into the atmosphere leechpsofligate use of fossil
fuels (Harris, 2012; IPCC, 2007). Majorly, the gmaouse gases include carbon
dioxide (CQ), methane (Ck), hydrofluorocarbons (HFCs), nitrous oxide;(V,
perfluorocarbons (PFCs), and sulphur hexafluoriigs)( The contribution of
each of these emissions to climate change in tima @ global warming varies
considerably. For example, carbon dioxide emisssoadjudged to be the most
worrying of these gases as its levels in the atim@spare rising so very quickly
(Terry, 2011). Therefore, the concentration of oarldioxide emissions in the
atmosphere has profoundly increased from approein&80 parts per million
(ppm) in 1750 to about 380 ppm in 2005 with potntif reaching about 540 to
970 ppm by the end of ZTentury (IPCC, 2007). IPCC (2007) lists the efeut
these increases in carbon dioxide emissions omlti®al climate to include the

following:

* Anincrease in the globally averaged surface teaipes of 1.4 to 5.8°C.

* Anincrease in global mean sea level of 9 to 8&icwtres.

* A decrease in snow cover and sea-ice extent iNdnrthern Hemisphere.

e Changes in weather patterns, which are likely Bultein an increase in
globally averaged precipitation and the occurreatextreme weather
events.

* The possibility of famines and population migrason

« The extinction of rare species and the loss oftatbi

The contributing factor to these emissions is nieient from the assertion of
Harris (2012) of profligate use of fossil fuels. wigver, burning forest is also a
significant contributor according to Terry (201hportantly, Terry (2011) posits
that emissions from both methane and nitrous deoxade the most potent

emissions when compared to all other greenhousesgatowever, they are in
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traces amount in the atmosphere compared to carboxide with high
concentration, which eventually made them to hags bverall impact. This then
explains the reason why the term carbon emissionsed to always mean
greenhouse gases.

Obviously, if the concentration of carbon emissiosisallowed to continue to
grow unabated, it will undoubtedly have substantglercussions politically and
socio-economically (Johnston, 2003). It is therefargeneral consensus reached
within the world’s governments to significantly e what the carbon emissions
will be in this 2" century. This is reflected in the Rio summit 0B29where the
United Nations Framework Convention on Climate @emr{UNFCCC) was
signed committing developed nations to significanteduce their carbon
emissions profiles (Kashyapt al, 2003). Subsequently, there was series of
follow ups regarding the UNFCCC agreement of 1982 watified in 1993. For
example, the World Climate Conference of 1997 irotQy Japan and that of
Copenhagen summit in 2009. At Kyoto conferencesgally binding agreement
was reached to cut mainly the emissions from theaBrementioned causes of
climate change. Among the developed countries camadhito significantly
reduce their carbon emissions profile is the UKdAss such, the UK has since
then followed the path aiming at reducing its carbaotprints. In this regard, the
housing sector in the UK contributes substantiatlythe UK’s total carbon
emissions, which in this case is about 26% of Utidtal emissions (Natarajaet

al., 2011). Since then reductions in energy consumptihin the housing sector
has been a target.

2.2.1 Energy Consumption in Domestic Buildings
Within the housing sector, Harris (2012) argues dpproximately 50 per cent of
energy use, and carbon dioxide emissions into tim®sphere, are as a result of

energy used for heating, cooling and lighting inildogs. Similarly, Urge-
Vorsatzet al. (2012) and International Energy Agency (IEA) (2pfaint out that
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buildings worldwide account for 122EJ of final egyetin 2010, which translates
to 33% of total final energy and 54% of electriciccordingly, this amount of
final energy corresponds to about 9Gt of carborxid® emissions (Jennings,
Hirst, & Gambhir, 2011; UNEP, 2011).

The figure of energy consumption in buildings, baly for heating, cooling and

lighting, has been estimated to be around 30 t@&0cent of primary energy,

especially in Western Europe with about half ofstimount used in housing
within the UK (Harris, 2011). The end uses.(space and water heating, cooking,
lighting, and appliances) of delivered energy ie thK housing sector suggest
that they considerably vary within different dwedi types. Harris (2011) and

Terry (2011) argue that about 58 per cent of deddeenergy is used for space
heating and when combined with water heating saltout 82 per cent within

the UK housing sector. This suggests that space veatdr heating has the

potential of shaping household energy consumptimth @y carbon emissions
reductions policy are required to target theseusas.

2.2.2 Energy Policy and Emissions Targets withiretdnited Kingdom

Over the years, the UK energy sector has withetsedendous improvements
and changes in energy policy. Principally, energlycy has been shaped by two
major factors. Firstly, as a result of market lddesation of 1980s, which sees the
State controlled energy companies privatised ared Dlepartment of Energy
dismantled. Secondly, the rising threats of climegtange effects as brought to
limelight by Rio summit of 1992 (Kashyagt al, 2003) has also significantly
shaped energy policy within the UK. This singulactbr has risen up the agenda
in the UK, as a signatory to Rio submit of 1992¢tonmit to reduction of carbon
emissions (DTI, 2005). As a result of this, the @0vernment published its
white paper on energy in 2003 entitled “Our EneFgyure — creating a Low
Carbon Economy”. In this white paper, the UK Goweemt is committed to a

60% reduction in carbon emissions by the year 2060, 2003). Undoubtedly,
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the world of energy is changing rapidly and as saconstant review of energy
policy is inevitable. For example, Energy ReviewpBe of 2006, Energy White
Paper of 2007, Climate Change Act of 2008, UK Loarlion Transition Plan of
2009, and Energy Bill of 2012 — 2013. All theseippframeworks tend to shape
energy policy mainly to stem the rising tide oflmam emissions and to its drastic

reductions.

As a result of this, the Climate Change Act prositlee legally binding pathway
towards carbon emissions reductions by reducinge2Zent of carbon emissions
between 2008 and 2012 relative to the base yea0.1®9addition, the Act
stipulates that reductions of 28 per cent are tadld@eved between 2013 and
2017, while 34 per cent reductions are requiredvéen 2018 and 2022.
Additionally, the Act puts it that 50 per cent arbon emissions reductions are
envisaged for between the year 2023 and 2027, w80leper cent is to be
achieved by the 2050 relative to the base year .19868se savings are to be

achieved within all sphere of the economy.

Different studies have, however, highlighted théeptial of the housing sector to
contribute significantly to these reductions (Leviet al., 2007; Elforgani &
Rahmat, 2010; McManust al., 2010, Babeet al., 2012). And as such, some of
these studies have shown the areas of possibleyfaligets. For example, Levine
et al. (2007) highlights the importance of technologicavelopments, cultural,
and behavioural choices as possible areas of pdétoyulation. In the UK,
however, a number of policy targets are in plaghiwithe housing sector. These
policies are targeting both the new and existinghvé®. For example, Ko and
Fenner (2008) argues that there are a range ofypfilameworks on energy
efficiency for new homes in the UK as shown in EaBl1l. The frameworks are
as a result of different energy policy reviews es/pusly highlighted above. The
Table shows the programmes that have been firmatiaithas the capability of
improving energy efficiency profile of new built m@s in the UK. The next
section discusses empirical studies relating tahthesehold energy consumption

and carbon emissions.
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Table 2.1: UK Government Policy Framework on Energy EfficiermcyNew Homes

Policies

Plans

Programmes

Energy Bill, 2012 - 2013
UK Low Carbon
Transition Plan, 2009
Climate Change Bill
2008(draft 13 March
2007)

« Energy White Paper 2007 -

« Pre-Budget Report 2006

Climate  Change
Sustainable

Energy Act 2006

EU Energy Performance of

Buildings Directive 2002
Housing Act 2004
Electricity Act 1989

Gas Act 1986

and

Building A Greener
Future: Towards Zero
Carbon

Development
(December 2006
consultation paper)
Climate Change
Programme (revised in
2006)

Energy Efficiency: The
Government’s Plan for
Action 2004
Sustainable
Communities Plan 2003

Building Regulations, Part L1A 2006
Code for Sustainable Homes
Government funding for social housing
and developers only if they meet CSH
level 3 or better. New houses by English
Partnerships to comply with CSH level 3
or better

Energy Efficiency Commitment 2
(2005-2008),

Emissions Reduction

succeeded by Carbon

Target Energy Efficiency Commitment
(2008-2011) for electricity and gas
suppliers (usually relates to energy
efficiency in existing houses)

Energy performance certificates and
housing information packs

Improved metering and  billing
information for homeowner. In 2008—
2010, free real-time electricity displays

for homeowners who request one

Energy Saving Trust product
endorsement (energy labels) and
building design information Low

Carbon Buildings Programme (funding

for energy supply technologies but has
energy efficiency requirements)

Stamp duty land tax exemption for zero-
carbon homes

Reduced VAT rate of 5 per cent for

energy-saving materials like insulation,

draught stripping, hot water and central
heating controls

Research and dialogue programmes
including Carbon vision programme

(buildings) and Foresight (sustainable
the built

energy management and

environment)

(Adapted with some extension from Ko & Fenner, 2008
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2.3  Previous Empirical Studies on the Socio-techrat Systems of

Household Energy Consumption and Carbon Emissions

The preceding section laid the foundation on issakding to energy and carbon
emissions in housing sector generally. This sectimrefore reviews previous
empirical studies on the socio-technical systems hafusehold energy
consumption and carbon emissions. The social arfohieal variables influencing
energy and carbon emissions in dwellings will benified.

2.3.1 The Theoretical Framework of Household Energyonsumption and
Carbon Emissions

In energy studies literature, there has been arfiuipg of framework serving as
the theoretical knowledge-base to conceptualise EEECand these have
contributed in no small measure to the tools foe tnalysis and policy
formulation regarding HECCE. Keirstead (2006) agytheat this framework fall
within two domains — disciplinary and integratedr@ons. In his submission, he
argues that for years “disciplinary” framework Hasen the dominant guiding
approach for policy makers. For example, the fraor&s developed from either
engineering or economic perspective has been thendmt framework shaping
energy policies for years. He then submits that kimd of approach may not be
suitable to capture the kind of complex problenagping energy sector now and
hence the limitation of the disciplinary approach.

In yet another study, Natarajan al. (2011) also acknowledges the limitation of
purely disciplinary approaches to analysis of HEC®Eich reflects in their
inability to give a proper explanation to the disjtion between actual and
predicted HECCE. In an attempt to work round tHes#&ations and improve on

the conceptual framework of HECCE, a small numbérliteratures have

% “Framework” here refers to a conceptualisatioh@iisehold energy consumption and carbon
emissions and not a model in terms of computer Isitiou.

21



Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

identified alternative means to capture energyessuy introducing “integrated”
framework that cuts across many disciplines. Theméwork uses
interdisciplinary approach to capture interactiobgtween the complex
technology, society, economics, culture and a bbstthers. The following sub-
sections then review literature along the directainthe two afore-mentioned

approaches together with some empirical studiegqusly conducted.

Disciplinary Framework

Over the years, studies relating to HECCE have lobampioned principally by
four major disciplines with each discipline illusting its own
approach/framework for solving HECCE problems. Ehedisciplines are
engineering, economics, psychology, and sociologyd aanthropology.
Engineering framework, for example, illustrates mhaithe technology of
HECCE by estimating HECCE based on the physicak lawith little or no
attention to economic, sociology, or even behawbaspects of HECCE. This
shows the limitation in this type of framework their inability to capture a web
of interactions between different disciplines. Fexample, the studies of
Anderson (1985) illustrates framework for energypszamption of heating based
on heat transfer method; Stokes, Rylatt, and Lof@@84) give the framework for
domestic energy demand; Hart and Dear (2004) peovite framework for
weather sensitivities regarding household applisnege, and the host of other
studies. The point here is that behavioural resgois technical improvements of
HECCE (Keirstead, 2006), for example, are quiteobeythe ambit of any purely
engineering framework and this may then portendedan that such engineering

framework might be inadequate.

Further, the economic framework as one of the plisary framework
conceptualises HECCE when it comes to understartdiEl@CE due to the effects
of income levels, energy prices and taxe&; (Ruffell, 1977; Baker, 1991;

Greeninget al., 1995; Ironmongeret al., 1995). As a social science based
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framework, however, it introduces some behaviourapects. Interestingly,
Wheelock and Oughton (1994) argue based on thdablaievidence that the
concept depicts by economic approach is not complet aiding the

understanding of HECCE. To this end, Lutzenhiset Hiackett (1993) submit
that the combination of the approaches as provigetoth the engineering and
economic theories forms the physical — technicatcenomic framework of
HECCE which, undoubtedly, immensely helped in shgpenergy policies
around the globe. This feat achieved was grossticised for its inability to

properly account for the human behavioural aspeeECCE in the framework.

It is against this background that the studieh@drea of psychology took up this
challenge and contribute to the understanding ofsébold energy consumption
behaviour. Notably in this circle is the TheoryRiinned Behaviours (TPB) of
Ajzen (1991), which immensely contributed to thédneoural aspect of HECCE
by serving as theoretical knowledge-base to maunglies. However, the TPB
framework cannot be used as a standalone framefworkxplaining HECCE
because the theory only used personal constrketattitudes and beliefs without
any recourse to other aspects like social and rlltontexts. This then led to
studies in the field of sociology and anthropolagy bid to conceptualize energy
and society.

Reflecting on all these approaches, it is evidbat they are unlikely to capture
the kind of complex problems plaguing the energy@enow and hence the need
for a more robust approach capable of integratingumber of disciplinary

approaches together. It is on the basis of this dhemall number of literatures

suggest “integrated” frameworks that cut acrossynisciplines.

Integrated Framework

The argument from the foregoing reinforces the néed a more robust

interdisciplinary framework to conceptualise the G&E. This then led to a
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combination of different disciplines to conceptealihe issue of HECCE in order
to aid a better understanding of energy issuespaoifier adequate solutions. In
this regard, a number of “integrated” frameworkseyaherefore, been used to
conceptualise the HECCE. Among those studies iswiwk of van Raaij and
Verhallan (1983), which provides a novel approachconceptualising energy
behaviour. His framework made use of both the maygarameters of dwellings
and behavioural characteristics of households. &Vhilis work has been
continually cited by many studies in the area ohstoner behaviour and
economic psychology, the framework is yet to béyfdeveloped into simulation
model by both the researchers and industry prawéts. Further to the work of
van Raalij and Verhallan (1983), the research otenitiser (1992) proposes a
cultural framework of HECCE by conducting a surnedyexisting approaches in
the fields of engineering, economics, psychologyd asociology and
anthropology. The framework highlights how the hehaders (“consumers”)
make some decisions regarding their choices trat‘@ilturally sensible” and
“collectively sanctioned” containing engineeringdaeaconomic aspects as sub-
systems in the framework. However, the frameworknaims a theoretical

framework without any further work to turn the ideto simulation models.

Another study by Hitchcock (1993) uses the systéheory to provide an
integrated framework of energy use and behaviouwellings. He argues that
the energy consumption patterns in dwellings needse fully understood from
the systems perspective because of the complexityved in integrating both
the technical and social phenomenon together. Hbeducontends that while the
engineering models used in capturing the physicatgsses of dwellings and
their effects on energy consumption do give a beitelerstanding of the physical
characteristics of dwellings; they, however, faldapture the effects of human
aspect on dwellings. Additionally, he contends that social models are used in
capturing the human aspect effects and as such, iclimence energy
consumption in dwellings. The study used the conoépocio-technical systems
to conceptualise HECCE and came up with a framew®¥&, no modelling

technigue was proposed to capture these socioitathsystems. There are,
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however, some previous studies that have empyicslidied the interactions
among the socio-technical variables influencing tHeCCE. The next sub-

section discusses this.

2.3.2 Empirical Studies on the Social and Technicdariables Influencing

Household Energy Consumption and Carbon Emissions

The work of Hitchcock (1993) sees household asstesy being defined by both
a physical and a social sense. This implies thaptiysical household is in form
of materials and devices, whereas the social haldehin the form of occupants
living within the dwelling. Further, the combinatioand the way these two
systems interact that determine energy consumptiodwellings (Hitchcock,
1993). There is therefore a third system that pkyeery important role in the
relationship, which is the household environments luniversally accepted that
domestic dwellings are basically to provide condbhke environment for human
activities by providing space heating, lightingt meater, and the host of others.
Hitchcock (1993) contends that the amount of enexgysumed in dwellings
depends on the level of service required and thieiesfcy with which the
dwelling can provide such a service. As a resuiérgy consumption is driven by
the needs or behaviour of occupants and/or by thesigal characteristics of
dwelling (Hitchcock, 1993).

Within this clime, there are various empirical sasdthat have explored the socio-
technical interactions that influence HECCE suchHichcock (1993), Mollet

al. (2005), Bartiaux & Gram-Hanssen (2005), Bin & Databadi (2005), Yun &
Steemers (2011), Abrahamse & Steg (2011), Kelll 20CIBSE (2013), Tweed
et al. (2014), Gram-Hanssen (2014gic These studies generally cover the
identifications of affecting variables, ranking $keevariables based on importance,

defining the causal effects of variables on the GEC
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For example, the study of Hitchcock (1993) ideasfihree elements within the
household system to include physical, human, andr@mmental components.
Within the physical elements, Hitchcock (1993) pesihat this subsystem
consists of physical parameters and variablesitiflaence energy consumption
like physical characteristics of dwellings in tlwerh of its size, materials, heating
system, stock of appliances and so on; and physmaables in the form of
dwelling internal temperature, ventilation ratesyoaint of hot water, appliances
use, and so on. Additionally, Hitchcock (1993) aguhat the human subsystem
consists of variables relating to the biophysiacdmographic, psychological
aspects. For example, the biophysical aspect dsnsis/ariables like occupants
thermal comfort in the form of metabolic rate, riegfon, clothing and so on. He
refers to demographic variables as household incepwo status, and number of
occupants, and so on; whereas psychological vasgatdlate to the individual
beliefs, attitudes, knowledge, and personalitiagtHermore, Hitchcock (1993)
highlights that the environmental aspect of houkkEhmonsist three major
elements of the climate system, the economic systaaohthe cultural system. For
example, the climate system consists of extermapé&atures, insulations, and
wind levels. Interaction of these affects the dednfm heating and lighting. The
economic system involves variables like energygsji@nergy tax, and the likes;
whereas the cultural system embraces the genetafsbdield by society,
consumption habits and the likes. His studies ptstt all these variables

seamlessly work together to influence householdgyneonsumption.

Yun and Steemers (2011) identified six categorievaviables that influence
energy consumption in dwellings. These are vargatiat are related to: climate
(cooling degree days), building (total floor areamber of windows, year of
construction, and type of housing unit), occupaninber of household members,
total annual income, and age of householder), egemp (type of air conditioning
equipment), behaviour (number of cooled rooms amelquiency of air
conditioning equipment use), and energy (total @ndor space cooling). The

study carried out a path analysis to identify tigmificant direct/indirect effect on
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cooling energy use and revealed that climate isniwst significant variable

influencing cooling energy use.

In another study, Mokt al (2005) posits that the household energy consampti
is strongly related to socio-demographic variabdesh as income and household
size. They argue that households with higher inarewith larger sizes tend to
consume more energy. Madit al., (2005) used the hybrid energy analysis of
household consumption as the methodological apprbased on the concept of
household metabolism. This approach involves sotaisscal analyses. The
study of Bartiaux and Gram-Hanssen (2005) consilene soicio-political
variables influencing household electricity constiorp by comparing Denmark
and Belgium. The work of Abrahamse and Steg (20highlight some
psychological and socio-demographic variables erfing HECCE. The
research of Bin and Dowlatabadi (2005) illustraseges of variables influencing
HECCE in the US. Another study by Gaterslele¢ral. (2002) and Poortingat

al. (2004) investigate some attitudinal and socio-dgrahic variables and found
that household income and size are better explgnatwiables of HECCE, while

environmental attitudes are weaker predictor.

There are quite a number of studies that have &alpyr explored the importance
of occupants’ behaviour regarding HECCE. For examible research of Barr and
Gilg (2006) examine “the ways in which environmeraetion is constructed in
everyday life and related to everyday practices! ‘dhe extent to which there are
identifiable groups of individuals with differentebavioural properties that
exemplify alternative environmental lifestyles aodnsequently from lifestyle
groups”. The study used the socio-psychologicalr@ggh to investigate the
problem via a questionnaire survey. This study tified four clusters of

individuals as “committed environmentalists”, “msiream environmentalist”,
“occasional environmentalists”, and “non-environtadists”. The study also
investigated some variables relating to social amdronmental values of group
of individuals involved in the research. Variabiesluded in the social value are

“altruistic”, “openness to change”, *“conservative’and “egoism”. Also
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environmental value variables included in the redeaare “faith in growth:
anthropocentrism”, “spaceship earth: biospherismdnd “ecocentrism-
technocentrism”. Further to these variables, theeaech sought to know the
environmental attitudes of the respondents andided the following factors by
framing the questions posed in a pro-environmethitaiction way: “concern and
commitment”, “moral motives”, “outcome beliefs”, fipe”, “satisfactions”,
“logistics”, “green consumer attitudes”, “comfort*,environmental rights”,
“awareness of norms”, “trust and responsibility’extrinsic motivation”,

“personal instinct”, “brand loyalty”, and “persortareat”.

Isaacset al., (2010) carried out surveys on occupants’ behavioivew Zealand.
This study according to Stevenson and Leaman (20/&8) adjudged to be the
largest surveys in housing. The results of theystedeal that the occupants of
the studied area are more comfortable living withegy low temperature. This is
highly puzzling and surprising! Probing further ttys study to know the cause(s)
of this behaviour indicates that culture couplethwine lack of heating appliances
is responsible for this behaviour. That is, the&lat central heating may suggest
that rooms are heated on one-by-one basis thersddylieg the occupants to set
the temperatures of each room according to thgieetations. This then suggests
that a room-by-room monitoring of comfort level piion will then be worth

researching on.

Of interest to this study is the work of Gét al., (2010) entitled: Low-energy

dwellings: the contribution of behaviours to actpalformance. The theoretical
knowledge base underpinning this study is the wafrkAjzen (1985) on the

Theory of Planned Behaviour. Gillet al., (2010) work gives a simple statistical
computation on how to actually estimate the contrdn of occupants’ behaviour
to variations witnessed on the dwelling performaadesn the performance of
heat, electricity and water consumption were cdroat. The study used high-
performing dwellings as their case study and ailéetpost-occupancy evaluation
was undertaken to reveal energy and water consamierformance, and the

comfort and satisfaction of the occupants. Theltesaf the study indicate that
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resource-conscious behaviours account for 51%, &780611% of the variance in

heat, electricity and water consumption respectivmitween dwellings studied.

The study then shows the importance and signifiedinat has to accord to human
factor as the study demonstrates how the behawfonrcupants can influence the
use of energy. Premise on the above, Stevensoheardan (2010) then argues
that designers should not use the behaviour ofgmnts as an excuse for the lack
of performance of dwellings. They contend that giesis need to understand the
influence of occupants’ behaviour on the dwellipgsformance and incorporate

same appropriately in their designs.

The study of Williamsoret al. (2010) is another thought provoking study that
challenged the failure of regulatory provisioncépture behaviours of occupants
in reality. The study investigates five award-wmpidwellings in Australia for
their ability/inability to meet relevant regulatostandards. The results of the
study reveal that the regulatory concept of ‘megtgeneric needs’ fails to
account for the diversity of socio-cultural undarstings, the inhabitants'
expectations and their behaviours. As a resuhisf however, comfort levels and
low-energy consumption was unable to be predictedhk so-called standards
and regulations. The study then suggests that actsipbehaviours and goals

needed to be captured by the standards and remndati

Reflecting on the above reviews it has been estadyi that there are still more to
do as relates to the relationship between enviromna@d behaviour in and
around dwellings. Stevenson and Rijal (2010) artheg researchers are still
wrestling with this relationship and finding meats establish a concrete
methodology that links the technical assessmentweéllings with that of
occupants. This debate therefore sits squarelyimitie socio-technical approach
which recognises the fact that technological dgualent in the built environment
is influenced by human aspects. This problem cam the viewed as a socio-
technical problem, which is the main crux of thisdis.
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2.3.3 Energy Consumption Behaviours

Different studies (Yiet al.,2011; Hoe<t al.,2009) have established that energy
consumption can change significantly under differeonsumption behaviours.
These studies highlight the importance of accognfor different occupants’
behaviour for it will aid in reliable and accuratstimation of dwellings energy
(Azar & Menassa, 2012). A number of studies havabdished the classification
of different energy behaviours. For example, a symonducted by the Scottish
Environmental Attitudes and Behaviour (SEAB) (20@8)ssifies environmental
behaviour into five as deep greens, light greehall®v greens, distanced, and
disengaged. In another study, the research of Accei(2010) classifies energy
consumers in different countries around the wanld ieight different categories.
Additionally, the Low Carbon Community ChallengeHDC, 2012) classifies
energy consumption behaviour into four as activergy savers, energy aware,
energy ambivalent, and energy wasters. The claea8on of Energy Systems
Research Unit (ESRU) (2012) and Azar and MenasBa2(2are similar. For
example, ESRU (2012) classifies energy consumgigmaviour into profligate,
standard and frugal. Azar and Menassa (2012) &ja#tsem into high energy
consumers, medium energy consumers, and low egerggumers to respectively
mean profligate, standard, and frugal consumptienaliour. Profligate energy
consumers here mean those occupants who over-censnergy. The standard
energy consumers mean those occupants who make difbrts at reducing
energy consumption, whereas frugal energy consumsgsenergy efficiently.
Within this research (as we will later see in Cleafit and thereafter), the energy
consumption behaviour will follow the categoriesboth ESRU (2012) and Azar
and Menassa (2012).

The next section conducts a review of some prevamascurrent methods used in

modelling and simulating the issue of HECCE beydhd frameworks and

empirical studies provided in this section.
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2.4  The Epistemology of Household Energy Consumpticand CO,

Emissions Models

This section of the Chapter provides a review @& timderlying approaches to
modelling issues relating to HECCE in the domesgctor of economy. It is,
however, worthy to acknowledge that there are s¢versearchers that have
carried out a full review of the extant literatuen HECCE modelling
methodologies and techniques as previously usdflisndomain. Among these
researchers are Bohringer and Rutherford (2008acBan and Kannan (2008),
Tuladharet al. (2009), Swan and Ugursal (2009), and Kavgic (20However,
there is the need to have these updated and miaptthine objectives formulated
for this thesis. To this end, the following subigmts look at these approaches.

2.4.1 Epistemic Modelling Approaches

For decades now there have been a number of stugiiesmodelling
approaches/techniques to capture domestic energguogtion especially at the
national level. Johnston (2003) and Kavgt al. (2010) argue that these
approaches/techniques vary tremendously in termedfirements, assumptions
made, and the predictive abilities of the modelsthiv the energy studies
research circle, it is overwhelmingly agreed tihatr¢ are basically two epistemic
approaches to modelling domestic energy consumgiwh the resulting CO
emissions. According to the IEA (1998), these apphes are either top-down
approach or bottom-up approach. Interestingly, &ty (2011) and Kavgiet
al. (2010) acknowledge the recent advances in the dewent of another
modelling approach paradigm derived from both topad and bottom-up
approaches. This development has then seen soree waere a hybrid of the
two approaches has been made in order to develae modbust models as
suggested by Bohringer (2007). IEA (1998) provitles main epistemological
approach to both the top-down and bottom-up teclasigof energy models as
illustrated in Figure 2.1.
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Figure 2.1: Top-down and bottom-up modelling approaches

(Adapted from IEA, 1998)

Basically, the perspective to top-down modellingraach is quite different from
that of bottom-up approach as it starts with aggieglata and then disaggregates
these down as far as possible in a bid to providenaprehensive model. Johnston
(2003) subsumes that the top-down approach givasrgprehensive approach to
modelling and therefore possesses the abilitydifigia high level government’s
policy and schemes decisions. Conversely, bottomapproach begins with
highly disaggregated data and end up aggregatiegn thp as far as possible.

Bottom-up models are seen as incomprehensive wberpared to top-down
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models. This is mainly due to the methodologicalnidation of the bottom-up
approach that models a part/unit of the system moadesideration at a time and
then aggregates this in a way to provide samenmdtion as top-down approach.
While it is unarguably true that the two approacbesop-down and bottom-up
represent the two main alternatives to modellingrgyn consumption and carbon
emissions in the domestic sector of economy, John&003) submits that both
of them share a degree of commonality. These, doapto him, are that (1) they
possess the capability to operate at the same dé\teaggregation, and (2) they
both use the same information, but in different svayhe following further

discusses issues regarding the top-down and batfpoenergy models.

2.4.2 Energy and Carbon Dioxide Modelling Using Teglown Approach

As argued above, the top-down modelling approachnsethod that is based on
aggregate data and works well at an aggregated. [€ae approach focusses
majorly on the relationships between the energyoseand the large scale
economy. Generally, top-down modelling approachk&on predicting future by

fitting the historical time series data on energyd acarbon emissions to
macroeconomic variables using econometric and pieltregression methods.
These are capable of explaining the variance betwlependent and independent
covariates (Kelly, 2011; Johnston, 2003). Data radiyrused for the development
of such econometric top-down models include fuelqs, gross domestic

product, income, average dwelling efficiency.

Within the energy studies research circle, the enwiric top-down modelling
approach has received quite a degree of criticigosntly. Among the criticisms
Is in its lack of flexibility in using and incorpating details regarding current and
future technological improvement complete with otlvariables adjudged to
influence energy consumption and carbon emissiassagainst using only the
macroeconomic trends and relationships previoubseoved (MIT, 1997). The
argument of Kelly (2011) follows the line of thougbf MIT (1997) when he
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criticises the approach. He argues that the mddmis this approach lack details
on how best to incorporate the changes in enviromahesocial and economic
dimensions should there be any in them as a re$uhe challenge of climate
change around the globe as being witnessed atahgent. The approach has also
been criticised for its failure to consider, monepbrtantly, the socio-technical
and behavioural aspects of energy consumption amdon emissions at the
disaggregated level of the household. As previousgntioned under Section
2.3.1, Hitchock (1993) contends that the issueneirg@y consumption and carbon
emissions are to be viewed as a complex technnchkacial phenomenon that be

studied simultaneously from the perspectives ofregging and social science.

In the domestic energy sector, top-down modellipgreach has been extensively
used and implemented for several household enengguenption and carbon
emissions models. For example, the model develtyeHirst et al. (1977) to
explore the residential energy use sensitivity &mdgraphic, economic, and
technological factors. The model they developddusd to be sensitive to major
demographic and economic variables that continusdlgd updating annually in a
bid to improve the outputs quality. Similarly, Haasd Schipper (1998) used the
top-down modelling approach for their study thatleates the role of efficiency
improvements on residential energy demand. Thdtsestitheir study suggest a
non-elastic response to energy consumption dugdwgersible improvements in

technical efficiency.

In yet another study by FitzGerakt al. (2002), a whole economy top-down
model for energy demand in Ireland was developdte dutput of the model
suggests that between 1960 and 2001, electricitpadd in the study area
increased annually by up to 5% per annum (pa),endithin the same period the
non-electricity demand witnessed an increase o¥%lpa. In their model, the
effect of cost on energy demand was only considen#iad no recourse to other

important variables affecting electricity consuropti
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Further to the above, the work of Summerfietdal. (2010) applies a simple top-
down approach, based on multiple regression amsalysi model the annual
delivered energy price and temperature (ADEPT).sTADEPT model gives
annual household energy consumption in the UK si®G®. Lee and Yao (2013)
argues that the strength of the model lies in liditg to appropriately predict
overall household energy consumption. However ntloelel was criticised for its
inappropriateness for short term overall predigdiosSumming up all these
limitations, Swan and Ugursal (2009) submit that tibyp-down approach may not
be suitable in identifying key areas for improvetseregarding the demand side

of energy consumption at household level.

2.4.3 Energy and Carbon Dioxide Modelling Using Boin - up Approach

The bottom-up approach to modelling has been ifledtio consist of models
that apply a disaggregated approach to model enswggumption and carbon
emissions with the use of high resolution datargmuti (Mhalaset al, 2013;

Hoogwijk, et al.,2008). Shorrock and Dunster (1997) and Johnstd@3Rargue

that the data input required for these kinds of et®dare heavily reliant on
extensive databases of quantitative data of phifsicaeasurable variables like
the energy efficiency of hot water system, dweblinigbric insulation in terms of
thermal performance, and the likes. They furtherteod that these quantitative
disaggregated data together with some other infibtomaare then used in
modelling energy consumption and carbon emissiongs ulike individual

dwellings, groups of dwellings, or households. Byeconsumption and carbon
emissions from these units are then extrapolatesdtorial, regional or national

levels in a bid to aggregate the consumption andsoms as the case may be.

Premise on the fact that these models vary coraatiem terms of structure and
type of data input required, quite a number of aedeers (Lee & Yao, 2013;
Mhalaset al. 2013; Kelly, 2011, Kavgiet al, 2010; Swan & Ugursal, 2009;

Johnston, 2003) acknowledge that there are bagidcalo major epistemic
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methods that have previously used for bottom-up et®dThese methods are
categorised as statistics and building physiosthods. However, Kavgiet al.
(2010) explore the case of mixing both the sta@tiand building physics
approaches to form a more robust and highly saphtsd hybrid bottom-up
modelling method. A typical example of this appiovas evidenced in the
Canadian Hybrid Residential End-use Energy and &onsModel (CHREM) as
reported in Swaet al.(2008) and Mohmedt al. (2008).

Statistical Methods

Within the energy and carbon emissions modellingnaio, the statistical
modelling methods of bottom-up approach have beaeansively explored by
different researchers. They have used these mogealiethods to generate quite a
number of models relating to energy consumptioradsnction of household
characteristics for example. The main driver of thas been attributed to the ease
of mapping energy billing data of householders taidehold characteristics as
collected and made available by energy suppliemsutih the use of statistics.
However, these data may not be readily availablgublic because of the
sensitive information of householders containedrdiime Swan and Ugursal
(2009) identified three major and well-documentegthods that have been used
over the years by different researches. These mstimclude regression analysis
(RA), conditional demand analysis (CDA), and neutivork (NN).

The RA carries out the analyses of energy consam@ind carbon emissions and
regress these on the variables and parameterstestsh that are identified to
influence them (Fung, 2003). The models so developee assessed and
evaluated based on some criteria like goodnesi. dfife variables or parameters
that are found to contribute insignificantly areneved from the models. In the
case of CDA however, the method base its analysisegressing household
energy consumption on available end-uses appliandd&® household. The main
strength of this approach as argued by Swan andsdlg(P009) is based on the

ease of obtaining relevant information required tfog model. This may mean

“ Some researchers use physical or engineeringuftatiiy physics categorisation
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conducting a simple survey of occupants’ appliareoes map these with energy
billing information as collected from the energyppliers. However, data from
many occupants (running into thousands) may beinedjin order for the model
to yield reliable results. The NN method is basedaosimplified mathematical

model.

Statistical techniques (RA, CDA and NN) have bestersively used within the
energy studies research domain, especially aethed bf household. For example,
Tonn and White (1988) used RA method to develop efsodf electricity use
associated with space heating, appliances andingghwood use, and indoor
temperature, in which household characteristicggulaa major role in the models
produced. In yet another research conducted byHitorii989) in Canada, the
RA approach was used to develop a model of houdetphce heating fuel
consumption based on historic fuel price, sub&titfiiel price, total fuel
consumption, and a vector of building structureimatic, and occupants
characteristics. The study of Kavousian, Rajagogadl Fischer (2012) uses RA
method to analyse large data sets regarding holdselextricity consumption to

derive insights for policy makers on effectiveneésnergy efficiency measures.

Further to the above studies that utilised the RpAreach, another set of studies
attempted the use of CDA approach to create bottpmwmodels regarding
household energy consumption. Among those studesha works of Parti and
Parti (1980), Aigneet al. (1984), Cavest al. (1987), Goldfarb and Huss (1988),
Hsiaoet al. (1994), Mountain and lllman (1995), Lies al. (2002), Aydinalpet
al. (2003), and Swan and Ugursal (2009). The usagdNfmethod to model
HECCE has been limited. Swan and Ugursal (2009jbate this to high
computational and data requirements of the approdchuever, some studies
have utilised the approach like Isgd al. (2001), Aydinalpet al. (2002),
Mihalakakouet al. (2002), Aydinalpet al. (2004), and Yanegt al. (2005).

Building Physics Methods
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The building physics technique of bottom-up modellapproach is recognised as
the only modelling technique that do not rely osttiical data relating to energy
consumption in order to fully develop the energynstamption and carbon
emissions models at the level of individual dwejnor households (Swan &
Ugursal, 2009). The models produced here are deedldased on physical
characteristics of the dwellings. Therefore, itaseé emphasise that the energy
computation of this technique requires quantitatia&a on physically measurable
variables (Shorrock & Dunster, 1997; Johnston, 20M& information on
dwellings’ fabric insulation, efficiency of spacesdting or hot water systems,
internal temperatures and heating patterns, ex}tdamaperatures, ventilation
rates, and the host of others (Mhaédsal, 2013). To this extent, Wilson and
Swisher (1993) argue that modellers employing thiédimg physics method in
estimating dwellings or households’ energy consimngimmensely benefit from
a combination of dwellings’ physically measurabdadand empirical data from
national database including house condition survéysording to Swan and
Ugursal (2009), three major methods of analysiseérgy consumption and
carbon emissions based on building physics apprdecte evolved over the

years. These methods are termed: distributionketypes, and sample methods.

In the distributions method, appliances ownershigtridutions of different

households or dwellings within the housing stook arapped to the ratings of
those appliances in order to estimate the likelgrgy consumption and the
resultant carbon emissions based on end-uses s¢ thouseholds or dwellings.
The regional or national energy consumption antbaaremissions can then be
estimated by aggregating appliances consumption elach households or
dwellings as the case may be. Archetypes methotherother hand base its
estimation of energy consumption and carbon emmssan the housing stock
classification according to dwelling type, size,eagor even tenure. The
consumption and emissions for each dwelling tygeesentatives, for example,
are therefore scaled up and then aggregated to fbenregional or national

energy consumption and carbon emissions. For sampldod, the approach
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models regional or national energy consumption @rthon emissions based on
the actual sample dwellings data collected andesas/the input to the model.
Here, the methodology firmed up for the samplingreise is rigorous and
scientifically proven to be the true representat¥¢he population as adopted in
English or Scottish house condition survey for egkm By following this
method, the consumption and emissions of diffevaniety of dwelling types are
account for and form the basis for the modellingjoh again are aggregated to

form the regional or national estimate.

There are quite a number of studies that have egphese different building
physics techniques (distributions, archetypesaon@e) of bottom-up modelling
approach to model energy consumption and carborsseons of the housing
stock. For example, the distributions technique basn utilised by both the
developing and developed nations to estimate tgemal or national energy
consumption and/or carbon emissions of their raspeaations. The study of
Saidur et al. (2007) applied distributions method of appliancsenership to
model a non-space heating household energy in Mialayhe output of the
model generates the annual energy consumptionhBomation. In yet another
study in India, Kadianet al. (2007) developed a model of energy-related
emissions for households in Delhi by combining distributions and micro-level
data sources. For household energy in ltaly, thdysof Capascet al. (1994)
utilised the appliance use profile of householdeased on the distributions
technique to generate an outlook of energy consomgor the entire housing
stock. The model combined the data of householdéestyle and engineering
data of different types of appliances as inputlie model. Similarly, the work of
Jaccard and Baille (1996) in Canada demonstratappécation of distributions
method to model carbon emissions reduction coshafseholders based on

appliances use behaviour of the householders.
The archetypes technique of building physics matglimethod has been

extensively utilised by many modellers within theukehold energy domain. As

such, a considerable number of publications haverged in the literature. The
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model of Parekh (2005) in Canada was developeddbase archetypes of
dwellings characteristics in a bid to simplify tlamalysis and evaluation of
household energy use. Another study from the Un8des of America (USA)
models space heating and cooling loads of the U8#ésing stock (Huang &
Broderick, 2000) for 16 different regions using dfultifamily and 45 single-
family archetypes of dwellings. The outcome of tkisidy produced energy
simulation results for space heating and cooliraf$ofor 16 different dwelling
archetypes for the USA housing stock. The resusewdisaggregated in a way
that the contributions of thermal conductivity oélg, roof, windows, and others

could be seen.

In the study of Petersdor#t al. (2006), three different archetypes of dwellings
(terrace, small apartment, and large apartmente wesed when the European
Union (EU)-15 building stock was modelled. The steékamines and considers
five standard dwellings and eight insulation staddaising the built environment
analysis model. The results produced the heatintadd based on the archetypes
for 15 different EU countries. Similarly in the Ukhe study of Johnston (2003)
develops energy consumption and carbon emissionhdoUK housing stock to
represent different types of dwellings. The modelswurther disaggregated to
include two types of dwellings according to conetian date ite. pre-1996 and
post-1996). This disaggregation hence reflectsahire housing stock. Other
studies that have utilised archetypes approachhir models include Clarket

al. (2008), Jenkins (2008), Gupta (2009), Fighal. (2010), Natarajaret al.
(2011), Mhalast al. (2013),etc.

In contrast to archetypes method, the applicatiosample method as one of the
techniques of building physics modelling approaak been limited. This is likely
due to the huge amount of data requirement of tbtéhoa. And as such, not many
studies have used the approach in the literatureordy these few studies are
Shorrock and Dunster (1997), Farahbakaslal. (1998), Larsen and Nesbakken
(2004), Boardmaret al. (2005), and Natarajan and Levermore (2007a). The
Building Research Establishment's Housing Model f&nergy Studies
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(BREHOMES) (Shorrock & Dunster, 1997) developedhe early 1990s used
1000 dwellings types (defined by age group, budtnf, tenure type and
ownership of central heating) as the sample upoitlwthe annual household
energy consumption of UK housing stock is base®783wellings (defined by
type, space heating fuels, vintage and provinceyewased in Canada
(Farahbakhstet al, 1998) to provide the Canadian residential enexgg-use

model (CREEM) in a bid to test the effect of difat strategies of carbon
reductions based on two standards.

The model developed by Larsen and Nesbakken (20€2d 2013 dwellings to
produce the model of household energy consumptfaimed Norway’s housing
stock. The UK domestic carbon model (UKDCM) develdp by the

Environmental Change Institute of Oxford Univers{®oardmanet al, 2005)

made use of 20,000 dwelling types using nationatissics to produce the
monthly HECCE. The model produced three differesgnarios until 2050. In
concluding this section, the domestic energy antbara (DECarb) model
(Natarajan & Levermore, 2007a) developed by theeamd unit for the
Engineering and Design of Environments, Departnoérirchitecture and Civil
Engineering, University of Bath in 2007 used 806dque combinations for six
age bands of the UK housing stock to produce thetinlyp energy consumption
for the UK.

2.4.4 Benefits and Limitations of the Top-down aBdttom-up Modelling
Approaches

Undoubtedly from the foregoing, it has been rewdtat both the top-down and
bottom-up approaches have their strengths anceagaine time weaknesses. It is
therefore imperative to have them summarised befatieally reviewing some

notable energy consumption models in the domestitos of the UK economy.

41



Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

Table 2.2 therefore gives some benefits and limoiat of the top-down and
bottom-up approaches as evidenced from the wotkawhic et al. (2010). It is
necessary to add that both the top-down and botjorapproaches have not
utilised the advantage of incorporating qualitatidata input. Unfortunately,
Kavgic et al. (2010) fails to recognise this as one of the litiotes of those
approaches. This, however, limits the capabilityhofse approaches. Importantly,
incorporating both the qualitative and quantitatila#a sources to any modelling
efforts improves the robustness of such approaakdass lack undermines their

capabilities.

2.5 The Notable UK Household Energy Consumption an@O, Emissions
Models

As can be noted from Section 2.4 that several nsda@e evolved over the years
in the UK to estimate and forecast the currentfatute trends of HECCE for the
UK housing stock, it is therefore imperative toatiss in details some of the
notable HECCE models that are specifically deveddpe the UK. Some of these

models include:

 The BREHOMES (Shorrock & Dunster, 1997; Shorretkl, 2005).

e The Johnston model (Johnston, 2003).

e The UKDCM (Boardmaret al, 2005).

e The DECarb model (Natarajan & Levermore, 2007a).

* The Community Domestic Energy Model (CDEM) (Fiethal, 2010).

* The Cambridge Housing Model (CHM) (Huges, 2011; ekug Palmer,
2012).

e The Domestic Dwelling Model (DDM) (Mhalas al, 2013).
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2.5.1 The Building Research Establishment’s Housimpdel for Energy
Studies

The BREHOMES as developed by Shorrock and Dund®@97) is seen as the
earliest UK household energy model that is basetheruilding physics method
of the bottom-up modelling approach (Section 2.3a3gstimate the HECCE of
UK housing stock. The model is highly disaggregatestiel and used weighted
average stock transformation method to convert @8¢000 households surveyed
to over 1000 different dwelling types in a bid taild this dwelling types profile.
The core calculation engine for the model is bagedhe Building Research
Establishment’s Domestic Energy Model (BREDEM) mdar to establish energy
use for dwellings. It needs to state that BREDEMrgy model accepts input on
different areas of dwelling elements to include livwgs’ thermal characteristics,
number of occupants or household size, internaleaternal temperatures, solar
gains, heating patternstc The BREHOMES model architecture as adapted from
the work of Shorrock and Dunster (1997) is showRigure 2.2.

Delivered energy
Data sources for other
categories
GfK Number in (over 1000)
EHCS category
DECADE Fuel mix > y
IEICS Efficiencies > :
FES L BREDEM Delivered
[ ) Building | cnergy energy for
+ characteristics model category
Occupancy >
Research Demand >
findings temperature
A
YYYYVYVYYY
Duke Reconciliation Housing stock energy
consumption > -
figures procedure consump

A

Figure 2.2: BREHOMES model architecture
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(Adapted from Shorrock & Dunster, 1997)

The output of the model produces the annual eneapgumption and carbon
emissions at the national level of aggregation. Tefferent scenarios are
explored by the model to include (1) the baselinedeh termed ‘Reference’

(business-as-usual) scenario, and (2) ‘Efficiersngnario. The earlier version of
this model as reported in Shorrock and Dunster{198duces the output from a
base year of 1990 to 2020. However, a more recergion of the model as
reported in Shorrockt al. (2005) used a base year of 1993 and extends tpatou
trends till 2050. The model has been extensiveplieg as policy advice tool for

the Department for Environment, Food and Rural kdf@DEFRA). However, the

model is not transparent as it is difficult to iepte the study. Also, the model
lacks the capability of capturing qualitative dats input data source as it is

heavily rely on highly disaggregated quantitatiatedsource.

2.5.2 The Johnston Model

The Johnston model is another one of the notabl€CEHE for the UK housing
stock. As for BREHOMES, it is also a model basedoitding physics technique
of bottom-up modelling approach. As previously nmmgd in Section 2.3.3
above, the Johnston model has the capability ¢éatfig the different types of
dwellings of the entire UK housing stock. Howevéhne model basically
disaggregated the overall housing stock into twoubing dwellings’ year of
construction as the main criterion for the disaggt®n. Here, the entire UK
housing stock is represented in the model as @)Xpe6, and (2) post-1996. In
like manner to BREHOMES, the model adapted the BRHEIB calculation
algorithm for each dwelling types in order to cédte energy and emissions of
these individual dwelling types. The architectufelohnston model is shown in
Figure 2.3 as adapted from Johnston (2003).
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Data sources

BREDEM-

based energy o TS
Illustrative housing stock

Data model ' . and CO2 ' &

scenarios .. energy use and

emission ..

CO2 emissions
model

Figure 2.3: Johnston’s model architecture
(Adapted from Johnston, 2003)

The overall output of the model appropriately proskithe total annual energy
consumption and carbon emissions for the entirendising stock with 1996 as
the base year and this continues until 2050. &hia & bid to give the previous,
current, and then project into the future regardnogisehold consumption and
emissions level. In order to explore the effectgldnges to certain assumptions
(like uptake of new technology, trends in populatienergy usage changes:)
made in the model, three major scenarios as tygipplicability of the model
were produced. The first scenario termed the ‘lessras-usual (BAU)' looks at
the current trends and projects these until 2050 &wn assumption that there
won't be any further action or intervention fromvgonment to reduce the
emissions. With these trends, the output of theade reveals that about 33% of
the emissions could be reduced by the year 2050 wbmpared to the emissions
level of 1996, which was used as the base year.

The second scenario termed the ‘demand side’ iscbas BAU and extends it in
order to incorporate some other measures should exagence regarding the
climate change, for example, emerges in the ndarduThis scenario explores
improvements in energy efficiency of the demanae ©ilhousehold energy. The
output of the model predicted a 58% reduction inboca emissions for this
scenario. Additionally, the third scenario termete t'integrated’ scenario
combines both the supply and demand sides of thédilsing stock and explores
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their effects on carbon emissions of the entiresimgustock. The results show
that about 74% reduction is achievable. JohnstO03Rnotes the limitations of
the model. That is the model suffers from usabibtyd transparency as he
recommends transferring the model to a more seitpldtform. Regarding the
application of the model, it is capable of beingdisas a policy advice tool.
However, the application of the model has beentdichito its developer alone.

Therefore, it has not been extensively used intjpec

2.5.3 The UK Domestic Carbon Model

The UKDCM model (Figure 2.4) was developed by thwvitbnmental Change
Institute of the Oxford University in the year 20@% order to explore and
investigate how 60% reduction in carbon emissianddcbe achieved in the UK
housing sector. The model is based on building iphy§dhe model processes a
huge amount of data that include those obtainedh ftbe English Housing
Condition Survey and its equivalents in Scotland &lorthern Ireland. Among
the data input required by the model are populdfigures, levels of insulation,
efficiency of heating equipmengtc. as contained in the 40% House report
(Boardmanet al, 2005). The model contains highly disaggregatedsads for
nine geographical areas, seven age classes amygbtsnof construction of some
20,000 UK dwellings. Additionally, the model hasetltapability to process
different combinations of these datasets in orderfurther sub-divide the
dwellings based on tenure, construction method ramdber of floors. In like
manner as the BREHOMES and Johnston models, theslnmade use of the
BREDEM calculation engine to estimate the emissiohthese dwellings. The
structure of UKDCM is shown in Figure 2.4 as addptem Boardmaret al.
(2005).
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Figure 2.4: UKDCM architecture
(Adapted from Boardmaet al, 2005)

The output and temporal resolution of the modelegithe monthly energy
consumption and carbon emissions of the UK housstack. The model
performed three different scenarios to explore #ifects of some policy
formulations regarding energy use. The scenarisedeare (a) BAU, (b) 44%
emission reduction, and (c) 25% emission reducbetow 1990 levels. This
model in general together with the scenarios testeslimproved upon by another
version of the model termed ‘UKDCMZ2’ (Hinnelkt al, 2007). According to
Boardman (2007), this newer version was used tpgpeethe Home Truths

report, where the analysis of different scenariegarding reduction in future
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carbon emissions were conducted and explored. Taeaso A of this newer
version represented a plausible scenario to refMwt would happen should
there be & continuation of current and near-terms trendghtelogies, policies
and practices, with changes occurring slowly inte future” (Hinnells et al,
2007). Scenario B updates the scenario B of ‘40%ddaeport’ and this now
investigates the way Government's target of 60%ssions reduction by the year
2050 could be achieved through the assumptionntleaihbers of the society now
know more about the issue of energy use and caebdasions with attendant
technological change and societal change to brimgutareduction in carbon
emissions. In the other hand, Scenario C explomg & further reduction in
carbon emissions in excess of 60% could be achibyessuming higher uptake
of renewable and other efficient energy sourcedjtiatial demolition and new
build, etc. The model is being used generally as policy adiootand it is freely

available over the internet.

2.5.4 The Domestic Energy and Carbon Model

The DECarb is another notable model of the HECQRHe UK housing stock
with the capability of mapping different techni@ald climate scenarios in order
to generate future trends and options regardinguwoption and emissions. The
model is an object oriented one that is capableimiing on any of the operating
systems and it is user friendly in terms of sefegtnput data. The model is based
on building physics approach. Figure 2.5 shows dtnecture of the model as
adapted from the work of Natarajan and Levermof®T72). Similarly to other
models in Sections 2.5.1, 2.5.2, and 2.5.3, DECawtdel uses a highly
disaggregated housing stock approach that has @@§84 combinations of six
historical age classes of the UK housing stockewilse other previous models
discussed above, DECarb made use of the BREDEMithigofor the calculation
of consumption and emissions profiles for individdavellings in the model.
There are six different files for the dataset watich to represent each of the six

different age classes and these dataset consistifferent variables that include
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dwelling type, insulation characteristietc. The model is then used to run future

scenarios regarding UK housing stock.

Data sources

) J

Data model
BREDEM-
Total UK
. Stock based energy .
Climate data . | housing stock
. transformation and CO2 >
Housing stock data .. energy use and
method emission ..
CO2 emissions
model

Figure 2.5: DECarb model architecture

(Adapted from Natarajan & Levermore, 2007a)

As the overall output, the model calculates theuahenergy consumption and
carbon emissions in a bid to perform a forecasheir trends from the base year
1996 until 2050. Interestingly, the model has tapability of performing a back-
cast analysis from 1996 backwards. This is embedudedhe model in order to
serve as a way of validating the model. The moded then used to test climate
change scenarios according to UKCIPO2 in additionthe BREHOMES,
Johnston, and UKDCM scenarios. For example, usheg Xohnston’s model
scenarios, the results suggest that it is unlikelyneet the target of up to 50%
reduction in carbon emissions for all these scesarin (Natarajan & Levermore,
2007Db). As for other models discussed above, thaeirie being used as a policy
advice tool and readily available online as opamiwork. As noted above, the
model is user friendly in selecting the input ddtawever, the mode of output
data presentation is poor as they are displayetxn file. This then presents

difficulty in reading the results of the model.
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2.5.5 The Community Domestic Energy Model

The CDEM is another notable model of energy congiompand carbon
emissions of the UK housing stock that was develdpethe Department of Civil
and Building Engineering, Loughborough Universitythe year 2009 (Firtlet
al., 2010) based on building physics approach. In til@ner to other previous
models above, this model is highly disaggregated with 47 house archetypes
that are derived from unique combinations of bidghm type and dwelling age.
For house architecture calculation engine, the inpebpuires input from many
sources to include English House Condition Surv&H(S), BREDEM-8
calculation engine, SAP ratingtc. (Figure 2.6).

CDEM INPUTS

2001 English House
Condition Survey

HOUSE ARCHITECTURE CALCULATION ENGINE
47 house archetypes categorised by built form and age
Defines notional dwelling geometry and thermal characteristics

-
Describes distribution of space and water heating system type, etc :§

BREDEM-8 default
tables

Allan and Pinney
standard dwelling types

Y
CORE BUILDING ENERGY MODEL

Market Transformation

Dwelling heat Monthly solar Water heating energy LGRS
loss gains _~"| consumption
» SAP 2005
Monthly internal | Cooking energy
temperatures consumption
. BREDEM-8 calculation

| Monthly average external
temperatures (Met Office)

i " (L ; “ Igorith
Space heating energy .| Lights and appliances algorithms
consumption energy consumption \

Y Monthly average solar
OUTPUT PREDI,CTIONS radiation (Met Office)
For English housing stock
Overall energy consumption (KWh)
Energy consumption per fuel type (gas, electricity, oil, solid fuels)
Energy consumption per end use (space and water heating, cooking,
lights, and appliances)
Overall CO2 emissions (kgCO2) - Census 2001: number of
CO2 emissions per fuel type built form types

CO2 emissions per end use

Figure 2.6: CDEM model architecture
(Adapted from Firtret al, 2010)
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Regarding the core dwelling model, the main datpirement comes from the
BREDEM-8 calculation engine, monthly average exertemperatures and
monthly average solar radiation as obtainable ftloenMet Office. The output of
the model produces monthly energy consumption awtlon emissions of the
whole UK housing stock. Also, the model is capaiflproducing output based on
city or neighbourhood housing stock. Apparentlye tmodel fail to test any
scenarios, instead used the model to estimate r@dicpenergy consumption and
carbon emissions of the 2001 English housing stbake.

2.5.6 The Cambridge Housing Model

The CHM model was developed by the Cambridge Aechitral Research in a
bid to forecast energy consumption and carbon émmssfor housing stock in
England, Scotland, Great Britain, and the UK inegah It is another building
physics-based bottom-up model that uses the cé#lwoga formulated and
established by SAP 2009 (BRE, 2011) and BREDEM rendgiShorrock &
Dunster, 1997) in order to perform all its intermalculations. The model has
three basic data input components as shown in &iguf to include climate data,
housing data, and building physics data. For ckngsdta input, the model uses
SAP’s monthly solar declination and regional lateéudata, BREDEM-8's
monthly/regional solar radiation data, and montelyional year-specific wind
speed and external temperature data as taken fuot@ & number of different
stations across the UK.

Regarding the housing data input, the main souer® lis based on 16,670
dwellings as contained in English Housing Survey2010 (Palmer & Cooper,
2012) with an adjustment to scale this up to réfiie UK housing stock.
However, the building physics data input are thediresults of the calculations
performed in SAP and BREDEM. The model then readdata for individual

representative dwelling in order to perform buigliphysics calculations. The
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CHM is one of the most transparent models becawesenbdel is built and all its

calculations performed in Microsoft Excel.

Climate Data
Outputs:
. Energy Use |::> Energy Use
Housing Data ':> Model and Carbon
Emissions
Building
Physics Data

Figure 2.7: CHM model architecture
(Adapted from Huges, 2011)

The output of the model therefore gives the enegysumption together with
associated carbon emissions according to fuel adduse. These are presented
for representative of each dwelling type, Englistusing stock, Scotland housing
stock,etc. as well as for the entire UK housing stock. vigrthy of note that the
output of this model is one of the studies that enag the UK housing fact file
domicile in the Department of Energy and Climatea@ie (DECC) (Palmer &
Cooper, 2012).

2.5.7 The Domestic Dwelling Model

The DDM is a new approach being proposed by théfd@ogy Futures Institute
of the Teesside University (Mhalas al, 2013) to model energy consumption
and carbon emissions of dwellings and neighbourlased on visualisation. The
model is highly disaggregated as it estimates eadiling independently within
the neighbourhood. The model uses the SAP/BREDEMrggn calculation

53



Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

engine. As input to the SAP core calculation engittee model utilises
information from aerial and terrestrial imagerygithl maps, household surveys,
census, and ONS. As a first step in the developroktitis approach, models of
the dwellings in the neighbourhood are developeld(siset al, 2013).

Following this is to undertake energy performanedcwation of the models
according to the SAP algorithms. The carbon enmmssi@duction capability of
the dwelling is hence quantified based on the mgstharacteristics of the
dwelling before using a decision support systemmglement the effectiveness of
energy improvement measures. This model is impléadenon a GIS platform.

Figure 2.8 shows the architecture of the model.

2.6  Summary and Critique of the Notable UK HousingStock Energy
Models

By considering the contribution of emissions froomekstic dwellings, it can be
deduced from Section 2.5 that considerable effuate been invested into energy
models for dwellings in the UK. One thing that amamon and central to all the
reviewed models under Section 2.5 is that theyshdre the same BREDEM
algorithms in estimating and forecasting energy scomption and carbon
emissions. BREDEM has been adjudged as a welledtai method to
accurately predict UK dwelling energy consumptidlatarajaret al, 2011) as it
forecasts dwellings’ energy consumption and carl®nissions at highly
disaggregated level based on deterministic builgimgsics. Additionally, domain
of application of these models is common as théy@plied as policy advice
tools. However, the models are varied in termshefrtlevel of disaggregation,
resolution of output, output aggregation level,nsz@ analysis performed, model
validation, and their availability to the membefspablic for scrutiny, as shown
in Table 2.3.
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Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

Unfortunately, these models have been criticisezgltdua number of limitations in
them. Firstly, all the models have been criticiskd their low level of
transparency. Kavgiet al. (2010) and Mhalast al. (2013) argue that the models
transparency, in terms of the architecture and gateices, is seen as one of the
most essential issue worth considering for futueplayment of the models.
Regrettably, some of these models are not avaitablae members of public;
even those that are made available to public coditde information about their
structure and operational details. As such, theaisodould not be scrutinised as
getting access to raw input data or the algorithised by the models has been a
mirage for the majority of them. This is becausasitunclear on how the
relationships among the different variables makipghe models are formulated
and built up. Consequently, the outputs of thesdeatsoare extremely difficult to

replicate.

Secondly, the models fail to take into consideratidhe complex,
interdependencies, and dynamic nature of the is§wenergy consumption and
carbon emissions, especially in households. Thisesause the modelling
approaches of these models are based on statesaaninistic method, which is
classified as reductionist paradigm that uses tingantation to give the forecast
of a system, which; for example; is just for a gafar point in time. These
models therefore work with particular sets of demputs in a bid to produce
particular sets of outputs that have little or nom to accommodate uncertainty
in input datasets. This is because the approacngékd models are hinged on the
notion that exact relationships exist between theables in the models without
uncertainty. For example, some of them employ tee af simple regression
analysis that relies on historical data. Here,fthare trends are predicted based
on the historical without putting into consideratiany undesirable or chaotic

events that may occur in the near future.
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Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

Thirdly, the importance of occupants-dwelling imtetion cannot be over
emphasised regarding energy consumption in hontesreiore, special attention
needs to be accorded to this aspect as well. $hevidenced from the assertion
made on the report of the Inter-governmental PaneClimate Change (IPCC)
mitigation (IPCC, 2007) thatdtcupant behaviour, culture and consumer choice
and use of technologies are also major determinahtsnergy use in buildings
and play a fundamental role in determining carboamssions. Conversely, IPCC
(2007) report further suggests that there is lithiéxidence to show that these
determinants are being incorporated into energyeatsodVhile it is evident that
BREDEM, for example, incorporates some degrees colupants’ aspect like
number of occupants into their model, Nataragaral. (2011) confirms that the
behavioural aspect has been limited and not efglmonsidered.

Fourthly, it is evident that the issue of energyd ararbon emissions remain
increasingly complex and difficult to manage. Tisiglue to the fact that quite a
number of issues regarding energy sector of thaaug are evolving on a daily
basis. For example, in order to accurately predicid forecast energy
consumption and carbon emissions, energy sectotdwandoubtedly interact
with other sectors like economic and environmentas and the host of others.
These sectors are difficult to manage on their ovarnit. However, dynamically
integrating these external sectors to energy séattirer compounds the problem
of household energy issues. As such, all the madeiswed in Section 2.5 have
not demonstrated enough capacity to dynamicallyoraocodate additional
systems that utilise both the quantitative and itatale data inputs and where
some variables may interact in a non-linear ways Tien portends to mean that
the models are profoundly limited for their lack albility to incorporate the

feedback from these external sectors.

From the forgoing, it is apparent that there isriked to look both inwardly and
outwardly for sophisticated modelling approachepabde of dealing with the
limitations above and then model the kind of comipjeand challenges that are

facing the HECCE. This may mean to further broatten scope and level of
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Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

interaction of different HECCE drivers and the aafato expand this should the
need arise in the near future. In order to furtie@nforce this, several researchers
advocate and propose the use of the STS as anaappim model this complexity
due to high inter-dependencies, chaotic and nawmtity of the variables
involved, such as: Hitchcock, 1993; Kohler & Hass@002; Shipworth, 2005;
2006; Motawa & Banfill, 2010. It needs to emphadisat STS is one of the
methodologies of the systems-based approach ofntgaie inquiry. This
methodology has previously been used as an apptoanbdel the complexity of
real systems’ elements and relationships (as wiltiscussed in Chapter three).
Modelling complexity enables capturing the interelegent and multi-causal
correlation structure of the elements of STS antérdening the efficacy of
different change strategies. This helps in anatysie non-linear behaviour of the
studied systems where changes in input are negiaortional to changes in
output, nor is the input to output relationshigefixover time. This thesis will then
use the STS approach to model HECCE. The theordiazkgrounds and the
modelling techniques for the STS are covered inp@drahree of this thesis with

previous attempts in energy sector.

2.7 Chapter Summary

This chapter has shown that there are a wide rahfi@ameworks that previous
studies have formulated to conceptualise the isguenergy consumption and
carbon emissions, which are now serving as the re¢lieal backgrounds
underpinning energy models. They are thereforecally fall within two major
domains: disciplinary and integrated frameworksdjilinary framework focuses
on how individual disciplines illustrate the apprbao solving energy and carbon
emissions problems by formulating a framework. Example, engineering
approach looks at the technology of energy consiem@nd carbon emissions.
On the hand, integrated framework uses a holiggraach to combine a number
of disciplines together and provide a frameworkata@ of shaping the issue of

energy consumption and carbon emissions basededmtitations of disciplinary
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Chapter 2: Energy Consumption and Carbon Dioxidedsions in Housing Sector

framework. Within the body of literature, it wastasished that the social and
technical variables influencing household energyisconption and carbon
emissions come basically from three interactingtesys comprising of the
dwellings, occupants, and external environment. égables identified within
the dwellings system are related to dwellings’ [tsls characteristics. Also,
variables related to occupants system are in terfrsousehold characteristics,
occupants’ thermal comfort, and occupants’ behaviand finally, the variables
related to external environment system are in tesinglimatic, economic, and
cultural influences. The variables used for modeloeptualisation in Chapter six

are drawn from these frames of variables and mappedix different modules.

Further to this, the chapter has demonstratedghié¢ a number of energy and
carbon emissions models have evolved over the ywils the capability of
forecasting and estimating energy consumption amdon emissions, especially
in the domestic sector of the economy. These modeds found to vary
considerably based on the levels of disaggregatomplexity, resolution of
output, output aggregation levels, scenario analgsrformed, model validation,
and their availability to the members of public farutiny, using basically two
major epistemic approaches that include: top-dommottom-up approaches. The
top-down techniques rely on the kind of interactoibsisting between the energy
sector and the economy in general at aggregatesd ievorder to predict and
forecast the behaviour of energy consumption andoceemissions, especially at
the household level, when some changes are matle flicy parameters within
such models. On the other hand, bottom-up techsiqueanly focus on only the
energy sector utilising a disaggregated approachitbér statistical or building
physics method that contain a high level of det&ilsnodel energy consumption

and carbon emissions, especially at household.level
After a careful appraisal of the existing modelliagproaches, the chapter

concludes that there are a number of limitationstha existing modelling

techniques that prevent them from being used mttiesis. These are (1) lack of
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transparency in the model algorithms, (2) inabitityaccount for the complex,
interdependencies, and dynamic nature of the is§wmergy consumption and
carbon emissions, (3) limited evidence to show fiee occupants-dwelling

interactions, and (4) lack of enough capacity tooatmodate qualitative data
input. And as such, there is the need to scoutrfore robust and sophisticated
modelling approaches that take into consideratibe kind of complexity

involved and bedevilling the issue of HECCE duehigh inter-dependencies,
chaotic, non-linearity, and qualitative nature ofme of the variables involved.
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Chapter 3

MODELLING THE SOCIO-TECHNICAL SYSTEMS

3.1 Introduction

In Chapter two it was concluded that there is thednfor more robust approaches
that have the capability of modelling the kind adnplexity involved in
household energy consumption and carbon emissiptaking into consideration
the limitations of existing modelling approachesdiscussed in Section 2.6. It
was argued in Section 1.1 of Chapter one that tbBlgm under investigation in
this thesis sits squarely within the domain of SWtthis chapter systems idea
that brought about the STS is first discussed bievang the rationale, historical
backgrounds as well as the basic concepts of ttersg-based approach. Further
to this, the chapter discusses the theory of S§8ther with its basic concepts.
Literature on the domain of application and modelliechniques of STS will be
also reviewed. Additionally, the literature stughesifically assesses and critiques
the identified STS modelling techniques againsetaaf criteria that meets the
requirements of the problem under investigatiorhigblighted in Sections 1.1,
and 2.6 of this thesis. Finally, the choice of thest suitable STS modelling
technique concludes the chapter.

3.2  Systems-based Approach of Scientific Inquiry

The systems idea of scientific inquiry came intadlight not until in the fifties,
when the main concepts and principles relatingpéogeneral systems theory were
formulated. Banathy (2000a) noticed that the systémeas of different fields
share a common ground on systems orientations ase tiideas embrace

research/professional activities in the area‘syfstem engineering, operations
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research, system dynamics, cybernetics and infoomaicience, general theory
of systems, living systems and evolutionary thesoft systems and critical
systems theory, and chaos and complex systemg/th@anathy, 2000a). As a
result of this, these researchers now recognisadhbessity of an interdisciplinary
research field with capability of coping with evecreasing complexities that fall
beyond the scope of a single discipline. The systbased approach of scientific
inquiry that emphasised the intrinsic order anémi¢pendence of the complex

problem in all its ramifications is therefore born.

Systems-based approach of scientific inquiry, hamewncorporates systems
theory, systems philosophy, and systems methodplsgthree main inter-related
domains of disciplined scientific inquiry. While ghsystems theory and
philosophy provide the philosophical basis for thgstems-based approach,
systems methodology gives the sets of methoddegies, models and tools for
systems-based approach of scientific inquiry. s of this section discusses the
rationale behind the systems-based approach ohtsmeinquiry, historical

background of the systems-based approach, its ptsyjceomponents and

characteristics, and types of systems.

3.2.1 Rationale Behind the Systems-based Apprdac8cientific Inquiry

Science is a way of acquiring testable knowledgeualthe world (Clayton &
Radcliffe, 1996). The classical method of scieatifiquiry has played prominent
role in understanding and treating complexitietha ‘world of science’ and came
into luminance during the last 17and 18 centuries based on Descartes’
analytic-deductive method which was used in stuglygsomplex phenomena.
Clayton and Radcliffe (1996) argue that science Aasumber of defining
characteristics of which three are particularly artpnt to include ‘replicability’,
‘refutability’, and ‘reductionism’. Descartes, hoves, bolstered reductionism by

publishing ‘Discourse on Method’ in 1637 and thisblication gives four
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precepts which influence science for years (Cap®®6). According to Capra
(1996), these precepts are:

* Accept only that which you are certain of,

« Divide topic into as small parts as possible,

* Solve simplest parts first,

* Make as complete lists as possible.
This method breaks down the complex entities imalsparts and studies them
separately in order to gradually have the undedstgnof the whole, which forms
the philosophical basis of classical view of sdfentinquiry that born the

technological and industrial revolutions in theligdPanagiotakopoulos, 2005).

Panagiotakopoulos (2005) reports that by the enthefld" century and during
the 2@" century complexity in ‘real world’ expanded in sug way that classical
method of scientific inquiry reached its limitsemplaining the world. Due to this
fact, Banathy (2000a) contends that the reducti@pproach was no longer able
to explain ‘wholeness’ which results from the mutiteraction of ‘parts’.
Premise on this, Skyttna (2006) submits that tceh@vJull understanding of the
reason why a particular problem occurs and stiiges, there must be a savvy of
the parts in relation to the whole. This argumanthiowever, absolutely against
the classical view of scientific reductionism andilgsophical analysis as
promulgated by Descartes (Capra, 1996). In viewhis, there is no doubt that
simple tools cannot be used to capture ever ingrga®mplex problems in the
world that is embedded in interconnected systemschwlare operating in
dynamically changing environments (Banathy, 2000hjs therefore necessitates
the needs for a shift in classical approach pamadig systems approach of

scientific inquiry.

Systems approach of scientific inquiry thereforpresents a kind of paradigm
shift which is now changing the emphasis from ‘gatd the study of ‘whole’

(Banathy, 2003) since it is difficult to observeoperties of the whole bit by bit.
Systems approach of scientific inquiry, hence, ey a multi-dimensional

framework in which information from different diptines and domains can be
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integrated without being forced into a one-dimenalomapping, which is not

possible from the view of classical approach.

3.2.2 Historical Background of the Systems-basedAgach

The account of historical background of the systbased approach of scientific
inquiry has been widely reported in the literaturbis subsection therefore gives
a summary of how the approach has evolved overydss as reported by
Decleris (1986).

Banathy (2000b) reports the pioneer work of Ludwagp Bertalanffy in the area
of biology in 1932 as being the first to develog thystemic idea on general
systems theory in early ®@entury. This work spurs research activities imyna
areas of scientific endeavours as it is capabléeafing with messy complex
problems. Table 3.1 depicts how the systems apbrbas transcended over the
years and this is complete with the major actorthiwithose years. Also, Table
3.2 shows how the ideas of the systems researbhges expanded due to more

and more complex problems being confronted with.

In Decleris (1986), it was reported that thest phase of the systems-based
approach evolution marks the start of the systedmsry formulation between
1916 and 1940. This emanates as a result of thehfacthe classical method of
scientific inquiry finds it difficult to cope witlever increasing complex problems
and the need to depart from the thinking of tradal analytic-deductive
approach. This is where the basic systemic ideashan defined and announced
as depicted in Table 3.2. Theecond phaseof this evolution is termed the
practical orientationphase as the period witnessed a more practicalaete of
the technological revolution. This is the period emhthe technological
advancement skyrocketed mainly due to the needatk&ld many complex
problems that arose from World War 1l. The main pter problem that

developed then was that of coordination of comgetions (Table 3.2), which
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brought about the main idea of compilation of optimtheoretical models based

on the Operations Research and Policy Scienceptirees (Tables 3.1 & 3.2).

The third phase witnessed the development of highly sophisticadggtems-
based technological advancement that contributea ismall measure to the birth
of new scientific disciplines. This causes the ays approach to be reoriented
and refined in order to accommodate these develofgm@he phase saw the
emergence of Mathematical Theory of CommunicatiGgbernetics, Network
and Linear Systems Theory, Systems Analysis, aste8ys Construction. In fact,
the phase is known for the formation ludrd systems (Table 3.1). The major
problem of this phase is in the area of Informafioansmission and Construction
of Complex Artefacts, which brought about the ideatnformation and Control
Systems (Table 3.2). Decleris (1986) argues thbseqjuent inventions in the
fields of Cybernetics and Mathematical Theory ofn@aunication had a
remarkable impact in the world of science todapeeglly in the area of human-
machine systems.¢. STS).

The fourth phase is seen as the formation ebft systems. This is because the
period saw an enormous expansion in the systemeagpacross many fields of
study in a bid to solve complex social problemsnd?pally, problems in human
systems are solved by this approach. During thigoge the problem of
uncertainty and change in complex systems behawpew and difficult to
manage due to theoft nature of the problem. The main ideas communichézd

to solve these were the ideas of dynamic systerdsirgormation processing
systems (Table 3.2). These ideas were seen tofbetied is disciplines like

Systems Management, Spatial Planning, Educati@ansportationetc.

Arguably, the world is in thdifth phase of systems approach where complex
problems due to global climate change have surfacetthe last two decades
involving softandhard systems. The main idea here in order to solve tblelgm

of climate change is sustainability, especiallyuéss of carbon emissions, under
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purview of which the study in this thesis falls.igproblem then necessitated the

use of systems approach to capture the problem.

Table 3.1: Systems approach evolution

Systems Approach Evolution

Main Contributors

First Phase (1916-1940):

Precursors

Second Phase (1940-1945):

Practical Orientiation

Third Phase (1945-1970):

Formation — “Hard” Systems

Fourth Phase (1970-1992):

Spreading — “Soft” Systems

Fifth Phase (1992- ):

“Hard” and “Soft” Systems

Biology: Bertalanfty (1932)
Linguistics: Saussure (1916)
Psychology: Kohler (1929)

Anthropology: Malinowsky (1926),
Radecliffe-Brown (1935)

Sociology: Parsons (1937)

Operations Research: Rowe (1941),
Rand (1946)

Policy Science: Lasswell (1951)

Mathematical Theory of Communication:
Shannon (1948)

Cybernetics: Wiener (1948), Ashby (1952)

Network and Linear Systems Theory:
Guillemin (1957)

General Systems Theory: Bertalanffy (1956)

Society for General Systems Research:
Boulding (1954)

Systems Analysis: Riemann (1953)

Systems Construction: Riemann (1953)

Systems Management: Churchman (1979)

Social Systems Construction: Pinch ez al.
(1984)

Human Systems: Rosenstiel et al. (1991)
National Systems Organisations —
International Institutes: Trist (1981)
Climate Change: IPCC (2010)

Sustainability: Redclift (2005)

(Adapted with extension from Decleris, 1986)
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Table 3.2: Systemic ideas evolution

Systems Approach Evolution

Phases Problem Idea

Description of Complex Objects/ Definition and Announcement of Basic

First Phase (1916-1940) Phenomena Systemic Ideas

Compilation of Optimum Theoretical

Second Phase (1940-1945) Coordination of Complex Actions Model (Modelling/Optimisation)

Third Phase (1945-1970) Information Transmission, Construction of Information (Information and Control

Complex Aretefacts Systems)
Fourth Phase (1970-1992) Uncertainty anq Change in Complex Dynamic Systems, Information Processing
Systems Behaviour Systems
Fifth Phase (1992- ) Global Climate Change Sustainability

Banathy (2000b) regards researchers like AshbytaBerffy, Boulding, Fagen,
Gerard, and Rappoport as the pioneers that sdt thd basic concepts and
principles of the general theory of systems thatamerphosed into systems-
based approach today. The concept of systems appradvocates that the
properties and characteristics of twbole which is thesystemstself, is quite
different from summing up thparts in such a way that properties ofwdole
cannot be observed bit by bit as against the viealassical, traditional method
of scientific inquiry that studieparts with linear cause and effectBanathy
(2000a) argues that deterministic, lineause and effeas practically inadequate
in dealing with many interactive variables of comyl dynamic systems. In
contrast, systems-based approach is able to cagitarelynamics of multiple,
mutual and recursive complex causation (Banath§papand sees the behaviour
of the systems as non-linear, non-deterministic argansionist in nature as
negates the reductionist approach of classicahseieBased on the ideas of the
pioneers of the systems-based approach, Banatidp42@roposes an overview
of the key distinctions between the classical viefvscientific inquiry and

systems view of scientific inquiry. These distiocts are based on what they
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‘focus on’, their ‘mode of inquiry’, the way theyeason’, the ‘rule’ guiding them,

‘goal’ and finally ‘control’ as shown in Figure 3.1

Perspectives of
Classical Science

—

Perspectives of
Systems Science

Parts
Single Variables
Linear Relationships

Analysis
Reductionism
Entity

Determinism
Cause - Effect

Objectivity
Observer detachment

Prediction
Identity

Goal —driven
Negative feedback
Adjust for error

FOCUS ON

—

MODE OF INQUIRY

REASONING

RULE

GOAL

CONTROL

—

The Whole
Multiple/dynamic

interactions
Patterns of Relationships

Synthesis
Expansionism
Emergence
Process

Non — deterministic
Purpose
Meaning

Observer
involvement and
influence

Understanding
Activity

Goal —driven
Positive feedback
Change of goals

Figure 3.1:Key distinctions between classical and systemientations

(Adapted from Banathy, 2000a)
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3.2.3 Components and Characteristics of Systemsetaspproach

Based on the basic concepts of systems-based appeoanciated above and the
works of researchers like Turner (1978), Capra §123d Blockley (1998), it is

undoubtedly evident that the systems-based appraautapsulates many
interrelated components, the properties of whiah atered should the systems
cloaked in any way (Waterson, 2009). These compsrame the main anchor of
the systems-based approach. To this end, adoptygtams approach to solving
the problem relating to HECCE in the context o$tthiesis entails getting insights
into the effects of interactions among differentiables hypothesised to influence

household energy consumption as reported in Chépéeof this thesis.

By drawing from the studies of Turner (1978) anadBley (1998), Waterson
(2009) was able to capture those components amdctiggracteristics that are the
central idea being communicated by the systemsdbaperoach as shown in
Figure 3.2. The characteristics are therefore ammib the problem under
investigation by this thesis (Chapter 1). The thnegn components given by
Waterson (2009) (Figure 3.2) are:

* Input-output processes — this aspect gives thdiorkhips that exist
between the systems inputs and their corresponditguts containing
elements like multifinality, equifinalitygtc.

* Whole-part relationships — the main idea being comgcated by this
component is hinged on the fact that the workinghef systems as a
whole needs to be firstly analysed in parts as ssiggl by Gibson (1979).
The component further suggests that the whole it quore than just
summing up the parts (Banathy, 2000a) as this lahdelationships
existing between them are argued to be complexamia) and chaotic in
nature (Sinclair, 2007). Holism, entropy, and systelements are

therefore expressed as the major elements of dhigpaonent.
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* Connectivity between elements — this component esgas the
interrelationships among different elements witlie systems in terms of
hierarchy, interactions and regulation. The comipfeof the systems here
are hence elaborated based on causal relationshgofeedback structure

among these elements (Katz & Kahn, 1966).

Additionally, Wilsonet al. (2007) and Walkeet al. (2008) offer the description
of behaviour exhibited by the system in order tdher capture its characteristics.
They argue that a systems as a dynamic and complmte containing an
integrated interacting functional parts has enengpaterial, and information
flowing through it. These energy, material, aneinfation of the studied systems
are placed within an environment that is surroundgdoermeable boundaries,
which is capable of exhibiting erratic behaviour ilehits elements seek

equilibrium.

3.2.4 Types of Systems

The study of Decleris (1986) classified system® imard and soft systems as
evidenced from Table 3.1 in Section 3.2Fard systems, for example, are
described as technical and physical systems thatbea quantified while its
behaviour can be fully controlled at the same tifRanagiotakopoulos, 2005).
However, these cannot easily take unquantifiableakkes into consideration.
Different from the hard systems,soft systems are good at capturing and
understanding unquantifiable variables like peapledpinions, cultures,
viewpoints and the likes. In short, it will addregsalitative aspects of any
problem situations. To this end, the classificatimought about the concept of
STS as a systems-based approach capable of haticingpmplexity posed by
the interaction of ‘human’ and ‘machine’, which good at combining the
quantitative and qualitative research strategigetteer. The next section then
discusses the STS theory.
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3.3  The Socio-Technical Systems Theory

STS theory has evolved over the years as a kindccoaiction among the
sociologists that specialised in a new area of ewaéd endeavour termed the
“sociologists of technology” (Dwyer, 2011). Thereasva general belief that
engineers/technologists, for example, tend to ignitbre importance of socio
aspect of their work; while on the other hand, Hueial scientists tend not
knowing much about the technology and thereforactaht at considering the
artificial reality of technical objects (Ropohl, 99). STS theory has then been
used as the theory that combines the two dividgsther. Therefore, the STS
theory serves as the theoretical basis for thiglystThe rest of this section

discusses the basic concepts of the STS theoritsaddmain of application.

3.3.1 Basic Concepts of Socio-Technical Systemsofhe

The origin of the concepts of STS as a methodoltuyythe systems-based
approach of scientific inquiry could be traced be tstudies undertaken by the
Tavistock Institute, London especially during thespwar reconstruction of
industry (Trist, 1981; Cartelli, 2007). CartelliQ@7) reports that the emergence of
the concepts is highly necessary in pursuit oft ddtween the work force and
machine during the introduction of technologicasteyns for work automation
when it was found out that workers are resistantetthnological innovation.
Since then, the concept has come into luminancesaneks as the theoretical

framework underpinning many studies.

According to Walkeret al. (2008), STS as a concept is founded on two main
principles. The first one is the interaction betwéke social and technical sub-
systems that set the conditions for successful yosuccessful) systems
performance. They argued that the interactionscaraprised partly of linear

“cause and effettrelationships, the relationships that are norgpnatlesigneti
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and partly from hon-linear, complex, and even unpredictable relationships;
which are those that are often unexpect8dft which is socio, does not
necessarily behave like thieard, which is technical (Walkeet al, 2008).
Additionally, Walkeret al. (2008) contends that the growth in complexity and
interdependence makes the “technical” systemsgfample to start to exhibit
non-linear behaviours. And as such, the STS ashmilgue of the systems-based
approach of scientific inquiry is used to handie #ind of complexity as both the
methodology and tools. The second of the two mainciples, is founded on

“joint optimisatiori of the two systems.

Interestingly, Dwyer (2011) illustrates the concepSTS by the use of a generic
model as shown in Figure 3.3. According to her, S§Sseen to contain
componentghat are referred to aocial structuresandartifacts that are called
technical elementswhich contribute directly or through otheomponentdo a
common system goal It was shown that both theomponentsand artifacts
interact with each other. What is guiding the olldvahaviour of the system is

the system goal.

“'\-;,\

External
influences

JM
External
outcomes

,,

Social Technical System

Artifact
Artifact |« A

A4
Component
A
4

‘
v

» Component
» Artifact |«

vl System goal

Figure 3.3: A model of a socio-technical system
(Adapted from Dwyer, 2011)
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The feedback loop enables the actual output obylseem to be compared to the
system goal. Hughes (2000) argues that it is dmyugh the feedback loop that
errors are detected and thereby corrected in daldrave an improvement in

system performance.

The central idea from the concepts of the STS arafiplied to the issue of
HECCE in order to put the discussion here in cant#s presented under Section
1.1 in Chapter 1 of this thesis, household systeomsists of an interplay among
the dwellings systems (in terms of dwellings’ plegs$i characteristics and
technological systems put in place within it) refdo as technical systems
(artifacts), occupants systems (in terms of behaviour towaetsergy
consumption, for example) refers to as socio syst@emponenis and external
environment systems (in terms of external tempegagnergy pricestc) refers
to as technical and/or socio systems. These systemghen interrelate and

appropriately influence energy consumption and@ased carbon emissions.

A detailed analysis of all the variables in thetegs suggests that they all
depends one another thereby making the systemes @ocbmplex one. This is so
mainly because the variables within each of thetesys have multiple
interdependencies with multi-causal feedback stirectonsidering their effect on
energy consumption and carbon emissions. Furtliey fare interconnected,
chaotic in nature, and difficult to understand,dice and keep under control,
thereby calling for a pragmatic approach like STgpraach to handle the
situation under consideration. An appraisal ofttiesis problem suggests that the
STS approach is adequate in capturing it. Hence&s 8¥ory serves as the

theoretical background to the research.

3.3.2 Domain of Application of Socio-Technical Sgsts

A review of domain of application of STS by diffateresearchers is undertaken.

During the review, it was noted that the concep8®5 means slightly different
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things to researchers in different fields of stufiy, example: in engineering, it
means that organisational form follows technicahction, while technical

function too follows organisational form; in computscience, the technical
system consists of hardware and software that rmakeformation system, while
the users of this system and the organisation iittwit is embedded form the
social systemetc. However, similarities in the use of this concepstronger and

more than the differences. Literature search was ttonducted irrespective of
the definition used for the STS by different resbars.

Based on the review, STS has been successfullemgited in human-computer
interaction studies, information technology, sofvangineering, engineering
(general), business and management, medicine amdhdist of others. For
example, de Greene (1988) used STS in the conterrganisational design
management. Likewise, Appelbaum (1997) used STSthe context of

organisational development where it was argueditit@gjration of organisational
development with technological advancement intmtal tsystem could prove
difficult, but the use of STS will make it possiblglso, STS was used in the
context of innovation which predisposes systemiangies in any organisation
(Geels & Kemp, 2007). Williams and Edge (1996), Raher (2003) and Geels
(2004) used STS in the context of diffusion of temllbgy in an organisation.

Further, STS has been used in energy supply andrttgrespecially when it was
necessary to study the socio-technical influencegrmergy usee.g. Shipworth
(2005), Shipworth (2006), and Motawa and BanfiD1Q). STS has been used in
the computer/software engineering as well as concation and
telecommunication engineering (Patnayakuni & RupR@L0). This concept of
STS has also been found application in the domaiwater management while
considering irrigation project (Jayanesa & Selk@04) and in the domain of
agriculture and food (Marquex al, 2010). The above then shows how research

has transcended using STS in solving real life lerob.

77



Chapter 3: Modelling the Socio-Technical Systems

STS has, therefore, been previously used as mdtigydtm model the complexity
of real systems’ elements and relationships acateld above. STS is difficult to
model because of its complex nature. It is complecause its elements are with
multiple interdependencies and have multi-causaletation structure. Further,
STS exhibits a kind of non-linear behaviour whelharges in input are neither
proportional to changes in output, nor is the irfpubutput relationship fixed over
time (Motawa & Banfill, 2010). The ability of ST® tntegrate both “hard” and
“soft” data together under the conditions describbdve makes it different from

other complex systems.

3.4 Modelling Techniques for Socio-Technical Systesn

This section covers the techniques utilised by ed#iit researchers, under
different themes, in order to model STS. Based ln review conducted in
Section 3.3.2 above, a detailed analysis of sealeatéicles from the pool of
articles reviewed was undertaken. Specificallyséharticles were analysed for
the modelling techniques utilised in the contextS3fS. The articles were then
analysed according to the STS domain, STS defmitivhether or not
modelling/simulation was performed, the modellimgigdation techniques that
was utilised, whether or not the results produgedreproducible, whether or not
the techniques presented are capable of being aeeel to another domains of
application, and whether or not the model can Is#yeaxtended and if it can be,
to what extent can this be done? The main aimisfdkercise is to identify the
major techniques that have been used by differenties to conceptualise STS
problems. Table 3.3 shows the results of this mevies shown in Table 3.3, the
articles reviewed were assessed to indicate arsepoe of evidence to suggest
within their body that there is a match or no matchunclear in STS application
domain, STS definition, modelling/simulation, mddej/simulation technique,
reproducible, generalizable, and extendable. Thesign indicates that there is a
match, whereas a (-) sign shows that there is nohmahe (?) sign signifies that

evidence of those criteria is unclear.
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Table 3.3:Review of modelling techniques for socio-technegtems

STS . Modelling/
Article Authors Application ST.S. N.IOde“lflg/ Simulation  Reproducable Generalisable  Extendable
5 Definition  Simulation 5
Domain Technique

Bergman et al.

9 9
(2008) + A + ABM ? + ?
Carley (2002) s - _ 9 ) . )
Tivari & Hirschheim ) ) ) 2 i N i
(1996)
Jarman & Kouzmin ) ) ) 9 i . i
(1990)
Shipworth (2005) + + - - + 9 9
Sterman (1989) + - + SD 4 + i
Olla et al. (2003) + - + ANT - ? -
Cai et al. (2009) + - + FL A ? -
Lietal. (2010) * = + FL + - .
McNeese et al.
(2000) ; - - - - * -
Ramanna et al. ) ) i i i 5 i
(2007) ’
Shah & Pritchett
(2005) - A + ABM - + +
Johnson (2008) - + = ? - e -
Shipworth (2006) 3 + + BBN 4 3 4
Smajgl et al. (2008) ? ? - - = - -
Masys (2006) i ? - ? - + -
Sterman (2000) * - + SD + + i
Sutcliffe et al. ) n i i i 5 i
(2007)
Thissen & Herder
(2003) * - - - - * -
Yahja & Carley 0 )
(2005) + ABM ] i ]
Lock (2005) * - * CM - ? -
Ritchey (2011) + - + MA - ? -
Mclntosh et al.
- 9 . .
(2005) * * *
Lock (2004) + - + CM - ? -
Wu & Xu (2013) + - + SD & FL + + +
De Waal & Ritchey 7
(2007) * - * L - -
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Table 3.3:Continued.

STS Modelling/

Article Authors ~ Application ST.S . MOde“ng/ Simulation  Reproducable Generalisable  Extendable
Definition  Simulation

Domain Technique
Jensen (2001) + - aF BBN aF aF aF
Callon (1986) + + ANT - ?
Natarajan et al.
2011) + + + ABM + - +
Feng et al. (2013) + - i SD + + i
Carroll et al. (2010) + + + SNA
Carroll (2012) + + + ANT/SNA + +

ANT — Actor Network Theory, ABM — Agent-based MimdgIBBN — Bayesian Belief Network,
CM — Configuration Modelling, FL — Fuzzy Logic, MAMorphological Analysis, SNA — Social
Network Analysis, SD — System Dynamics. ‘+' me#mset is a match, -* means there is no

match, ‘?” means unclear.

The result of the review conducted shows that nodsthe articles analysed
explicitly indicate STS as the domain of applicatior their studies. Also, about
half of those articles claim that the STS methoespnted can be generalised.
Furthermore, the analysis shows that just somkeeoSIT'S approach presented can
be reproduced and further extended to accommodid@ianal modules/sub-
systems. It was also concluded from the reviewdiabf 32 articles analysed, 20
of them provided the modelling/simulation technigjugilised for their different
studies within the context of STS. Therefore, thgpat of the study shows some
of the techniques that have served as decisionosuppols/platforms under
which STS of real problems are modelled. To thiteetx this study therefore
identified the following as the techniques for mitidg STS.

Actor Network Theory (ANT)
Agent-Based Modelling technique (ABM)
Bayesian Belief Network (BBN)

A

Configuration Modelling (CM)

80



Chapter 3: Modelling the Socio-Technical Systems

Fuzzy Logic (FL)
Morphological Analysis (MA)
Social Network Analysis (SNA)

© N o g

System Dynamics (SD)

The next section therefore summarises and critithe=se modelling techniques.

3.5 Summary and Critiqgue of the Modelling Techniqus

For any of those techniques to be adequate indahtext of this thesis, there are
some criteria they must fulfil based on the natofethe problem under
investigation in this thesis. For example, différegsearchers have criticised the
energy models in the housing sector for the lackrarisparency (Kavgiet al,
2010; Mhalaset al, 2013) as discussed in Chapter two. Also, Hitchdd®93),
Kohler and Hassler (2002) and Shipworth (2005; 20@&ablished that the
complex socio-technical systems are highly inteedejent, chaotic, and non-

linear, and problems involving these are betteresblusing a pluralistic approach.

Therefore, it is important to set the criteria upehich the STS modelling
techniques will be compared. And as such, the nfiadeltechniques are
compared to one another based on (1) transparerf2y, multiple
interdependencies (3) dynamic situations (4) feeklq@mocesses (5) non-linear
relationships (6hard andsoftdata (7) uncertainties of the variables invol &),
chaotic assumptions and (9) the use of the moddéasing laboratory. It is
against this background the techniques were aflsgssl, compared, and critiqued
in order to decide on which one of them will beeatdl capture the problem under
investigation based on the above criteria. TabdesBmmarises and compares all
the STS modelling techniques. The tenets as wedtrasgths and weaknesses of
each of the STS modelling techniques are therefm®ussed accordingly in the
following sub-sections. This exercise would, undedly, help in identifying
which of them is best for conceptualising the peoblunder investigation in this

thesis.
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Table 3.4:Comparative analysis of STS modelling techniques

Criteria ANT  ABM BBN CM FL MA SNA SD
Transparency N N N J J
Multiple interdependencies v Y ~ ~ N
Dynamic situations \ \/
Feedback processes \
Non-linear relationships v v v v v N, N N
Considering “hard” and “soft” \ \ \ \ N N \
data

Chaotic assumptions V V \/ V \/ \/ N
Uncertainties v v v v v \*
Learning laboratory tool \ V

* Limited capability in handling uncertainties.

3.5.1 Actor Network Theory

Actor Network Theory (ANT) was first proposed by dfiel Callon and Bruno
Latour (Callon & Latour, 1981; Callon, 1986). Od#iaal.,(2003) argues that ANT
provide a platform for understanding the creatibnetworks of aligned interests
where, according to Ollet al., (2003), the world is full of hybrid entities
containing both human and non-human elements. [C&@12) contends that the
greatest strength of ANT lies in its ability to egtate bothhard and soft data
together (Table 3.4)Also, the approach is capable of modelling problems
containing variables that have multiple interdemsmies with non-linear
relationships under chaotic assumptions. It, tloeegf has some merit in
modelling STS problems. However, the approach heenbcriticised for its
inability to provide the means of differentiatingttveen humans and non-humans

elements within the model (Carroll, 2012).
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3.5.2 Agent-Based Modelling

According to Jennings (2000), an agent is seeretarbentity or component that
is autonomous, reactive, pro-active and capabs®oil interaction. Agent-Based
Modelling (ABM) aims to model the global consequemcof each of the
entities/components of a system including theirav&ur and interactions. This is
then the main distinguishing element that sets telgased models apart from
other models (van Dat al, 2009). In general, the ABM approach is applicable
for modelling of complex systems if the followingraitions are satisfied (van
Dam and Lukszo 2006):

* The problem has a distributed character;

* The subsystems operate in a highly dynamic enviesiim

* The subsystems have to interact in a flexible veag

e The subsystems are characterised by reactivity, -aptigeness,

cooperativeness and social ability.

As shown in Table 3.4, ABM seems to be a suitapf@@ach to create models of
STS because of its capability to handle bb#rd and soft data with multiple
interdependencies and treat non-linear behaviousuch data set under small
uncertainties (Bergmaet al, 2008; Natarajaet al, 2011). To this end, a number
of studies have utilised the approach for modelloamplex problems. For
example, the study of Yahja and Carley (2005) uder approach to model
improvement in multi-agent social-network systeiso, Natarajaret al. (2011)
found the approach useful in modelling energy comsion and carbon
emissions of the UK housing stock. However, therapgh has some drawbacks.
For example, its weakness lies in its inability handle multiple feedback
processes and difficulty in being used as a legrl@ahoratory.

3.5.3 Bayesian Belief Networks

Bayesian Belief Networks (BBN) was developed arouai@ 1980’s and its

applicability didn’t come into luminance until 19920According to Jensen (2001),
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BBNs emerged as an intuitive technique for reagpninder uncertainty. This
technique combines different data types as well le@ning from new
observations as they become available. Advantagesd 3.4) of using BBNs as
opined by Gill (2002) are:
e The ability to learn as new information is receiv@doopulation variables
change
* The capacity to systematically integrate a widerets of data types and
any prior available knowledge
» Allow predictions about the likely future statetbé system based on what
is currently known about the system and assumptbosit future data
e The capability to learn causal relationships anth genderstanding of a
problem domain and then predict the consequenciesss¥ention
e Overt and clear model assumptions

» Straightforward sensitivity testing.

This approach has been successfully used in a rurobeapplications.
Application of BBN in the field of environmental magement include:
management of fisheries (Fernand¢al, 2002), land use change (Baceinal,
2002), agricultural land management (Cainal, 2003), and integrated water
resource management (Bromigtyal.,2004). This approach has also been applied
to modelling the socio-technical influences on dstitceenergy consumption in
one of the UK’s Carbon Vision programme: Carbon tgidn in Buildings
(CaRB) project (Shipworth, 2005; Shipworth, 2008% argued by Shipworth
(2005), however, BBN is used as decision suppostesys mainly because of
their capability to integrate different array oftadogether, as well as synthesise
relevant factors in social, economic, ecologicall &mchnical fields which then
makes it particularly useful in the complex socom@omic/socio-technical
environments of sustainable development. HoweveBN Bapproach is not
without its own drawbacks. De Waal and Ritchey {@0&@rgue that using BBN
may prove a little bit difficult during the initigiroblem formulation phase of the
modelling process and difficult to deal with timepgndent data set with

feedback processes.
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3.5.4 Configuration Modelling

Configuration Modelling (CM) is another technigquedadecision support tool
recently proposed by Simon Lock (Lock, 2004; 206%) modelling the STS.
Lock (2005) acknowledges that managing the evalutd large systems is a
complex and difficult task where the full socialdatechnical implications of any
proposed changes must be fully appreciated befdexision is made whether or
not to proceed with their implementation. He codtenhat the task becomes
challenging and difficult to manage since the ipl&y between the technical and
non-technical components is often complex and #v@us human factor that are
involved inject much variability and unpredictabylinto the system. It is against
this backdrop that a new decision support tool gemits the investigation and
exploration of different configurations of sociodamechnical components is
needed in order to fully predict how changes madé individual components
or the overall configuration of a system will affeperational behaviour of that
system during the real world operation (Lock, 2005)ck (2004), however,
argues that this modelling paradigm is a novel epghn in the sense that it is easy
and quick to construct and can as well help to ptenunderstanding of different
stakeholders. However, there is lack of evidenoenfthe body of literature to
suggest that this approach has the capabilityptuca multiple interdependencies
of data set under dynamic situation. Furthermdre, domain of application of
this approach has been limited to the area of swéivengineering as this has not

gained a wider application, but has some meritaadelling STS.

3.5.5 Fuzzy Logic

The capability of Fuzzy Logic (FL) to model STS hiasen highlighted in
literature. FL began with the 1965 proposal of fuset theory by Lotfi Zadeh
(Zadeh, 1979). It is a mathematical approach thatsed to represent uncertain

and imprecise information. Cat al. (2009) argues that this method deals with
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reasoning that is approximate rather than fixed amect, but effective in
describing highly complex, ill-defined mathematislstems. Furthermore, the
approach can effectively support linguistic impsgmn and vagueness (kt al,
2010). A number of studies have used this appréaashodel complex systems
under different themes. For example, @&ial. (2009) used the approach to
identify optimal strategies within energy sectorarpling under multiple
uncertainties of variables involved. Also, undee tame theme as Cat al.
(2009), Liet al. (2010) combined the approach with stochastic @iogning to
model energy and environmental planning systemghé&uto this, Wu and Xu
(2013) combined FL with SD to predict and optimegergy consumption of
world heritage areas in the People’s Republic ah&hwhile the major strength
of the approach lies in its ability to model sysseomder varying degrees of
uncertainties, it does have some limitations thay rdebar it from being used
within the context of this thesis. It lacks the liypi to handle multiple
interdependencies of variables under dynamic sitagt Also, it does not support
feedback processes and cannot be used as leaabm@tory. As can be seen, the
strengths and limitations of this technique ardqurod as succinctly summarised
in Table 3.4.

3.5.6 Morphological Analysis

Morphological Analysis (MA) was developed by Zwickythe Swiss-American
astrophysicist and aerospace scientist — as a @emethod for structuring and
investigating the total set of relationships camtai in multi-dimensional, usually
non-quantifiable, complex problems (Zwicky, 1969tcRey, 2011). The concept
and application of MA as strategic decision suppertiosely related to BBNs.
According to de Waal and Ritchey (2007), it alloamall groups of subject
specialists to define, link and internally evalud® parameters of complex
problem spaces easily, thus creating a solutionespad flexible inference. They,
however, argued that MA cannot easily treat hidralrcstructure and causal

relationships, but when combine with BBNs the besebf both of these
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techniques can be optimised. This technique hagiquay applied to diverse
fields based on the work of Zwicky. Among them aastrophysics, the
development of propulsive power plants and prop#dlathe legal aspects of
space travel and colonisation (de Wall and Ritc807). Suitability of this

approach to the area of application of this thesikmited, though it has some
potential when combined with other suitable appiheacas shown in the Table

3.4 above.

3.5.7 Social Network Analysis

Social Network Analysis (SNA) views social relatstnips in terms of network
theory that consists afodesandties (also callededges links, or connections
Nodes, according to (Freeman, 2006), are individatbrs within the networks,
and ties are the relationships between the acins. resulting graph-based
structures are often very complex. There can beyrkards of ties between the
nodes. Research in a number of academic fieldsihasn that social networks
operate on many levels, from families up to thel@f nations, and play a critical
role in determining the way problems are solvedaarsations are run, and the
degree to which individuals succeed in achievingrtigoals. Most importantly,
SNA has the capability of modelling non-linear, tiple interdependent
quantitative and qualitative variables (Caretdllal, 2010). Therefore, it has some
merits in modelling STS, but its strength couldreroved upon when combined
with other approaches.

3.5.8 System Dynamics

System Dynamics (SD) emerged in the 1950s as utext! by Jay Forrester as

multi-disciplinary field of study that has the capay to deal with complex

systems. SD, as a systems-based approach, is s@emethodological approach
and set of analytical tools for modelling STS (Muw#a & Banfill, 2010).
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Ogunlana, Lim and Saeed (1998) mention that thasSah approach useful for

managing processes with two major characteristics:

* They involve changes over time

* They allow feedback, the transmission and recdiptformation.

Interestingly, Coyle (1997) offers a robust defont of SD as a methodtHat

deals with the time-dependent behaviour of manaystiems with the aim of
describing the system and understanding throughuaitgtive and quantitative
model, how information feedback governs its behayiand designing robust
information feedback structures and control pobkcithrough simulation and

optimisation”.

Over the years, the approach has developed itselfa very powerful tool for

modelling complex systems. To this extent, it hasnfl a wider application in
quite an array of different fields. For example,uDignaet al. (1998) used it in

the field of project management, Ferg al. (2013) in the area of energy
consumption and carbon emissions, and the hosttleér capplications. The
approach was able to garner use in different cépacbased on its strength.
Accordingly, Sterman (1992) justifies the applioatof SD to modelling complex

problems in the sense that:

* SD models are well suited in capturing multipleendiependencies.

» SD was developed to deal with dynamics.

» SD is the modelling method of choice where theeesagnificant feedback
processes.

* SD, more than any other modelling technique, séie$ise importance of
non-linearities in model formulation, thereforeatsle to capture any form
of non-linear relationships.

» SD modelling permits both “hard” and “soft” data.

However, SD has limited capability of handling ations under uncertainties.

This weakness has received due attention from fber&search circles and
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significant improvements have been made on thisomse of the SD software

now incorporate optimisation and sensitivity anelyd uncertain parameters.

3.5.9 Conclusion from the STS Modelling Techniquies the Research

The above summary and critique of different STS eflody techniques give the
appropriateness of each of the techniques to ctuaiese the problem under
investigation in this thesis. Of the nine criteised in appraising the techniques,
the analysis done suggests that SD almost medtseatine criteria, except for its
inability to fully handle parameters under uncettiais, of which a full scale
improvement on this aspect is underway. As argue&ection 3.5.8, SD was
specifically introduced by Jay Forrester in oraehéndle complex problems that
have multiple interdependencies and are dynamitatare with many feedback
structures. The tools for this technique have iittlhunctions to capture the non-
linear relationships existing among different valés making up the model with
the capability of accepting both qualitative an@mfitative data and convert same
to simulation. The technique can also handle chatuations by invoking the
delay functions in-built in the tools. It is necagsto mention that the technique
Is undergoing a constant review and over the yehestransparency aspect of it
has been greatly enhanced and improved upon. Taansnthat all the model
variables including the algorithms can be asseasddscrutinised by third parties.
Summing up all these characteristics of SD makesndtre appropriate to

conceptualise the problem under investigation exdbntext of this thesis.

However, there are other techniques that meet st parts of the criteria of
assessment of the techniques. For example, both AB#/BBN met seven each
of those criteria. In ABM, the models developedhgdihe technique can be easily
scrutinised for its algorithms. The major drawbagkn its inability to handle
feedback processes which has been argued as gertoarike dynamic
characteristic of any of the techniques. Also, #pproach cannot be used as
learning laboratory where policies can be testadrésults of implementation

before being actually implemented in reality. e tase of BBN, the technique is
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transparent as well. Clearly, it is unsuitabletfis thesis because of its inability

to handle dynamic situations involving feedbackcesses.

3.6 Chapter Summary

The main aim of this chapter was to identify thestreuitable modelling approach
to conceptualise the complex socio-technical systesh household energy
consumption and carbon emissions. This chaptertifah this modelling

approach. Before the review of literature for mtidgl techniques of STS, the
chapter first reviewed literature on systems-bamggroach of scientific inquiry
as they form the theoretical knowledge base undenmpg the STS. This is mainly

to give the philosophical backgrounds of STS.

Literature search was then conducted and the rewvéswlts revealed that the
domain of application of STS has been in the afdaiman-computer interaction
studies, information technology, software enginmegriengineering (general),
business and management, medicine and the hothekoAlso, the review was
analysed for modelling techniques for STS. Theofelihg techniques were
identified to include: actor network theory, agbased modelling technique,
Bayesian belief network, configuration modellingizzy logic, morphological

analysis, social network analysis, and system dycgnThese techniques were
further probed for their capability in capturingetproblem under investigation in
the thesis against a set of criteria. After a adrappraisal of all the techniques,
the study identified system dynamics as the mostalde technique in

conceptualising the problem under investigatiothm context of this thesis. The

next chapter discusses the research methodologaged for this study.
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RESEARCH METHODOLOGY

4.1 Introduction

The research methodology is seen as a roadmayy sésearch undertaken that is
firmed up to direct the research in terms of thecaé underpinning of the
approach, data collection methods, and modellicgrigue used in solving the
problem. The preceding Chapters two and three prethe literature review
towards solving the research problem as directedhbystudy objectives. It is
therefore necessary to discuss and describe theodwbgy adopted and used to
achieve the objectives of the research in the gbrgkthis thesis. The chapter
first discusses the philosophical foundations gudany research in attempt to
underpin the methodology used for this researcphifosophically. The rest of
the chapter therefore provides details regardirg ritethodological approach
developed for the research including the methodat& collection, and model

development and validation.

4.2 Philosophical Background Underpinning Any Resaah

Pruyt (2006) argues that what constitute diffemresearctparadigmsare rooted
in and consistent with the sets of basic assumptiahout epistemology
ontology’, axiology, human nature, methodology, causality and logiud ghese
paradigms frame philosophies, meta-methodologies, multi-methodekgi

methodologies, methods, techniques, tamtsl their interpretations (Pruyt, 2006).

®> An epistemological issue concerns the questiontt is (or should be) regarded as acceptable
knowledge in a discipline (Bryman, 2008).

® Ontology answers the question: what is the naifireality?

” Axiology answers the question: what is the rolealfies? Values here reflect either the personal
beliefs or the feelings of a researcher (Brymaf820
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Table 4.1 illustrates the interconnectivity amorgse different concepts by

giving their meaning and examples as used withsttiesis.

Therefore, for a researcher to arrive at a researethodology decision, the
decision needs justification by considering thdqgsaphical underpinning of the
approach, procedures of inquiry, and specific maghaf data collection, analysis,
and interpretations. Additionally, Creswell (20089sits that the selection of
adequate research methodology still largely depemdthe research problem or
issues being addressed, the researchers’ persqmaiiences, and the audiences
for the study. Different researchers, however, adiiiat an adequate
understanding of the philosophigadradigmof any research is a necessity as this
forms the basis for researchers’ understandingefésearch method to utilise at

any point in time.

Table 4.1: Basic concepts of philosophical paradigms

Concept Meaning Examples

Paradigm Coherent set of meta-theoretical (ontosbgic Positivism
epistemological, praxiological, methodological,
nature-of-society, human-nature, ...) assumptions
which constitutes a distinct worldview

Coherent explanations of (social, material, personabiddens’ structuration
‘? ...) life by a distinct philosophical or sociological theory
(Philosophical or school of thought
sociological) theory
Framework for choosing between methodologies Multimethodology
#? and for matching and mixing methodologies
Meta-methodology
A (new) methodology consisting of the combinatiorAdaptive control
¢T of (parts of) other existing methodologies methodology

Multi-methodology
T Structured set of guidelines or activities to dssis  Mainstream SD
¢ people in undertaking research or interventions  methodology

Methodology
Structured set of processes and activities that Mainstream SD method
¢T includes tools, techniques, and models, that can be
Method used in dealing with the problem or problem
situation
*T Specific activity that has a clear and well-defined Stock-flow diagram,
purpose within the context of a methodology numerical simulation
Technique
Artefact, often computer software, that can be used/ensim, Stella, ...
¢T in performing a particular technique
Tool

(Adapted from Pruyt, 2006)
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Before further discussion, it is imperative to defithe ternparadigm To this
effect, Bogdan and Biklen (1998) defiparadigm as “a loose collection of
logically related assumptions, concepts, or proposs that orient thinking and
research”. In a more straightforward manner, Cohen and Mai®98) view it
as“the philosophical intent or motivation for undekiag a study’ It is equally
important to clarify that different authors at éifént times used distinct
interpretive words to depict the wopdradigms For example, Creswell (2009)
expresses this agorldviews Crotty (1998) -epistemologies and ontologjesnd

even Neuman (2000)research methodologies.

Philosophical research paradigms have been therefiscussed extensively in
literature. While some of these authors argue thatphilosophicaparadigms
underpinning any research are positivism, inteigseh or pragmatism
(Amaratunga and Baldry, 2001; Bryman, 2003; Pu2fi)5); others have gone
beyond these thregaradigms For example, Creswell (2009) views the
philosophicalparadigmsunderpinning any research from four different stbf
thought to include: postpositivism, constructivisagvocacy/participatory, and
pragmatism. Blaikie (2009) extends these four skshobthought to ten under two
covers ofclassical research paradigmpositivism, critical rationalism, classical
hermeneutics, interpretivism; antbntemporary research paradigmsritical
theory, social science realism, contemporary heeuigrs, ethnomethodology,

saturation theory, and feminism.

As can be seen from the foregoing, literature ssiggéhat authors have used
diverse terms with wide-ranging claims regardingilggophical paradigms
underpinning any research. It then makes this asjpe& occasionally more
confusing to early career researchers. To this, ¢me following common
philosophical research paradigms are further dgamlishere: positivism,
interpretivism, and pragmatism. These are linkedht® research strategy and

method of data collection used in this research.
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4.2.1 The Positivist Philosophical Research Paradig

Bryman (2008) observes that the doctrine of pasitivis extremely difficult to
pin down mainly because different authors usednitdifferent ways. This
reinforces the assertion made towards the endeofadt paragraph of Section 4.2
that authors have used diverse terms to reflecida-range of claims regarding
philosophical research paradigms. However, thesidefadifferent authors do

converge.

To this extent, Pruyt (2006) therefore argues that positivist philosophical
research paradigm describes the ontological-epadtacal position that is
realist-objective. Kelly’'s (2004) position about ethpositivist philosophical
paradigm assumes thateality is objectively given and can be describby
measuring properties which are independent of #searcher and instrument”
Bryman (2008) adds to this by describing positivias an“epistemological
position that advocates the application of the rodghof the natural sciences to
the study of social reality and beyondhe argument subsumes that the principle
of positivism could be applied to the world of sadcsciences based on the
assumption that social sciences can be studiedkénrhanner as the natural
sciences (Mertens, 2005). This principle is arguedentail the following
(Bryman, 2008):
1. Only phenomena and hence knowledge confirmed bysHmses can
genuinely be warranted as knowledge (the prin@plghenomenalisin
2. The purpose of theory is to generate hypothestscrabe tested and will
thereby allow explanations of laws to be assesskd principle of
deductivism
3. Knowledge is arrived at through the gathering aftdathat provide the
basis for laws (the principle afductivisn).
4. Science must (and presumably can) be conductedwayathat is value
free (that ispbjective.
5. There is a clear distinction between scientifidesteents and normative

statements and a belief that the former are treedomain of the scientist.
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The last principle above by implication depicts tfiest one mainly
because the truth or otherwise of normative statsneannot be

confirmed by the senses.

In terms of research strategy, Pruyt (2006) cordeticit positivism research
paradigm adopts methodologies that are purely gatwé and decontextualized,
often namedHhard’; which by implication portends that the paradigmgreed with
the data collection and analysis that portrays tizdive methods (Essa, 2008).
The methodological approach firm up for this reskaligns with some features
of this frame as will be discussed in Section 13 next sub-section discusses

theinterpretivistresearch philosophy.

4.2.2 The Interpretivist Philosophical Research Raligm

A number of researchers (Creswell, 2009; Schwa2d@7; Lincoln & Guba,
2000; Neuman, 2000; Crotty, 1998; Lincoln & Gub883; Berger & Luekmann,
1967) bluntly view the interpretivist philosophicabsearch paradigm as an
approach to qualitative research that, accordin@rpnan (2008) and Blaikie
(2009), holds a sharp contrasting epistemology d@sitpism. This research
paradigm seeks the understanding or meaning ofgohemna subjectively through
participants that make up this paradigm (Cres\v2€l,1). The view of Remenit
al. (1998) is in no way different from that of Cresiv@011) that interpretive
research tends to understand and explain a phemomeather than searching for

the external cause of fundamental laws.

Additionally, Bryman (2008) opines that it is a @digm that iS‘predicated upon
the view that a strategy is required that respehts differences between people
and the objects of the natural sciences and thezefequires the social scientist
to grasp the subjective meaning of social actidd&re social scientists are seen

to be saddled with the responsibility of gainingcess to the ‘common-sense
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thinking’ of people and therefore have their actiomterpreted from their point of
view. Along this same line of thought, Creswell @29 simply puts the

interpretivist philosophical research paradigm tees researcher’s intent to make
sense of the meanings others have about the wuihdre the researcher

inductively develops a theory rather than startiittp a theory.

However, it needs to emphasise that all above sgioms are based on the
following summarised assumptions by Creswell (2089)identified by Crotty
(1998):

* Meanings are constructed by human beings as thgggenwith the world
they are interpreting. Qualitative researchers témduse open-ended
questions so that the participants can share \reais.

* Humans engage their world and make sense of idbaseheir historical
and social perspectives — we are all born into aldvof meaning
bestowed upon us by our culture. Thus, qualitatesearchers seek to
understand the context or setting of the partidpdhnrough visiting this
context and gathering information personally. Tlaso interpret what
they find, an interpretation shaped by the reseatslown experiences
and background.

* The basic generation of meaning is always socréing in and out of
interaction with a human community. The processjudlitative research
is largely inductive, with the inquirer generatingeaning from the data

collected in the field.

As reflected from the foregoing, the interpretivissearch paradigm advocates
the qualitative research strategy, which invariabMolves collecting qualitative
data. Again, the methodological approach for tagearch takes some features of
this research philosophy which is further discussefiection 4.3. The next sub-

section discusses the pragmatist research paradigm.
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4.2.3 The Pragmatist Philosophical Research Paradig

Essa (2008) argues that pragmatism is not congectatjust only one system of
philosophy or reality. Both Pruyt (2006) and Cre$w@009) express that
pragmatism position is grounded and enormously fittewe from the work of
philosophical pragmatists like Peirce, James, M&amlyey, Davidson, Bentley,
and Rorty as identified in Maxcy (2002) and Chealgies (1992). The
epistemology and ontology of this research paradigenfounded on the tenets of
finding solutions to research problems (Creswellit@an, & Plano-Clark, 2002)
as raised by the research questions (Tashakkorieddlie, 1998), rather than
focussing on a specific method or the paradigmeprs(emology/ontologyr/...... )

assumptions fundamental to such a method.

Therefore, Creswell (2003) contends that pragmegstarchers mainly focus on
the ‘what’ and ‘how’ of the research problem by lgppm all the methods based
on the criterion they think will work best in anging their research questions
utilising both qualitative and quantitative approes (Tashakkori & Teddlie,
1998).Following on from this, Creswell (2009) summariskes following as the
assumptions that are central to the pragmatisogdyihical research paradigm as
identified by Cherryholmes (1992) and Morgan (2007)

* Pragmatism is not committed to any one system obgdphy and reality.
This applies to mixed methods research in thatirecgs draw liberally
from both quantitative and qualitative assumptiareen they engage in

their research.
« Individual researchers have a freedom of choicehis way, researchers
are free to choose the methods, techniques, amgguces of research that

best meet their needs and purposes.

* Pragmatists do not see the world as an absolutg. unia similar way,

mixed methods researchers look to many approadhesoflecting and

97



Chapter 4: Research Methodology

analysing data rather than subscribing to onlywag (e.g.quantitative or
qualitative).

Truth is what works at the time. It is not basechatuality between reality
independent of the mind or within the mind. Thus, nnixed methods
research, investigators use both quantitative aralitgtive data because
they work to provide the best understanding ofseaech problem.

The pragmatist researchers look to wieatandhowto research, based on
the intended consequences — where they want to ifo itv Mixed
methods researchers need to establish a purposéhdor mixing, a
rationale for the reasons why quantitative and itptele data need to be

mixed in the first place.

Pragmatists agree that research always occurs amlsdistorical,

political, and other contexts. In this way, mixedthods studies may
include a postmodern turn, a theoretical lens thaeflective of social

justice and political aims.

Pragmatists have believed in an external worldpeddent of the mind as
well as that lodged in the mind. But they beliehattwe need to stop
asking questions about reality and the laws of nea{iCherryholmes,
1992).“They would simply like to change the subje(®orty, 1983).

Thus, for the mixed methods researcher, pragmatigens the door to
multiple methods, different worldviews, and diffet@assumptions, as well

as different forms of data collection and analysis.

From the foregoing, it is evident this researchaggm extends their view of

research methodology beyond using a single resesgpphoach to achieve the

objectives of any research problem. Instead, tinegegyy takes a holistic view at

the problem and uses any method or a combinatiomethods to solve the

research problem. This may mean combining botlytiaditative and quantitative
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research strategies, thereby triangulating datdeat@n methods. The next
section therefore discusses the methodological oagpr developed for this
research and how these paradigms align with itdbasesupported philosophical

evidences.

4.3 Methodological Approach Developed for the Resezh

This section of the thesis provides details onntfe¢ghodological approaches used
to achieve the objectives of the research in thesis. The preceding section
shows the discussion of philosophical paradigmdiggi any research upon
which the methodology adopted for this researctirésvn. This research uses a
mixed-method research design drawn from the pragtmattilosophical view in
order to achieve its objectives. The reason forpadg the mixed-method
research design is motivated based on three masome that include the nature
of the research problem, the data and the methodtsllecting these data, and the
purpose of the research. The research problensassied in Chapter one of this
thesis entails answering quite a number of reseguelstions in order to fulfil the
aim and objectives of the research. This includesvaring questions relating to
‘what and ‘how questions and as such, it portends to mean tbasingle
approach could be used to answer those questidms. then informed the
decision to use a method that complements botlguladitative and quantitative

research strategies and all-encompassing.

The purpose of this research is to develop a dynamoidel of the socio-technical
systems of energy consumption and carbon emissibtise UK housing stock

and provide a tool to policy makers capable ofingsa range of possible futures
regarding household energy consumption and carbossens. As discussed in
Chapter three, the modelling platform adopted lis tesearch to implement the
purpose of this study is system dynamics. As walldeen in Chapter five, the
system dynamics approach, on its own merit, isédngn a pluralistic approach

that considers both the qualitative and quantiéatipproaches to modelling. Let
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this alone has the capability of informing thiseaxh on the choice of research
method and design to use. Additionally, it is extedy important to justify that
the knowledge claim in this research is valid arghly reliable. And the only
way to demonstrate such, according to Awodele (R0lL& to desire
complementariness, completeness of ideas, cragjbdnd diversity of views

which are tantamount to reliability and validity.

From the foregoing, it is evident that the natufeth®e research in this thesis
entails capturing both the qualitative and quatNgadata, which by implication
means triangulation of data collection methodsditiet discussed in Section 4.4).
Qualitative data, which is majorly collected viderviews (see Section 4.4.1), is
necessary in order to capture the views of the x@®d practitioners regarding
the model conceptualisation (see Sections 5.62,ahd 6.5). Also, quantitative
data like household energy consumption based orusesl population, number
of householdsetc. (see Section 4.4.2), are required for the resgarablem. All
these then justifies the use of mixed-method rebear

Johnson and Onwuegbuzie (2004) defim@ed-method researds ‘the class of
research where the researcher mixes or combinesitgqadve and qualitative
research techniques, methods, approaches, concep@nguage into a single
study. Philosophically, Johnson and Onwuegbuzie (2004) argue that mixed-
method research uses the concept and system ogppily of pragmatic method.
In this regard, de Waal (2001) points out that liigic of inquiry of mixed-
method makes use of inductfordeductiofl, and abductiofl. Mixed-method
research design is all inclusive, pluralistic, @oedhplementary in nature (Johnson
& Onwuegbuzie, 2004) as it uses multiple approacheschieving the research
objectives. This means that this research desigmatolimit the researchers’
choice of method to just a single method. Additlynanixed-method research
design suggests that the researchers are in camdolise an eclectic approach in

8 Induction here refers to discovery of patterns.

° Deduction relates to testing of theories and Hypses.

19 Abduction pertains to uncovering and relying om biest of a set of explanations for
understanding one’s results.
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conducting the research. Fundamentally, what guige adoption of mixed-
method research design is the research questigestivbs and as such dictates
the best way to answer the research questionshogva&cthe research objectives.
The strengths and weaknesses of mixed-method erefoine shown in Table 4.2.

Table 4.2: Strengths and weaknesses of mixed-method

Strengths Weaknesse

» Words, pictures, and narrative can be used to add  Can be difficult for a single

meaning to numbers. researcher to carry out both
* Numbers can be used to add precision to words, gualitative and quantitative research,
pictures, and narrative. especially if two or more approaches

 Can provide quantitative and qualitative research are expected to be used concurrently;
strengths. it may require a research team.

» Researcher can generate and test a groundeg.theor ¢ Researcher has to learn about

» Can answer a broader and more complete range of multiple methods and approaches and
research questions because the researcher isnfotexb  understand how to mix them

to a single method or approach. appropriately.

* The specific mixedesearch designdiscussed in this ¢ Methodological purists contend that
article have specific strengths and weaknessestioaid one should always work within either
be considered. a qualitative or a quantitative

* A researcher can use the strengths of an additiona  paradigm.

method to overcome the weaknesses in another methoe More expensive.

by using both in a research study. » More time consuming.

 Can provide stronger evidence for a conclusioaugh ¢ Some of the details of mixed
convergence and corroboration of findings. research remain to be worked out

» Can add insights and understanding that might be  fully by research methodologists

missed when only a single method is used. (e.g., problems of paradigm mixing,
» Can be used to increase the generalizabilithef t how to qualitatively analyse
results. guantitative data, how to interpret

* Qualitative and quantitative research used togethe  conflicting results).
produce more complete knowledge necessary to inform
theory and practice.

(Adapted from Johnson & Onwuegbuzie, 2004)

Figure 4.1 provides the research objectives, thgomiasks performed, the
methodology to achieve each of the tasks, and llapters where each of the
objectives are achieved as firmed up for the rebeafhe method of data

collection is discussed in the next section.
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4.4 Method of Data Collection for the Research

The methodological approach firmed up for this aeske, as discussed in the
preceding section, suggests that the pragmatiamgs@pproach is most suitable
and appropriate for this research. The philosoptiarandation underpinning this
has already been discussed in Section 4.2.3 asddhs within the pragmatist
research paradigm. Pragmatic approach entails asemmbination of qualitative
and quantitative research strategies by collectoagh the qualitative and
quantitative data. As such, the aim of this redearcolves developing a dynamic
model of the socio-technical systems of househaidrgy consumption and
carbon emissions. To this extent, Luna-Reyes andefsen (2003) state that
models, especially SD models (as will be discusse€hapter five), require
moving between qualitative and quantitative redeastrategies. This is to
ascertain that the data mimic reality of the systerer study. As a result of this,

triangulation of data collection approach is inale.

This study employed a number of quantitative andlitpiive data for the

research. Qualitatively, the research used litegateview to achieve some of the
objectives of the research even before the modellgfforts. At model

development stage of this research, Luna-Reyesfaddrsen (2003) argue that
qualitative data collection brings about rigourntodelling process and adds to
the richness of the process, which quantitative dady not be able to provide.
This is by bringing insights into the model fronetmental models of experts via
interviews. In fact, Forrester (1975c) attaches mugportance to qualitative data
sources and identifies them as the main sourcdatafin SD as will be discussed
in Chapter five. To this extent, this research exitd some qualitative data in
order to conceptualise and drive the model viadttge review and interview of

experts and practitioners in the field of this stud
In order to develop and drive the model, whichhis final output of this research,

quantitative data were used. The main quantitatet& used is sought primarily

from three different secondary sources to includ&CDB, metrological
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department, ONS, and other sources like Governmegarts and documents for
example SAP. DECC is acknowledged as the main pbwese for data related
to any form of energy and issues concerning clinchi@nge in the UK. DECC
collates energy and climate change data from differsectors of the UK
economy such as: housing, transport, indugtty, The published DECC dataset
specifically used for the study is the UK housimgmgy fact file 2012 (Palmer &
Cooper, 2012), which draws together, in a compaechf most of the important
data regarding household energy use in the UK sit®#). The rest of this
section discusses data collected in details b&giaslprimary and secondary data

sources.

4.4.1 Primary Data: Interview

Asika (2009) states that data are classified dmeeprimary or secondary data.
The classification is based on two possible datacgs as primary data source
and secondary data source. He further argues timaany data mainly come from

direct observation of the event, manipulation afatales, contrivance of research
situations including performance of experiments egponses to questionnaires

and interviews.

Interviews with experts and practitioners on a peol) for example, often play a
crucial role in modelling process as they enabéenttodeller to obtain the mental
data of these experts/practitioners’ mental modéiserviews capture their
thoughts, expressions, and understanding of thersyander study. Mental data
is not directly accessible except it is elicitednfr the experts via interviews.
According to Fellows and Liu (2003), interviews céwe structured, semi-
structured, or unstructured. The characteristieaufh type of interviews is given
in Table 4.3 as adapted from the work of Coomb®9)9Both unstructured and
semi-structured interviews were employed in thisdgt That is, unstructured
interview method was used to elicit intervieweegmal knowledge and for face

validation of the model, whereas the semi-structuméerview approach was used
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at model validation stage alone, especially dummgdel validation based on
scoring method (details are provided in Section &.6Chapter 8). Note that
majority of the qualitative data used in this mode# captured from the experts
and industry practitioners that took part in thedgt

Table 4.3: Types of interviews

Type Characteristics

Structured Wording of the questions and the ondevhich they are asked
is the same from one interview to another. Respaisciae
expected to choose an answer from a series ohattees given
by the interview.

Semi-structured  Interviewer asks certain major tjoes the same each time, but
is free to alter their sequence and probe for nrdegmation.

Unstructured Interviewer prepares a list of topicd they want the
respondent to talk about, but is free to phrasejtiestions as
they wish, ask them in any other that seems senaiid even
join in conversation by discussing what they thirfithe topic

themselves.

(Adapted from Coombs, 1999)

The interviews were conducted twice. Firstly, a@ thystem conceptualisation
stage of the modelling process (as will be disalisseSection 5.5.2 of Chapter
five), the mental data of experts and industry fiianers were captured in the
form of knowledge elicitation through unstructuiaterviews. This is basically to

ascertain the correctness of the initial causgb ldagrams (CLDs) drawn based
on the modellers knowledge of the system underysaslelicited through the

review of literatures and government documentsoAd this stage respondents
were interviewed on formulation of some of the tielaships between certain

variables in the model that are with lack of engaifidata and/or evidence of
relationships existing among them. This methodidine with the approach of

Coyle (1997) regarding establishing the causaticglahips among the variables
in SD models as will be fully explained in Chapber
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Secondly, semi-structured interviews were conduatdtie validation stage of the
modelling stage (as shown in Section 5.5.4 of Giraptand Chapter 8). At this
stage, experts and industry practitioners were gamjavith in order to validate

the output of the model in terms of its behavidthis is to make sure that the
behaviour of the model outputs reflect their exagohs or otherwise based on
their experience and advance reasons for any plausiehaviour noticed.

Additionally, the interviews were conducted witrssgm dynamicists in order for
them to assess the model and then validate itsystem dynamicists selected for
this exercise were those with requisite experienceodelling SD systems and
are conversant with the Vensim software, sincentloelel is implemented using
the software. This is to ascertain that all theeterof such software are duly

adhered to and no floatation of the software rulkatsoever.

Those that took part in the first stage of intemsewere selected using double
sampling method (Asika, 2009). The database ofStwtish Statistic Register for
professionals in energy and environment consisthd65 individuals as at

September, 2012 was used. The whole populatiomaxfet on the register was
first sampled by sending an email seeking theitigpation in the study with

brief background information on the research. Th&yre requested to answer
some questions relating to their area of experéisademic qualification, years of
experience in energy related issues, and avaiialiii partake in the study.

Taking cognisance of the above criteria, only térihose that were responded
were found adequate to partake in the study. Anduaeh, ten of them were
interviewed at this stage in order to elicit thieirowledge regarding the system

under study.

At the second stage of interviews, 15 respondertk part in the exercise. This
consists of eight respondents that were interviewatl the system

conceptualisation stage. Additional four were sadgirom the same database
above, all making 12 experts and industry practéis from energy background.

The remaining three experts are drawn from the @bkdround. They were
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randomly selected from the list of SD experts frihva UK that attended the 31
International Conference of the System Dynamicsiebpdn the US. Their

availability were then sought and confirmed acaagti;.

4.4.2 Secondary Data

Bryman (2008) argues that the term secondary datecs refers to those data
sources in which the researcher making use of siath may not have been
involved in the collection of such data. Da&teal. (1988) advance some reasons
why collection of secondary data should be giverthaught and seriously

considered. Among these are that it saves costianadas well as having access

to high-quality data.

In this study, it is practically impossible to penslly collect the required data
that will drive the model as they are best collddy the government agencies
because they have all the requisite resources ®odénd as such, data for the
following variables are extracted from the UK haogsienergy fact file of the
DECC (Palmer & Cooper, 2012): space heating, hdemvdighting, appliances,
and cooking energy; carbon emissions; energy effoy (SAP) ratings; fabric
insulation in the form of loft, cavity and solid ivansulation; energy prices in the
form average annual gas and electricity bills; ddeed version of population and
households. The Metrological Department is the htonaveather related data in
the UK. The main weather related data collectetlides external air temperature
and humidity. Data extracted from the ONS databaskide data related to
demographic variables, which includes a full vamsiof population, and
households’ data, average life expectancy, avefiexggty rate, and reproductive
time. These specific data are sought as motivayetid variables included in the

model.

Table 4.4, therefore, shows a sample gquantitatata df some of the variables

used in the model. It is important to state that data are subjected to further
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analysis to show the minimum, maximum, mean, stah@aror and standard

deviation of these variables.

Table 4.4:Sample data

Variable Unit of Minimum Maximum Mean Standard Standard
Measurement Error Deviation

Households Households 18791000 26863000 2.26638HBB850E5 2.35802E6

Population People 55632000 62736000 5.7931EW0346E5  1.94646E6
Space heating MWh 10.14 15.84 13.54 0.18 1.19
Hot water MWh 3.03 6.64 4.78 17 1.10
Average £ 372 659 542.07 12.44 79.66
annual gas bill

Literature review

The main qualitative secondary data collected F&r $tudy is in the form of
literature review. Majorly, the intention of litétae review is to show the level of
existing knowledge relating to the subject of study. HECCE as the case is in
this study. Literature review provides a solid ttetical background regarding the
topic under study as it gives the gaps in knowle@dgglows & Liu, 2003). The
literature review needs to be thorough, criticall aip-to-date. In fact, the study

of Hart (1998) highlights some of the purposestefature review as follows:

» Differentiate what has been done from what need® tdone;
» Discover important variables relevant to the reseg@roblem;
e Synthesise and obtain a new perspective;

» Identify relationships between ideas and practice;

» Establish the context of the research problem;

» Rationalise the significance of the research prable

* Improve and obtain the subject vocabularies;

« Develop an understanding of theory and method,;

e« Communicate ideas and theory to applications;
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* Identify the main methodologies and research teples that have been
used; and
« Place the research in a historical context to sfemiliarity with state of

the art developments.

In this study; beyond gathering data for some @f viariables involved in the
model, a comprehensive literature review was ua#lert in order to first gain
initial insights into the issues relating to HECCkhis approach of literature
review was used to collect relevant informationareigng the research problem
(Chapter 1), factors influencing household energymsamption and carbon
emissions (Chapter two), methods of modelling HEGCRapter 2), methods of
modelling the STS (Chapter 3) as well as gatheahqformation on research
method for the study (Chapters 4 and 5). This iegpthat literature review was
conducted at different stages of this study andriétion collected was critically
appraised. For example, literature review is thgomdata source for the initial
system conceptualisation in the form of causal ldiggrams as will be discussed

in Chapter six.

4.5 Model Development and Validation

As given previously, the platform for modellingtims thesis is system dynamics.
Therefore, it is important to discuss in detaile thpproach employed in
developing the model as well as in validating iet&ls relating to this are
provided in a separate chapter dedicated to thermydynamics approach, which
is Chapter 5. Specifically, the model developmett @alidation are discussed in
Sections 5.6 and 5.7 of Chapter 5.

4.6 Chapter Summary

The epistemology and ontology of research paradigaiding the methodology

of any research endeavour was succinctly discusstils chapter. It is shown in
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the chapter that the qualitative and quantitatesearch strategies emanate from
the interpretivist and positivist research paradigositions respectively, while a
combination of both is from the pragmatic reseaparadigm position. The
chapter also established the use of mixed-methehreh design that is based on
the concept and system of philosophy of pragmaéthod for the research in this
thesis. Due to the fact that the mixed-method rebedesign is all inclusive,
pluralistic, and complementary in nature, the chaptliscussed different
approaches used in collecting data. This invohatbcting both the primary data
(in the form of interview) and secondary data (ttare review and hard data
from databases of government agencies). Informatiomodel development and
validation of the research was given as well. Tleatrchapter discusses the
system dynamics modelling as the approach to imgherthe modelling task in

this research.
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THE SYSTEM DYNAMICS APPROACH

51 Introduction

In Chapter three, the system dynamics approachselasted as the most suitable
approach to conceptualise the problem under studize context of this thesis.
The research methodology in terms of theoreticablegpinning of the
methodology and research strategy including théhaust of data collection used
in solving the research problem are discussed iapn four. It is equally
important to discuss the system dynamics appraadetail and present how it is
applied in this thesis. Therefore, this chaptercdbess the theoretical background
of the system dynamic approach and its philosophicaderpinnings. The
software used to implement the system dynamics Hnogleare discussed
including description of symbols and conventionsdug system dynamics. The
details of the SD modelling process firmed up for tesearch including the step

by step approach used in building the model inttesis are discussed.

5.2  System Dynamics Modelling

The SD approach is the chosen research methodalod)tool for this research
based on critical appraisal of different approacesonducted in Chapter three.
It is therefore necessary to link this researchr@ggh to the philosophical
research paradigms as discussed in Section 4.2ealwrder to address the
philosophical issues regarding SD, it would be ssagy to first ask: what is
system dynamics? Is it a paradigm, philosophy, thenethodology, method, or
a set of techniques or tools? Answering these pumesshas, indeed, generated a
high level debate in the SD research circle aswfit system dynamicists and

researchers have attributed different names td-at. example, some system
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dynamicists see SD as a theory (Flood & Jackso8];1Blitchcock & Salmon,

2000), a (group of) method(s) (Coyle, 1979; Meado®&30; Wolstenholme,

1990; Sterman, 2000; Lane, 2001), a methodologyb@Re, 1978; system
dynamics society (SDS), 2013], a field of studycfRirdson, 1991; Coyle, 2000),
a tool (Luna-Reyes & Andersen, 2003; Zlea@l.,2011; Ansari & Seifi, 2013), a
paradigm (Andersen, 1980; Randers, 1980; Meadows80;1 Meadows &

Robinson, 1985; Forrester, 1994; Richardson & PU@99; Maani & Maharaj,

2004), and a host lot of nouns.

Historically, SD emanates from MIT’s Sloan SchobManagement in the 1950s
when Jay W. Forrester introduced the approach snghest to link engineering
and management together. This idea was conceivextder to solve complex
problems considering Forrester’s background in aders and feedback control
systems. His ideas on this methodology were madasviknin 1956 through a
seminar paper presented at the Faculty Researcin&eof the MIT’s Sloan

School of Management (Forrester, 2003). Forreditesl communicating his
ideas by fiercely offer criticism of economic moslednd its assumptions.
Forrester's main criticism of economic models isgad on the fact those

economic models (Olaya, 2011):

» fail to adequately reflect the loop structure timaake up economic
systems and as such neglect leads to exclude mthanegerties of closed
loops such as resistance to change, accumulatimhdedays;

» are incapable of including flows of goods, moneyfoimation, and
labour in one single interrelated model;

* exclude changing mental attitudes that affect arplagn economic
processes;

» use linear equations for describing systems;

» offer a restriction in building models as consteairby the capacity for
manipulating numerical data and solving the equatio

* rely on multiple regression analysis for obtainingefficients for

equations that define economic behaviour;
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» lack reflection on the very assumptions underlyimgmodels.

After all these arguments, Forrester then went églegresent his approach that
was hinged on servomechanisms and differential teanga the techniques that
were argued to be largely underutilised then (Ftere 1975a). Premise on the
above, Forrester considered a new approach to stadeing the firm and
economy, as reported in Forrester (1975a) by pioga@snew kind of models that
incorporate (1) dynamic structure; (2) informatitows; (3) decision criteria; (4)
non-linear systems; (5) differential equations; (@cremental changes in
variables; (7) model complexity (8) symbolism amafrespondence with real

counterparts; and (9) structure over coefficiecuaacy.

Forrester then made more advances on the techmidpigh led to the publication
of an article entitled “Industrial dynamics: A majbreakthrough for decision
makers” in Harvard Business Review (Forrester, b97® the year 1958. In this
article, Forrester was able to shape his ideassemo@ then, SD has emerged as a
multi-disciplinary field of study that deals withd analysis of complex systems.
The approach has, indeed, remained a powerful &fieestablished methodology
and tool for modelling and understanding feedbdakcture in complex systems
(Ansari & Seifi, 2013; Zhaeet al., 2011; Ranganath & Rodrigues, 2008). The
approach, according to Coyle (1997eals with the time-dependent behaviour
of managed systems with the aim of describing ysées1 and understanding,
through qualitative and quantitative models, hovormation feedback governs
its behaviour, and designing robust informationdiegck structures and control
policies through simulation and optimisatignthat was grounded in theory of
modern feedback control and nonlinear dynamicstharto this, it is built on
‘cause and effect’ relations among different vagabinfluencing the system
under investigation (Ranganath & Rodrigues, 2008) andeed d'method to
enhance learning in complex systen(8terman, 2000). The next gives the
philosophical underpinnings of SD approach.
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5.3  System Dynamics — A Positivist, Interpretivistor Pragmatist

Philosophical Research Paradigm?

The preceding sub-sections in chapter four highlible philosophical research
paradigms guiding any research methodology. Ihé&dfore necessary to place
the SD approach within the philosophical researahagigm space. However,
correctly placing the SD approach within this sphes generated a high level
debate within the research circle. And as suchs iimportant to assess the
premises of SD regarding how it is grounded ingguphical foundations. Is it a

positivist, interpretivist or pragmatist philosopi research paradigm?

In answering the above question, Jackson (2003)efample, considers SD
models to be representation of an assumed “obgctieal world; thereby
labelling the SD approach as a “hard” approachudbér reflects in the work of
Flood and Jackson (1991). This means that the $Doaph is placed within the
one dimensional array @ositivism This categorisation cannot be utterly refuted
as Zagonel (2004) gives some examples of SD peactibat illustrate this
position as policy engineering, optimisation basedulation, purely quantitative
SD and micro-world modelling. Following this positi, Pruyt (2006) contends
that the positivist SD assume an ontological pasitthat modelled systems
correspond to existing systems in the real worldsoA the epistemological
position of this paradigm assumes that stock amd fliagrams and causal loop
diagrams are good objective representations oextternal reality. This position
presumes that the resulting quantitative SD sinarapresents an approach to
replicate the dynamics of these real-world systems.

In yet another circumstance, some other studieg laticised viewing the SD
approach as purely objective (interepretivist) aesle paradigm. Forrestér
himself (Forrester, 1961) stressed theatiodel can be useful if it represents only
what we believe to be the nature of the systemrustdely...we are forced to

commit ourselves on what we believe is the relatnmortance of various factors.

“Jay W. Forrester is the pioneer of SD approach
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We shall discover inconsistencies in our basic aggions...Through any of
these we learh The justification to disproof the arguments aiftics who

mistakenly placed SD approach within the purelyitpasm space is apparent
from this statement that SD is more than simulatiatone. This is because it
qualitatively captures the mental models of praxtgrs involved in SD

modelling. Further to this, quite a number of sgstdynamicists (Forrester,
1975c; Doyle & Ford, 1998; Sterman, 2000) have edgilnat the central concept
driving the SD approach lies on “mental models” ickhpresumably is purely

subjective.

However, the ability and adequacy of “mental mot#iat is labelled as the core
of the SD approach to accurately depict realityehgenerated a kind of debate
within the research circles (Doyle & Ford, 1998)pparently, it would be
necessary to further explore the idea of mentaleitsooh order to see on how it
has helped shape the SD approach. Sterman (200@xdmple, expressly refers
to “mental models” asdur beliefs about the networks of causes and sffibétt
describe how a system operates, along with the demynof the model (which
variables are included and which are excluded) #ratime horizon we consider
relevant...Most of us do not appreciate the ubigaityl invisibility of mental
models, instead believing naively that our sensgsal the world as it is. On the
contrary, our world is actively constructed (moeel by our senses and brain
Further, Lane (1999) considers “mental models” asirdd systems conceived
and existing in the mind of the modeller. Pruyt @D describes both the
ontological and epistemological positions of intetjvist SD. He sees the
ontological position as relativist and the epistlygmal position as subjective.

From the foregoing, it is yet unclear if it is adete to place the SD approach in
any of the research paradigm divides above or botis then necessitates the
need to assess the pragmatist SD. Pruyt (2006@xEmmple, argues that most SD
practices contain pragmatist elements within themtheey tend to reflect the
characteristics of both the positivist and intetipist paradigms. That is, the

ontological/epistemological assumption of SD apphos more realist/objective
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— as the case is during the simulation phase — smwhetimes more
nominalist/subjective — as the case is during mimgdehlnd interpretation phases
(Pruyt, 2006). Barton (2002) adds to this by sutiggsthat the philosophical
underpinning of systems thinking stage of SD apghto@efers to as modelling

phase by Pruyt, 2006) lies on pragmatism.

5.4  System Dynamics as a Multi-disciplinary Modelhg Approach

In order to put SD in context as a multi-disciptynanodelling approach, it is
important to further discuss its application in iédd to the one briefly discussed
in Section 3.5.8 of Chapter three. Undoubtedly, %3 developed itself into a
unique and very powerful tool that finds applicasan a wide range of fields,
where the behaviour of a system is to be studieshgBnath & Rodrigues, 2008).
For example, SD has found application in economigsed finance
(Ghaffarzadegan & Tajrishi, 2010; Forrester, 197d3purce management (Rehan
et al.,2011; Dyson & Chang, 2005), education (Homer, }98&alth (Milsteiret
al., 2010; Homeet al.,2006), production management (Ellis, 2001, Repenfi
Sterman, 2001), project management (Ogunktnal., 1998), public policy and
management (Rouwettd al.,2007; Dangerfield, 2006), strategy (Baralebal.,
2002; Homer, 1996) energy and environment (Baleial., 2009; Yudken &
Bassi, 2009). Within the energy consumption antd@aremissions domain (Feng
et al., 2013; Wu & Xu, 2013), SD models have been develoged applied in
different contexts and not limited to energy e#fiecy Oavis & Durbach, 2010;
Motawa & Banfill, 2010; Dyneet al.,1995) andcenergy policy evaluation (Cleit
al., 2009; Naill, 1992; Ford, 1983)

It needs to clearly state that within the energycyaevaluation domain, which is
the main focus of this research, Ford (1983) udeddSgenerate different policy
analysis scenarios regarding electricity planningthe United States (US).
Similarly in the US, Naill (1992) adopted SD appriedo model policy related to

energy supply and demand for better energy planminghe US economy.
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Likewise within the same context in the UK, Ghial. (2009) considers SD as an
approach to understand the dynamics of the UK akfias industry in order to
formulate a long time energy policy. While sometloése studies reinforce the
application of SD approach to energy policy evatmtthere is, however, paucity
of sufficient evidence to support that due attentims been paid to the issues

relating to HECCE from the SD perspective.

5.5  System Dynamics Software

It is important to note that there is quite a numdisesoftware under which SD
can be implemented. These include: DYNAMO, PowersS8MELLA/IThink,

AnyLogic, Vensim and the host of otherBrief details about some of the
software are presented hereunder based on thesexteaf Eberlein’s (2013)

work:

« DYNAMQ Within the SD modelling, DYNAMO (Dynamic Models)
represents the first simulation language developedhe field. The
software was developed at Massachusetts Instifuieechnology (MIT)
by Jack Pugh around 1960s. It can run on persoo@puaters under
DOS/Windows platform. It provides an equation-basewdelling

environment.

* Powersim Powersim came into limelight in the mid — 1988saaresult of
the research sponsored by the Norwegian governmenbid to support
and improve the quality of high school studentshie use of SD models.
The output of the research gave birth to the oleented simulation-
based games that primarily used for education. Pomecan be used in
Windows based environment for creating SD models wie ability of

facilitating interactive games or learning expenmse
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STELLA (Structural Thinking Experimental Learning Laborgtowith
Animation): STELLA was first inaugurated on the N#osh in the
1980s, but now available on Windows. The softwamipges a graphical
interface for the development of SD models. It sarfsgpa series of tools in

the model development which allows easy accesguat®sn writing.

AnyLogic AnyLogic software was developed in the 2000srgamised by
the Distributed Network Computer research groupSat Petersburgh
Technical University. The software has the capibiif supporting the
SD, discrete event simulation, and ABM. The sofevean as well work
on Windows, Macintosh, and Linus.

Vensim Vensim was developed around the mid-1980s prignfor use in
consulting projects by Ventana Systems. The so#iwdrecame
commercially available in 1992 and works well intlbbdVindows and
Macintosh. Vensim fully supports SD modelling witkxible graphical
representations without any form of clustering & tinterface. The
software contains panoply of tools for model analgsd testing, and the
results can be visualised instantly on invokingt8g8im. Vensim has the
capability of using data and calibrating same. Sb#ware also has the
capability of being linked to other software like C++, Visual Basicetc.
Also, other SD modelling software like Powersim ERLA can be easily

converted to Vensim.

According to Coyle (1997), before settling for amfythe software, there is the
need to assess the software package based oasissib fundamental SD theory;
the ease of which it can be used; the supportésgio model building; the extent
to which models can be documented and explaineddponsor; the facilities it
has for debugging a model; the ease of making @rpets and producing output;
and the scope of its facilities for policy desigWhen all the identified SD

software is assessed against the above set ofriaritegether with their

capabilities as explained above, they all have thatkkes to be used. However,
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Vensim is chosen as the SD software for the maudgih this thesis because of its
flexible graphical representations, which &isl clarity in presenting the CLDs.
Also, its ability to incorporate optimisation, tmeethod that was derived from
numerical mathematics, an added advantage ovethal software motivates its

use.

Within the Vensim software, there is quite an arodygymbols used in creating
SD model sketches. Also, it needs to state thasMemitilises a workbench that
allows the modeller to build and analyse a model @& accompanied datasets
(Ventana, 2010). According to Ventana (2010), therklvench comprise of a

menu, a model, a toolbar, a variable, control pama¢ or more toolsets, output
windows and model building windows. An example lmEtworkbench is shown

in Figure 5.1 displaying different tools and synsbosed in Vensim.
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Figure 5.1: Vensim workbench

Within the Title Bar, the Model (Model Test-0612230hdl) and Variable

(average household size) are named and displagedediately after the Title
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Bar is the Menu, which is followed by the Main Tioat for the software. Below
the Main Toolbar is the Sketch Toolset used incdkag the model. To the left
of the screen is the Analysis Toolset for perfognthe analysis of the Model
Output as shown in another window in Figure 5.1scAlthe Control Panel is
shown in another window displaying the Loaded anailable Datasets. The
Build Window reflects the workbench where sketchelated to the model are

created and edited.

Additionally, Figure 5.1 shows some of the convem$i used in Vensim
especially in depicting different types of variableithin the SD models like
stock, flow, etc. Some of the other conventions are highlighted tdbe

description of these terminologies is given in Eabl1.

Table 51: Conventions used in SD modelling

Name Description

Stock (Level) A stock can be defined as a struttteem for anything that

accumulates.

Flow (Rate) If stocks/levels are bathtubs, themwflvates are pipes that feed

and drain them.

Cloud A cloud is an infinite reservoir representitige boundary. The
capacity of cloud is so great that it makes no eg¢aswvorry about

filling or draining it.

Connector (Arrow) A connector/arrow is used to littke variables in the model
together.
Auxiliary Variables These are computed from LeveBpnstants, Data, and other

Auxiliaries. Auxiliary variables have no memory,datieir current

values are independent of the values of varialilpsewious times.

Look-ups They are used in specifying arbitrary tiogar relationships in

Vensim.

(Adapted with modifications from Morecroft, 1988)
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5.6  System Dynamics Research Process Developedtfag Research

In SD literature, different authors suggest differebut overlapping, stages
involved in any SD modelling efforts. For exampléolstenholme (1990) simply
identifies two phases to include diagram concefgatbn, and analysis and
simulation phases. Randers (1980) however goes ndeytbe two phases
identified by Wolstenholme (1990) to suggest fotages comprising of model
conceptualisation, formulation, testing, and impdamation. Sterman (2000) gives
problem articulation, dynamic hypothesis, modelnfolation and simulation,
testing, and policy formulation and evaluation las tain stages involved in any
SD process. Robesdt al. (1983), Richardson and Pugh (1999), and Ranganath
and Rodrigues (2008) are of the opinion that anyrs@lelling efforts should
incorporate  the following stages: problem idenéifion, system
conceptualisation, model formulation, analysis obdel behaviour, model
evaluation, policy analysis and improvement, andicpoimplementation.
Martinez-Moyano and Richardson (2013) extends wRabert et al. (1983),
Richardson and Pugh (1999), and Ranganath and dredri(2008) consider

being the main stages of SD modelling efforts.

Due to the nature of the research problem in thesis, this study firmed up a SD
modelling that consists of problem identificatiomda definition, system

conceptualisation, model formulation, model behav@nalysis, model behaviour
analysis, model testing and validation, and poliegmulation and analysis as
shown in Table 5.2. These are then mapped into ftain stages as Figure 5.2
depicts. The modelling process for the researcludges the timeline, major tasks
performed, and the methodology employed to achieaeh of the tasks

performed.
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Chapter 5: System Dynamics Approach

5.6.1 Stage 1: Problem Identification and Definitio

The first stage (Figure 5.2) identifies the probleanthe research and properly
defines it by reviewing extant literature in théogct. This is necessary in order
to properly put in context the problem SD approadknds to solve. This has

been established in Chapter one of this thesis.

5.6.2 Stage 2: System Conceptualisation

The second stage as shown in Figure 5.2 is themysbnceptualisation. This
stage does not necessarily require the modelleatalogue quantitative data in
order to conceptualise the problem. However, theletier mainly focuses on
extant literature review on the problem and how rhental knowledge of the
experts in the field of study can be captured alhibid to develop the initial
characterisation of the problem. Sterman (2000jfoeces the importance of this
exercise when he submits that modellers usually ltascussions with relevant
stakeholders within the frame of the research, wigcsupplemented by literature

review, interviews, and direct observations oripgration.

The above exercise performed involves identificataf model variables and

establishment of model boundary, which includes tb&erence modes as
evidenced from the review of extant literature, ot and documents from

different sources including the UK government agendike department of

energy and climate change (DECC). At this stage, wariables identified are

related to one another in order to establish thesaarelationships and feedback
structure within the system under study. This tleas to the initial formulation

of the ‘cause and effect’ relationships among themeables in the system and
pictorially represented them by what is called sadoop diagrams’ (CLDs). The

study achieved the CLDs for the system under switly the use of SD software

(Vensim DSS version 5.11).
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The CLDs represent sets of dynamic hypotheseshtostudy. It is necessary to
note that the initial CLDs were based on the kndgéeelicitation of the modeller
(author). Input from the experts on the subjecthesn captured in the form of
knowledge elicitation by having discussions witm tef them (this was fully

explained in Section 4.4.1 of Chapter four). Theppsge of this exercise is to
verify and validate the initial CLDs that were plyrdased on the knowledge
elicitation of the modeller alone as evidenced frdm literature review and

archival analysis. This exercise withessed remaval addition of some causal
links and variables until the final CLDs were acieié. The experts and industry
practitioners that took part in the interview weselected based on double
sampling frame as explained in Section 4.4.1 ofp@drad. It is worth mentioning

that at this stage the final CLDs do not indicdte stock or the flow but merely
indicate the influence of one variable on the atli#tails about the CLDs are

explored in Chapter six.

5.6.3 Stage 3: Model Formulation and Behaviour Alyals

In this stage, a detailed model structure is gitagether with model parameter
values. Depending on the research problem, thigestsed to mostly contain
elements of quantitative data as the case is #thi@sis. In some cases, however,
formulation of qualitative concepts is done herevall as the case is in this thesis
also. In fact, one of the main strengths of the &iproach is in its ability to
combine both the qualitative and quantitative redeaapproach together as
debated in Section 5.3 of this chapter. Richardswosh Pugh (1981) add to the
qualitative model formulation by suggesting thahée' modeller may wish to
represent a concept explicitly. To do this requities invention of units and a

measurement scale, and consistent treatment thouighe modél
The use of qualitative data sources for model fdatmn has received criticism

within the research circles as quite a number eéaechers have raised some

concerns on the applicability of qualitative dataeiquations formulation. The
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defence against this query has been that the téri®D approach is founded on
taking advantage of the mental models of exper@nmectitioners with the
subject area. For example, Richardson (1996) asesethe issue of qualitative
mapping and formal modelling. In the same veinsr8&n (2000) contends that
“omitting structures or variables known to be impottbecause numerical data
are unavailable is actually less scientific andslegcurate than using your best
judgement to estimate their valtie$aking all these into cognisance, the model
in this thesis is formulated with the use of botlalifative and quantitative data

sources as previously enunciated.

Stage three of the research process, as depictéthume 5.2, involves model
formulation and behaviour analysis. Formulating rth@del requires representing
the model using the stock and flow diagrams (SFDkg SFDs show a pictorial
representation of the behaviour of the system énféhm of accumulation (stock)
and flow (rate), and it is achieved with the useS# software. It needs to
emphasise that mere CLDs or SFDs do not resulDinT®is will constitute SD

when the variables in the model are related togeathéerms of equations and
model simulation performed. So, model equations dgeeeloped based on a
combination of different approaches involving gtaive and numerical data. For
example, equations were developed by the use offtions in Vensim

software to capture qualitative and quantitativetadaregression analysis,
structural equation modelling, and other means fkene equations that were
developed by SAP. In building the equations, thelehas subjected to various
data sourced and collected from a number of diffeseurces in the UK such as:
DECC, metrological department, and ONS. Also, datbected via interviews

during the knowledge elicitation and from literaware qualitatively inputted into
the model through “look-ups” in Vensim software.d@rthe system configuration
is found satisfactory, the simulation is then ruasdd on Vensim SD software
from 1970 to 2050 with a year time step and theaideuler form of integration

type. Model behaviour are then analysed and disduascordingly. A full detalil

about model formulation is presented in Chapteasik model behaviour analysis

Is addressed in Chapter seven.
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5.6.4 Stage 4: Model Testing and Validation, andliep Formulation and

Analysis

Stage four, as shown in Figure 5.2, concludes tbdetting process in building
SD model of the problem addressed in this thediss $tage consists of model
testing and validation, and policy formulation aadalysis. The studies of
Forrester and Senge (1980) and Sterman (2000)de@ comprehensive array of
different tests to be performed in order to haver@lels validated. The studies
broadly divide the tests into two to include (1ljusture verification and (2)
behaviour verification (Chapter eight lists all ttests based on Sterman, 2000).
Forrester and Senge (1980) highlight the importasfcthis exercise when they
commented on structure verification, for exampleatt‘the model must not
contract knowledge about the structure of the syatem...In most instances, the
structure verification test is first conducted dretbasis of the model builder’s
personal knowledge and is then extended to inchrdeisms by others with
direct experience from the real systenin the same vein, Randers (1980)
establishes how the test should be performed aralshbuld take part in it by
suggesting that.".the modeller should not restrict himself to thelfnaction of
knowledge available in numerical form fit for stdital analysis. Most human
knowledge takes a descriptive non-quantitative fomdodel testing should draw
upon all sources of available knowledgélhese statements emphasise the
importance of model validation with experts andcpteners in the field of

study.

In this study, model validation involved testingdarerifying the model structure,
behaviour and sensitivity analysis with the us&Dffunctions within the Vensim
software. Further to this, validation against histl data was performed based
on the available historical data and the predictibidity of the model in its ability
to mimic reality in the future was assessed stesiby. Additionally, interviews
were conducted with 15 experts and industry piaogtrs, eight of which are

among those that were previously contacted at ¢lsersl stage of the study in
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order to assess the model structure and outpetnmstof its behaviour whether or

not they meet their expectations based on theiermpce in the field.

After the model testing and validation were satfely done, policy formulation
was done in order to carry out policy analysis Hasa the policy levers
introduced within the model. This then necessitateming a number of policy
scenarios with the model upon which decisions iggrHECCE may be based
as fully discussed in Chapter nine. The next sectiscusses how the model

algorithms were developed.

5.7 Development of Model Algorithms

Variables (especially levels, rates, auxiliagi;) are to be related to one another
in the form of equations. Developing the main alfpons in contemporary SD
paradigm involves using an array of functions endeedin the SD modelling
software. For example, within the Vensim softwaigorithms are formed with
the use of simple functions like addition, subti@ctt multiplication, and division.
Also, special functions are used within the SD ntlote platform software
(Vensim for example) to implement some computalidasks in the model. For
example, there are functions like DELAY, FORECAS THEN ELSE, RAMP,
SMOOTH, STEP, and the host of rest. The abilitutibse these functions is still
subject to availability of requisite data or cotrggarameter assumptions to
implement these tasks and then successfully dngertodel. Where there is lack
of empirical data, qualitative data are gleanedhbsrviews, for example, through
knowledge elicitation of the experts (Sterman, 32000 this research, SD
functions within the Vensim software are used teninithe reference modgs
that are illustrating the problem. On the otherdamhere there is evidence of
empirical data, the modeller explores the advarstagjesome other methods of
establishing the relationships among the variabiethe model €.g. regression

analysis).

12 Reference modes are elaborately discussed inoBe&# of Chapter six
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In the context of this thesis, both qualitative anpdntitative data were used to
develop the model algorithms as given in the priagedections. As a result of
this, a combination of regression analysis, stmattequation modelling, and pre-
defined equationse(g. SAP algorithms) in some aspects are used in addit
some special functions within the Vensim softwdrable 5.3 gives an example
of regression-based equation developed for relstiipnbetween population and
households as will be seen in equation 6.5 of Gnagik. Also, an example of
algorithm based on structural equation modellinthvei combination of Vensim
special function developed is shown in equatio® @2Chapter six. Furthermore,
examples of equations based on SAP algorithms leersin equations 6.7 to
6.14 of Section 6.7.2 of Chapter six.

Table 53: Sample relationship developed from regressionyaisal

Model Standardized
Unstandardized Coefficients  Coefficients

B Std. Error Beta t Sig.

1 (Constant) -3.436E8 4538500.746 -75.712 .000
Population .067 .017 .056 3.886 .000

Time 182057.612 2746.898 .947 66.278 .000

Dependent Variable: Households

5.8  Chapter Summary

The system dynamics approach was selected as ajgpeomodelling platform

for the research problem in this thesis. The chaibten discussed the system
dynamics approach employed in the research. Thetehainderpinned the
system dynamics approach as belonging to one oplilesophical paradigms

discussed in Chapter four. And as such, the systgnamics approach was
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identified within the frame of the pragmatic pagdi This indicates that any
research involving the system dynamics falls witthie purview of qualitative
and gquantitative research strategies which is adoptsearch strategy for this
thesis as discussed in Chapter four. Furtherm@¥NAMO, Powersim,
STELLA/iThink, AnyLogic and Vensimas some of theoftware under which
system dynamics can be implemented were brieflpudised. Vensim was chosen
as the modelling software for the thesis. Thisasduse of itflexible graphical
representations, which aits clarity in presenting the causal loop diagraass
well as its ability to incorporate optimisatiomhe chapter also discussed the
stages involved in the SD modelling process astaddpr the research to include
four stages: problem identification and definitiosystem conceptualisation;
model formulation and behaviour analysis; and meelgting and validation, and
policy formulation and analysis stages. This isdulition to the methodological
approach developed for the research discussedapt@hfour. The discussion of
the methods used in the development of the relstiips among the model
variables concludes the chapter. These methodsdadhe use of SD functions
within the Vensim software, regression analysisgy &EM as well as other
established equations like those provided in SAf®rahms. The next chapter
discusses the development of the model in termsarfceptualisation and

formulation.
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MODEL CONCEPTUALISATION AND FORMULATION

6.1 Introduction

This chapter presents the main features and stasctf the model in this thesis.
The chapter starts by discussing the details obgpeerts who participated in the
model conceptualisation. This is followed by preésgnthe reference modes of
key variables in the model as evidenced from hisabdata. Further to this, the
dynamic hypotheses (casual loop diagrams) for eddhe sub-modules in the
model are described and discussed. Discussioreahtidel formulation in terms
of stock and flow diagrams for each of the sub-nkeslgoncludes the chapter.

6.2 Details of Participants in Model Conceptualisabn

The main purpose of this sub-section is to explaidetails of those experts who
participated in model conceptualisation stage iditaxh to the information given
under the research methodology chapter (see Settibh of Chapter four). It
needs to mention that prior to this exercise; tlugl@lier had already identified
the variables relevant to the scope of the studlylaked them together with the
use of causal diagramming. Each of the causal aagmas studied in detail and
feedback loop structures within these diagrams werated and labelled
appropriately. The developed causal diagrams weed to establish the effect of
one variable on the others as hypothesised that #ne likely to influence

household energy consumption.

After the input from the experts, Section 6.5 tleme contains the final/validated
CLDs for the research. In order to validate thet®<%; the research adapted the
approach used by Mohammed (2007) by showing altthgrams to each of the
experts who participated in the unstructured inévg (Table 6.1) to perform the

following tasks:
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* Verify the existence of the link with ‘1’ for ‘theris link’ and ‘O’ for
‘there is no link’.

* Indicate the strength of the link with ‘3’ for ‘sing link’, ‘2’ for
‘reasonable link’, and ‘1’ for ‘weak link’.

» Verify the direction of link with ‘+’ for ‘agree th direction’ and ‘-’ for
‘disagree the direction’.

« Indicate any missing link(s), using the above value

As explained in the research methodology chapterekperts participated in the
unstructured interviews. Evidently from Table 6the organisation types the
interviewees belong to are either public or privegetor (50% are from the public
sector and 50% are from the private sector). This therefore, strikes a balance
between the public and private sectors intervievasethere may likely be some
differences regarding their perception of issudatiregy to household energy
consumption. Table 6.1 further indicates that tveelst academic qualification of
the interviewees is bachelor's degree (50% of tiierviewees). 40% of those
interviewed hold a master’s degree, while the remgi 10% hold a PhD degree.
The implication of this is that all the intervievgehave the requisite academic
gualification to be presumably knowledgeable alibetissues being sought by
the study.

Table 6.1 indicates the years of experience ofrttezviewees to ensure that those
interviewed have involved and have deep knowledgeissues relating to
household energy consumption. The result indicdu@isthe interviewees have an
average of 17.5 years of experience on issuesngléd household energy. In
addition, the result shows that none of the inemges have pre-knowledge or
experience in SD modelling. From the foregoing lgacknd information of
experts participated in the causal diagrams vatidgirocess, it can be concluded
that the evaluation will be made by relevant andlifjad experts whose inclusion
in producing the final causal diagrams can be delipon and serve as the true

representation of reality in the field of study.
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Table 6.1: Background information of experts participated imswal diagrams

validation
Category Classification Frequency Percentage (%)
Organisation Type Public 5 50
Private 5 50
Total 10 100
Academic Bachelor's degree 5 50
Qualification Master’s degree 4 40
PhD 1 10
Total 10 100
Years of Experience 6-10 3 30
in Household Energy 11-15 2 20
Related Issues 16-20 4 40
21-25 1 10
Mean =17.5
Experience in System No 10 100
Dynamics Modelling Yes 0 0
Total 10 100

Having established the reliability of participatiohinterviewees in the validation
of the causal diagrams, the interview of each vigree began with a brief
description of the research by highlighting its and objectives. This was then
followed by explanation of the methodology adopfed the research and the
expected outcome from the unstructured intervielns Ts necessary in order to
ensure that the exercise is clear enough to thervieivee. After this, the
interviewee was given the causal diagrams that vpeoeluced based on the
modeller’s (interviewer’s) knowledge of the systander study as captured from
the review of extant literatures and governmentudoents. The diagrams were
explained to the interviewees. Each of the inteveiles was then asked to make a
review of the variables in the causal diagramslokohg this, they were asked to
assess the appropriateness of the causal linkthéowariables included in the

diagram and suggest additional variables and lgfiauld there be any need for
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such. Also, they were asked to strike out somehefuvariables or links as they
deemed fit or alter the direction of the variablesks as necessary. This
validation exercise therefore ensures that the \weenergy experts are captured
and reflected in the causal diagrams. The duratfarach interview was between

45 minutes and 75 minutes.

6.3 Model Boundary Chart

Energy and C@emissions issues are highly complex systems irclwhuite a
number of decisions need to be made on a contibasis. Considering the
amount of details and information required, angraftt to model all the activities
within this domain constitute an effort in futilibtAs such, a model of such would
be undesirable mainly because its complexity walddcure the dynamic nature
of the parameters being observed. To this endrdbearch needs to carefully
select a level of aggregation in order to ensuat the model built sufficiently
gives all the essential parameters and policy evequired. The research
combined both the top-down and bottom-up approateexplained in Chapter
2) in selecting all the variables and as suchthallvariables are aggregated at the

level of policy makers in top level management rdga HECCE.

As previously highlighted, the boundary of the mlodeeds to be carefully
selected. According to Sterman (2000), a model Bapnchart summarises the
scope of the model by listing which key variables acluded endogenously,
which are exogenous, and which are excluded frosnntlodel. Therefore, the
model requires including all the important variablleat need consideration by the
policy makers together with some variables beydred 2ystem control. To this
end, the variables included in this research ateaebed from extant literature,
government documents and reports as well as irfputs knowledge elicitation
process of the interviews conducted on ten seas@xgerts and industry
practitioners in the field as explained in Sec#o?. Table 6.2 shows the variables
included and those that are excluded from the mad#is stage and this list is

not exhaustive. It needs to mention that within 88 modelling paradigm,
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variables that are included in the model are duid®o (Sterman, 2000): (1)
endogenous — dynamics variables that form thenatestructure of the system;
and (2) exogenous — variables whose values aredinettly affected by the
system. As given in Table 5.1 and explained in i8ec®.5 of Chapter five, the
variables that are designated “S” and “F” illustrattock and flow variables
respectively. However, all other undesignated Véem represent auxiliary, data,

constant, or lookup variables.

6.4 Reference Modes

In SD modelling, a reference mode is seen as aroraimt element of the

modelling process. That is, there is the need twider the historical behaviour
of the key variables in the system under consideraand what their behaviour

might be in the future (Sterman, 2000). Therefaageference mode depicts a
pattern of behaviour that represents the dynamitir@aof the problem in

guestion. Consequently, it serves as a refererttavimur upon which the validity

of a simulated model is assessed and determinedm&b (2000) argues that
there is the need to identify the time horizontfoyse variables considered to be
of high importance to the problem under considematiThe main output of this

research is the trend of household energy consomgind carbon emissions as
affected by some key variables and how they resporahanges in some policy
parameters. In order to identify the time horizonthe model in this research, it
is necessary to consider the time horizon of hisdbdata available on household
energy consumption and carbon emissions, as deaicl DECC (Palmer &

Cooper, 2012), which are presented from 1970 aedipdated on a yearly basis.
Equally, it is of paramount importance to aligritis research the time horizon of
what carbon emissions reductions would be in trer 050 as stipulated in the
climate change act of 2008 in the UK. As a restithese considerations, the time
horizon of 1970 to 2050 is therefore adopted fer tiodel in this research. The
following sub-sections therefore present the refeeemodes for some of the key

variables as evidenced from available historicéhda
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Table 6.2: Model boundary

Endogenous Variables

Exogenous
Variables/Parameters

Excluded Variables

heat losses

dwelling heat gain (dhg) due to cooking
dhg due to no of people
dhg due to appliances less cooking

dhg due to artificial lighting

average effect of solar gains

total dwelling heat gains
Natural heat transfer (F)
Artificial heat transfer (F)

Dwelling Internal Heat (S)

discrepancy in internal and external
temperature

dwelling internal temperature

discrepancy in internal and setpoint
temperature

humidex value

Occupants activity level (F)
Occupants Metabolic Buildup (S)
Perceived dwelling temperature (F)

Occupants Comfort (S)

probability of window opening

probability of putting on clothing

effect of energy efficiency standard
improvement on dwelling energy
efficiency

effect of fabric insulation on energy
efficiency

effect of combined fabric insulation and
energy efficiency standard on dwelling
energy efficiency

effect of energy efficiency standard on
cooking energy

effect of energy efficiency standard on
appliances energy

effect of energy efficiency standard on
lighting energy

effect of energy efficiency on hot water
energy

total floor area

area of opening

solar flux

solar transmittance factor for
glazing

frame factor

average solar access factor

pi
dhg due to water heating
insulation factor

setpoint temperature

temperature conversion factor

growth in occupants activity
level

external air temperature

relative humidity
SAP rating
average annual gas bill

average annual electricity bill

energy to carbon conversion
factor

carbon depletion factor
demand for cooking energy

lighting energy demand
appliances energy demand
population equilibrium time
reproductive time

average total fertility rate

average life expectancy

occupants behaviour

Some variables relating to
occupants behaviowr.g:

- occupants' social class
influence

- occupants' social group
influence

- occupants' cultural
influence

- occupants' personal
influence

Some variables relating to
dwellings physical
parameters e.g.:

- dwelling exposure

- dwelling orientation

- air changes

Some variables relating to
external environment like:

- political uncertainties

- energy securities
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Table 6.2: Continued.

Endogenous Variables

Variables/Parameters

Exogenous

Excluded Variables

effect of energy efficiency on space heati
energy

effect of dwelling energy efficiency on
energy bills

effect of energy bills on energy
consumption

climatic effects on international energy
price

climatic effects

average annual energy bills

space heating demand

space heating energy rate (F)

Space Heating Energy Consumption (S)
Energy to carbon conversion (F)
Space Heating Carbon Emissions (S)
Carbon depletion (F)

rate of hot water energy usage (F)

hot water energy usage demand

Hot Water Energy Consumption (S)
Carbon Emissions due to Hot Water Usa
(S

Cooking energy rate (F)

Cooking Energy Consumption (S)
Carbon Emissions due to Cooking Energ
)

rate of lighting energy usage (F)

Lighting Energy Consumption (S)
Carbon Emissions due to Lighting Energ)
)

Appliances Energy Consumption (S)

rate of appliances energy usage (F)

Carbon Emissions due to Appliances
Energy (S)

average annual energy consumption per
household

total annual household energy consumpt

average annual carbon emissions per
household

total annual household carbon emissions
Population (S)

births (F)

deaths (F)

mortality

households

household size

S= stock, F= flow.

139



Chapter 6: Model Conceptualisation and Formulation

6.4.1 Population

The historical data of UK population analysed igufe 6.1 is based on the UK
housing energy fact file published by the DepartmainEnergy and Climate
Change (Palmer & Cooper, 2012). The historical d#Ht&JK total population

suggests that the population is growing. The patbérgrowth as evidenced from
Figure 6.1 reveals that between the year 1970 &8@,1the growth is minimal
and not noticeable. Since the year 1982 therefine,growth has followed a
gentle slope until the year 2004. Thereatfter, tlopes of the growth trend has
been steeper compared to between 1982 and 200g.t/Bmd suggests that in
years to come, it is most likely for the UK popigatto continue to grow. The
implication of this growth is profound in that pdation drives households and
households drive household energy consumption,hwini¢urn drives household
carbon emissions. The trend therefore highlights pimoblem posed by the

behaviour of UK population.

Population
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Figure 6.1: Reference mode for population
(Source: Palmer & Cooper, 2012)
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6.4.2 Households

The reference mode of UK households’ number is shiowFigure 6.2. The trend
indicates that a growth in the number of householas the years. If this trend is
sustained, it means that the number of househaldsei UK would continue to

grow. The implication of this, as explained in $&tt6.4.1, is attendant growth in
average household energy consumption, which mearage household carbon
emissions would witness an increase as well. Tres shows that certain policy
regarding the number of households could melt Hoaldeenergy consumption
and consequently, household carbon emissions. rEsisarch will then try to

mimic this trend and project the trend into theufet

Households
30,000,000
P 20,000,000 —
S
9 15,000,000
g e Households
I
10,000,000
5,000,000
0
O m W O N N 0 dA <F N O n O O
N ISN IS IS 00 o0 0 o o o O O o o
(o)} a a (o)} a (o)} a D [e)] [e)] o o o o
— — — — — — — — i i (] (o] (] (o]

Figure 6.2: Reference mode for households
(Source: Palmer & Cooper, 2012)

6.4.3 Space Heating Energy Consumption

Figure 6.3 shows the behaviour of household spae#irng energy consumption

based on historical data available. It shows that dlice of household energy
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consumption as a result of space heating has ledlewiing an upward direction
until the year 2004 when it began to decline aTe growth follows a ‘lumpy’

trend with attendant troughs and peaks indicatireggttmes of mild and severe
weather conditions. With this reference mode, tmeblem associated with
household space heating energy is therefore prdfolihe research will thus
attempt to simulate the trend as shown in FiguBeBhich will serve as the basis

for validating the output of the model.

Space heating energy consumption
18.00
16.00
14.00 Wav&ﬁ&w
12.00 \/\v J \
< 10.00
; .
S 300 —Space heating energy
consumption
6.00
4.00
2.00
0.00
O M W O N N 0 o & N O n O O
N IS IS N 00 00 00 OO oo OO O O O O
a O O 0o O 0O OO O 0O OO O O O O
I = - = - = = " = &N N N N

Figure 6.3: Reference mode for household space heating ecergumption
(Source: Palmer & Cooper, 2012)

6.4.4 Hot Water Energy Consumption

In Figure 6.4, the time series behaviour of houkkhot water consumption is
shown. The behaviour depicts in the graph is ctersisvith several improvement
attempts at reducing hot water energy consumptiohauseholds as the trend
shows a decline in consumption since 1970. Thehgnagicates how hot water
energy consumption in households has evolved tneyéars. The implication of
this to this research is that if the trend of hettev energy is sustained, it means
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that lesser hot water energy will be consumed rieam before. The insight from

this reference mode will then shape the modelimrgsearch.

Hot water energy consumption
7.00

6.00 \

5.00 \

4.00 \

3.00 \

MWh

Hot water energy
consumption

2.00

1.00

0.00
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Figure 6.4: Reference mode for household hot water energyucoption
(Source: Palmer & Cooper, 2012)

6.4.5 Cooking Energy Consumption

The reference mode for cooking energy use in hoasedepicts in Figure 6.5
show a more positive changes to occupants’ lifestgs cooking energy
consumption has been on the downward trend sin@@.1@ fact, households
cooking energy in 2009 is almost half of what itsnia 1970. This shows a
tremendous savings in cooking energy. The savimgddcbe attributed to

expansion in ‘ready-made meals’, which made takgawathrive. However, the

trend shows a significant insight as the declineanking energy as from year
2000 appears to be levelling off when comparechtorate of change between
1980s and 1990s.
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Cooking energy consumption
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Figure 6.5: Reference mode for household cooking energy copsam
(Source: Palmer & Cooper, 2012)

6.4.6 Lighting Energy Consumption

Undoubtedly, lighting energy has always been atifsacof household total
energy. However, the insight from the reference enad shown in Figure 6.6
indicates that energy use for lighting has beerthenincrease until year 2002
when it began to decline. The decline reveals aitsiy different schemes aimed
at reducing household energy use through the usmnerfgy efficient lights in

homes.
Lighting energy consumption
0.80
0.60 | B
s
s 0.40 = | ighting energy
0.20 consumption
0.00
O mn O O N N O o T N O nm O O
N IS NN 00 0000 OO O ©O © ©O
A OO OO OO O OO O OO O O O O O O
T = = e 1 NN NN

Figure 6.6: Reference mode for household lighting energy caompsion
(Source: Palmer & Cooper, 2012)
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6.4.7 Appliances Energy Consumption

The reference mode the household appliances emeamggumption is shown in
Figure 6.7. The trend indicates that since 197pliapces energy has been on the

increase.

Appliances energy consumption

3.00

2.50

2.00 //
1.50

L
S .
S / = Appliances energy
consumption
1.00
0.50
0.00

1970
1973
1976
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1982
1985
1988
1994
1997
2000

1991
2003
2006
2009

Figure 6.7: Reference mode for household appliances energsuoggtion

(Source: Palmer & Cooper, 2012)

6.4.8 Average Annual Energy Consumption per Hous&ho

The pattern of behaviour of average annual enenggumption per household as
shown in Figure 6.8 indicates that it follows treem® pattern of behaviour of
space heating energy consumption provided in FigueThis further reinforces

the fact that space heating energy actually shiapesehold energy consumption.
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Average annual energy consumption per household
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Figure 6.8: Reference mode for average annual energy consompdr household
(Source: Palmer & Cooper, 2012)

6.4.9 Average Annual Carbon Emissions per Household

The pattern of behaviour of average annual carboisstons per household as
shown in Figure 6.9 shows that household carbors®on has been on the
downward trend since 1970. The profile thereforboves a lumpy trend with

peaks and troughs.

Average annual carbon emissions per household
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Figure 6.9: Reference mode for average annual carbon emisgenrfsousehold
(Source: Palmer & Cooper, 2012)
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6.5  Causal Loop Diagrams (CLDs)

CLDs as dynamic hypotheses are essential tool irm&iDthey are not only the
foundation upon which quantitative models are bbilt are also a valuable
device in their own right for describing and undansling systems (Coyle, 1997).
They provide qualitative explanation of the underdystructure operating in a
system in the form of ‘cause and effect’. AccordingSterman (2000), CLDs are
used to:

e Quickly capture hypotheses about the causes ofndigsan a system;

« Elicit and capture the mental models of individuaigeams;

« Communicate the important feedbacks believe to omsple for a

problem.

CLDs are constructed by incorporating the varioasables associated with a
system. Casual loops show how each variable reldglbeone another. That is, the
relationship between any two variables is annotdigdthe use of an arrow
connecting them together. A positive relationshiggams an increase in arrow tail
variable would cause an increase in arrow hea@dbigriand vice-versa, whereas a
negative relationship means an increase in arrovwéaiable would cause a
decrease in arrow head variable and vice-versas Télationship polarity is
illustrated with symbol, interpretation, mathematiand examples as shown in
Table 6.3 based on the work of Sterman (2000).

Dynamics exhibited by the system under study areiesed based on the
feedback loops of the CLDs. As such, feedback l@apsbe positive or negative.
Positive feedback loops (reinforcing loops) denibigt the system increase or
decrease indefinitely, whereas negative feedbamssigbalancing loops) stabilise
over time. Loops polarity is achieved by summingthp negative polarity of

each of the variables within such a loop.
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Table 6.3: Relationship polarity

Symbol Interpretation Mathematics Examples
All else equal, if 9Y >0
X increases X
(decreases), then
Y increases In the case of
/_LY (decreases) aboveaccumulations,
X (below) what it |
would have been. Y = )pOpuIatlon

t .
births
In the case of fw(X o )ds
accumulations, X +yo

addsto Y.

All else equal, if 9Y
Xincreases X
(decreases), then - .
/—sY Y decreases In the case of /> population
X (increases) below accumulations,  deaths
(above) what it
would have been. Yt=
—X+--)d
In the case of w( + e )ds
accumulations, X + vo
subtracts from Y.

(Adapted with some modifications from Sterman, 2000

The development of CLDs has its own sets of rukes guidelines to follow. To
this extend, Pruyt (2013) provides the guidelines drawing CLDs as the

following:

* Make different types of CLDs for different purposesliences/uses
(conceptualisation, loop analysis, communication,and at different
levels of aggregation.

e Choose the right level of aggregation (but never detailed) dependent
on the intended use/goal/audience.

» lIterate, use SD software to redraw your diagrams.
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Use nouns or noun phrases with a clear (positiease of direction as
variable names. Choose variable names that, tageititethe causal links
and polarities, enable to easily “read the loops”.

Don’t use/conjugate verbs in variable names. Thews with their
polarities perform the role of verbs when readir@lL®.

Links between variables are causal and direct, costelational nor
indirect.

Unambiguously label link polarities (split out limknto different effects if
polarities are ambiguous).

Links should be drawn/interpreted under tteeris paribusassumption,
I.e. that everything else remains the same.

Links are relative: they tell the value of the adte will be above/below
what it would have been without the effect.

Explicitly include the goals of goal-seeking loops.

Distinguish between actual versus perceived caorhti

Trace and unambiguously label loop polarities, aathe loops such that
they immediately convey their role, and that thenea can be used in
texts/presentations.

Indicate important delays on causal links

Use curved lines, make important loops circulaid amnimise crossed
lines.

For communication purposes, don’t use too largagrdm with too many
loops.

Don't try to make comprehensive or final CLDs: theyl never be. They
are either conceptualisation tools or tools to camicate (specific)
messages.

Draw CLDs from different angles/perspectives andliffierent levels of
aggregation.

It is useful to integrate points of view in one ahd same CLD, unless the
points of view represent fundamentally differentimweconcilable world

views. Then, different CLDs need to be draw.
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In this study CLDs are constructed for each ofrtitoglules in the model based on
the methods explained in Chapter four and Secti@anAl of them are therefore
interlinked. CLDs for each of the modules are pnése in the next sub-sections.

6.5.1 CLD for Population/Household Module

Figure 6.10 shows a combination of positive andatieg loops involving some
of the variables hypothesised to drive populatiol dence households. The
positive loop could be read as “the more the pedp&more the births there will
be; the more births there are, the more people thdt be”. Alternatively, this
could be read as “the fewer people there are, déieif births there will be; the

fewer births there are, the fewer people there vl

The model postulates that the number of birthsaaged on the number of deaths,
reproductive time, population equilibrium time, eage total fertility rate, and of
course population as well. The positive or reinfogcfeedback shows that
population will continue to grow or decline as bgtcontinue to grow or decline
respectively. However, the negative or balancingplinvolving population and
deaths will act to stabilize and balance the sydterm continual increamemt or
decreament as the case may be. It needs to meht&ibpopulation drives deaths
and vice — versa. Also, average life expectancyedrimortality, and mortality in
turn drives deaths.

The expected behaviour of the output of this modulk be based on the
interaction of the loops as we have multi-loopshis module. Some of the loops
may be dominant. For example, if the positive le®@ dominant one; it may
mean that population will continue to grow, thougk rate of growth may vary.
However, if the negative loop is the dominant oitemeans that as deaths

continue to grow, population may decline until sughtime that the total
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population will go into extinction and there wilelno households which is the

major output of this module.

households

+ average life
expectancy

reproductive time
DN
births

population +
equilibrium time +

mortality

average total
fertility rate

Figure 6.10: CLD for population/household module

6.5.2 CLD for Dwelling Internal Heat Module

CLD for dwelling internal heat module is presenitedrigures 6.11. The structure
shows the thermodynamics of dwelling internal higased on interaction and
inter-dependencies of different variables hypotexito be driving it. For
example, natural and artificial heat transferswelling as well as Dwelling Heat
Gains (DHGs) are identified as the main variablgpothesised to be driving
dwelling internal heat. That is, gaps (in termglsfnge in temperature) identified
as a result of change in dwelling internal and mtetemperature dictate whether

or not heat will flow into or out of the dwelling.

Similarly, artificial heat transfer within the dviielg is regulated according to the
temperature set-point and dwelling internal temfoeea and this accordingly
drives the dwelling internal heat. Further to thedelGs is a function of heat
gains from many sources as indicated in Figure @G due to no of people,
DHG due to appliances, DHG due to cooking, DHG tueater usage, DHG due
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to artificial lighting, and solar gains). Howevégat losses due to infiltrations and
the likes reduce the DHGs.

In needs to emphasise that the dwelling internat Heves the dwelling internal
temperature, which in turn, in combination with sorother environmental
factors, dictates the perceived dwelling tempeegahy the occupants. Within this
module, two loops of a positive and a negative lf@ed loops are constructed as
shown in Figure 6.11. As previously discussed urfsiection 6.5.1 above, the
positive feedback loop indicates that dwelling ing¢ heat will continue to
increase or decline, while the negative feedbadp lsets out to stabilise and
balance the system over time based on the effeartdicial heat transfer in
dwelling.

The expected output behaviour could be S - shamgwaviour due to the
interaction of asymptotic growth (negative feedhaahth exponential growth
(positive feedback). Though, the non-linear behaviocould be shifted and
regulated according to loop predominance as disduss Section 6.5.1 above,

and hence the behaviour may not be S — shapedsadaied above.

dweling heat gain - dhg due to appliancedhg due to hotgng due to cooking dhg due to
(dhg) due to noof  use less cooking  watef usage artificial lighting

people appllances
Solar gains
losses
+

Dwelhng heat gam

+
. " Artificial heat
Natural heat transfer in dwelling
transferin dwelling\\

Dwelling

internal heat + .
Q \ _/‘ setpoint temperature
+ mp‘/
—|— +

Fabric insulation

Change in te
Change in int and

ext temp Dwelling

Uernal tem

+
External temp percieved
ercieve:
dwelling temp

Figure 6.11: CLD for dwelling internal heat module
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6.5.3 CLD for Occupants’ Thermal Comfort Module

CIBSE (2006a) divides thermal environment of ocecupan dwellings into three
broad categories to include thermal comfort, thérrdescomfort, and thermal
stress. According to the International Standarda@igation (ISO) 7730 (ISO,
1994), the American Society of Heating, Refrigemgtiand Air Conditioning
Engineers (ASHRAE) (ASHRAE, 2004), and CIBSE (200@aermal comfort is
defined as “that condition of mind which expressassfaction with the thermal
environment”. That is, the condition when someaneat feeling either too hot or
too cold. Thermal discomfort, however, expressesctindition when people start
to feel uncomfortable, but without any unwell cdmahs (CIBSE, 2006a).
Similarly, thermal stress gives uncomfortable ctiods to occupants which have

the potential of causing harmful medical conditions

The occupants’ thermal environment is not straifgrivard and cannot be
expressed in degrees nor can it be satisfactoefiypeld by acceptable temperature
ranges. This is a personal experience dependeatgreat number of variables,
which is likely to be different from person to panswithin the same space. These
variables can be (1) environmental — air tempeeatuelative humidity, air
velocity, radiant temperature; (2) personal — c¢lagh metabolic heat; (3) other

contributing variables — access to food and dragc]imatisation, state of health.

In this module, we produce a causal model of diffiévariables hypothesised to
affect occupants’ thermal comfort herein refers casupants’ comfort. We
postulate that the major variables that drive oeot§ comfort here are
“occupants’ activity level” and “perceived dwellingmperature”. It needs to
mention that “perceived dwelling temperature” ighe heart of this causal model
with five different inflows from “relative humidity “dwelling internal

temperature”, “occupants’ activity level”, “probdéty of putting on clothing”,
and “probability of windows opening”. All these vales are interrelated in a

non-linear way and work seamlessly together as showigure 6.12. A total of
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three different feedback loops (with two negatinel @ positive feedback loops)

are constructed for the module.

The first balancing feedback loop involves [occupanomfort — probability of
putting on clothing — perceived dwelling temperatuwhile the second one takes
the following variables [occupants’ activity leveloccupants metabolic build-up
— probability of putting on clothing]. Additionallythe reinforcing loop involves
[occupants’ comfort — probability of windows opeginr perceived dwelling
temperature]. The behaviour of the model is exmedte be predominately
dictated by the multi-loops within the CLD.

Dwelling
internal tem

+

Relative humidity

Percieved
dwelling temp

+ +

Probability of
putting on clothing Occupants

activity level
t j \—wants comfort
- +

+

o

Probability of
windows opening

Occupants
metabolic build-up

Figure 6.12:CLD for occupants’ thermal comfort module

6.5.4 CLD for Climatic — Economic — Energy Efficiey Interaction Module

There are a series of variables in climatic, ecdnprand energy efficiency
domains interacting together in a complex mannenfltaence and consequently
affect household energy. These variables are dkfinethis research and not

limited to climatic effects as a result of advevseather condition; influence of
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international fuel prices as a major variable teiggg Government’s policy
regarding energy tax, alternative energy sourcelssidy on alternative energy
sources, energy pricestc; energy efficiency of dwellings, fabric insulaticand
household income, and their effects on variablestiousehold fuel poverty.

However, not all the above-mentioned variablesiackided in this module due
to consideration of ease of data for the simulatader and the need to keep the
model as simple as possible. To this end, Figurd shows the interrelationships
among the climatic — economic — energy efficienayiables that are included in
the model. Dwelling energy are considered from tperspectives of fabric
insulation and its effects on energy efficiencyda@overnment’s Standard
Assessment Procedure (SAP) rating of dwellings smdeffects on dwelling
energy efficiency as well. It was assumed that dffect of energy efficiency
standard improvement on dwelling energy efficieneyll improve energy
efficiency standard of cooking energy as well gbting and appliances energy.
This is because it is believed that the efficieatandards of these areas make up
the Government’s SAP rating of dwellings. Furtherepat was hypothesised that
the combined effect of fabric insulation and enemfficiency standard of
dwellings will increase the effect of dwelling egegrefficiency on energy bills,
which undoubtedly will affect space heating and\water energy use.

Effect of energy bills on energy consumption gelieria postulated to be as a
result of three different variables that include@age annual energy bills in terms
of gas and electricity bills, effect of dwellingexgy efficiency on energy bills,
and effect of unfavourable climatic effects on eyemprices. It is further
hypothesised that the accumulation of carbon eomssiis likely to trigger
unfavourable climatic effects under the assumptit this will not be sudden;
hence an introduction of a delay function beforis timppens. Feedback loops
cannot be seen from this structure as representétgure 6.13. However, these
will definitely show up when this module interredatwith other modules as it will

be seen in Section 6.5.5.
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SAP rating <insulation factor>

effect of energy + + +
efficiency standard on
cooking energy

effect of energy efficiency insiflfz;ic(:r?fofr?g%%r
standard improvement on efficienc 9y
dweling energy efficiency y

effect of energy efficiency
standard on lighting and +
appliances energy +

effect of combined fabric
insulation and energy efficiency

- standard on dwelling energy
average annua + efficienc
gas bil +
+ + +
. ———average annual effect of dwelling energy
weighted average efficiency on energy bills

energy prices energy bills
effect of energy effect of energy
average annual efficiency on hot water efficiency on space
AR ener i
electricity bill + + 9y heating

effect of energy bills on
energy consumption

+
unfavourable effect of unfavourable
climatic effects climatic effects on
\\yonal energy prices

+

<average annual carbon
emissions per household>

Figure 6.13: CLD for climatic — economic — energy efficiency dute

6.5.5 CLD for Household Energy Consumption and gBmissions Modules

This section combines household energy consumpéind CQ emissions

modules together in order to depict the complegrmetationships ensuing among
the variables of these modules. The structure ®fQhD for these modules show
the variables that are hypothesised to drive haldednergy consumption and
carbon emissions based on five different houseleridrgy end-uses. These
include energy use for space heating, hot wat@ljaapes, cooking, and lighting.

The CLD is therefore developed for each of theassébold energy end-uses and
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are interlinked to depict the main feedback loojsating the behaviour of the

outputs.

Figure 6.14 shows the CLD involving all the houddhenergy end-uses
considered in the research that include spacenugédtot water, cooking, lighting,
and appliances energy. By taking the loops invglvepace heating energy
consumption for example, the CLD (Figure 6.14) @adies that there are many
variables hypothesised to be driving the rate afcepheating by occupants or
householders. Obviously, these variables includelldwy internal temperature
and set-point temperature from dwelling internathmodule; occupants comfort
(from occupants thermal comfort module) driving apdeating demand, and
space heating demand in turn propelling the ratpate heating; effect of energy
efficiency on space heating and effect of enerdlg lmn energy consumption
(from climatic — economic — energy efficiency irgetion module); and of course,

occupants behaviour.

It was hypothesised that rate of space heatingedrispace heating energy
consumption, and the consumption drives spacerigeasirbon emissions. Carbon
emissions from different household energy end-gsesribute to average annual
carbon emission per household, which is assumeckitdorce unfavourable
climatic effects under delay function as discusseder Section 6.5.4. It is
important to note that there was an assumptionrtbtll carbon emitted to the
atmosphere will cause unfavourable climatic effexsssome of them will be
depleted from the atmosphere by different mearmsdlisorption by plants and the
likes. Carbon depletion factor was introduced teteare of carbon depletion as
shown in Figure 6.14. Discussions of other housklerlergy end-uses are not
much differ from above as discussed for space ingatergy.

Obviously, the outcome of the CLD expressed in Fg6.14 is expected to
exhibit a non-linear behaviour because of a contlmnaof different loops as
shown. However, loops predominance is likely to eratke the outputs from the
model.
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Chapter 6: Model Conceptualisation and Formulation

6.6 Model Formulation

The dynamic hypotheses (CLDs) are useful, withamyt iata of doubt, in many
situations. They capture the mental models of dependencies and feedback
processes of a given modelling exercise. Howewety suffer from a number of
limitations among which are their inability to cap the stock and flow structure
of systems (Sterman, 2000). Hence, there is thd feeeSFDs for the models as
they are, according to Sterman (2000), the two raerdoncepts of dynamic
systems theory. At this stage, the variables/patensi@n the causal relations
developed are transformed into SFDs. The SFDdisith the model parameters
into the controlling ‘flow’ acting as regulators darstock’ where accumulations
take place. Accumulations characterise the statehefsystem and generate
information upon which decisions and actions arseta Stocks give systems
inertia and provide them with memory. Stocks creslays by accumulating the
difference between the inflow to a process andutfiow. By decoupling rates of
flow, stocks are the source of disequilibrium dym@Enin systems. The
parameters in the model are linked together withaggns in preparation for
simulation. It is necessary to restate that the etsoth this research is built and
implemented using the SD software Vensim DSS fonddiws Version 5.11A
produced by The Ventana Simulation Environment. Tiext sub-sections
describe the SFDs for each of the modules in theéeio

6.6.1 Population/Household Module

In a bid to estimate energy consumption and, €@issions per household, it is
expedient to model the number of households inJkeBased on the regression
analysis performed on historical data of UK popolatand households, a
significant relationship was found between the tWence, the research utilised
the model of population to estimate the number ofiseholds in the UK.
Population is being influenced by a number of u@&sa. In this model, a limited

number of variables are considered which includeth band death rates,
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reproductive time, population equilibrium time, eage total fertility rate,

mortality and average life expectancy as showriguié 6.15.

initial population

<Time>

reproductive time

+¥ ..one year
Population
C:‘ X - pulati
births

/ \average total mortality
population fertility rate \
equilibrium time average life

expectancy

mortality lookup

<Time=> households

household-size

Figure 6.15: SFD for population/household module

Population is modelled as ‘stock’. This is beingntrolled by an inflow (births)
and an outflow (deaths). ‘Births’ is influenced ‘bgproductive time’, ‘population
equilibrium time’, ‘average total fertility rategand ‘deaths’. On the other hand,
‘deaths’ is determined primarily by ‘mortality’ et ‘Mortality’ is generated
based on ‘average life expectancy’ and ‘mortalibpkiup’ profile. ‘Mortality
lookup’ is one of the variables in the model thmbased on qualitative data of
relying on experts’ judgement as well as informatioom literature. Relating
together different variables in this sector of thedel involves generating a set of
equations by employing both regression analysis tants within the system
dynamics software (Vensim). For example, equatioch €hows the Vensim
interpretation of ‘Population’ acting as the staith ‘births’ as inflow (rate) and
‘deaths’ as outflow (rate). This equation is auttozly generated by the

software. However, the equation for ‘births’ (see &.2) was developed based on
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little adjustment to the similar equation develog®d Forrester (1971) for his
World Dynamics model. The adjustment made was madmkeflect the number
of years from the last year of data (which in tase is 2011) and the last year of
model run (which in this case is 2050), which tfates to 39 years.

Additionally, ‘mortality’ (see eq. 6.4) is deterneid based on the profile of
mortality rate that is qualitatively captured asomality lookup’ according to

available data from the Office of National Statistias shown in Figure 6.16.
‘Households’ is determined based on regressionysisahs shown in Table 6.4.
The main data source for the development of thiorahm (population and

household) is shown in Table 6.5. Therefore, equati(6.1) to (6.6) give the
major equations developed for this module. It ndedsrther state that the model
is run from the year 1970 to 2050 and initial papioin corresponds to population
in the year 1970. The complete set of equationdediound in Appendix A.

- Graph Lookup - mortality lockup

| =
Pint_|
Input Dut Ymak
B [oo0se7 -] 0006 ~
30 000356 \
40 0.00243
50 0.00155
= 0.00082
70 0.00023
80 0.0001
=
Mew e i
T

Impoit Vals | Xminc[20 v |x=655 y=0006211  Xmax|80  ~| ResstScaling |

OK | ClearPonts | ClesrAllPoints | CurRef| ClearReference | Ref>Cur|  Cancel |

Figure 6.16: Mortality lookup
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Table €.4: Relationship developed for households from redpessnalysis

Model Standardized
Unstandardized Coefficients  Coefficients

B Std. Error Beta t Sig.

1 (Constant) -3.436E8 4538500.746 -75.712 .000
Population .067 .017 .056 3.886 .000

Time 182057.612 2746.898 .947 66.278 .000

Dependent Variable: Households

Table 6.5: Sample data for households and population

Variable Unit of Minimum Maximum Mean Standard Standard
Measurement Error Deviation

Households Households 18791000 26863000 2.26638BB850E5  2.35802E6

Population People 55632000 62736000 5.7931E00346E5 1.94646E6

Population (t) = INTEGRAL [births — deaths, popudet (i)] (Eq. 6.1)

births =

( IF THEN ELSE (Time = population equilibrium time, deaths,
IF THEN ELSE (Time < 2011, average total fertility rate * Population
| * 0.08/reproductive time,

kFORECAST (average total fertility rate » Population * 0.08/reproductive time, 39,100)))
(Eq. 6.2)
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deaths = Population * mortality (EqQ. 6.3)

mortality = mortality lookup (average life expectaone year) (Eg. 6.4)

households = -3.436e008+182058 * Time + 0.067 * #"lagon (EQ.6.5)

household size = Population/households (Eq.6.6)

6.6.2 Dwelling Internal Heat Module

The structure of this module in the form of SFDsisown in Figure 6.17.
Dwelling internal heat is modelled as an accumaotaif natural and artificial
heat transfers (which are modelled as flows). Ndteat transfer is driven by the
dwellings’ insulation level, internal and externamperature. Similarly, artificial
heat transfer is propelled by total dwelling heaing (DHGs), dwelling’s
temperature set-point, and internal temperaturenpegature conversion factor
was used to convert dwelling internal heat measuredWatts to degree
centigrade. However, DHGs were estimated baseteoprocedure and formulae
of the Government’s SAP as published by the Bugdiesearch Establishment
(BRE) on behalf of DECC (BRE, 2012). As such, DHi® to cooking, number
of people, appliances, artificial lighting, hot wgtand solar gain effects were
included in the calculation. Likewise, heat losfesn the dwelling fabric were
estimated based on the procedure of SAP and thesistimvas deducted from the
total DHGs. To this extent, equations 6.7 to 6.1@ based on the formulae
provided by SAP (equations appear on page 22 ahbtk Baof page 145 of BRE,
2012). The remaining equations 6.13 and 6.14 shenetjuations developed for
the level variable ‘dwelling internal heat’ and tab dwelling heat gains’
respectively. The only data driving this module‘esternal air temperature’,

which is yearly average for the UK as summarilyvghan Table 6.6.
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<household size> <Time>  totalfloor area <Time> <household size>area of opening solarflux  solar transmittance  frame factor
| i factor for glazing
H pi
\| / \\ f 4 average solg
dhg due to

g dhg duetonoof _ dhg due to dhg due to water  average effect access factqr
heat lossegn9 due to cooking appliances less  arificial ighting heating solar gains

people cooking /
\‘m[a dweling he <Time>
gains (dhg)
Natural heat transfer L
Dweling Internal Heat |« »Q
Artificial heat
transfer

discrepancy in int

dweliing int temp discrepancy in int & .
/ &ext teb Metpoim [enupomt temp

external air temp

>
<Time temperature

conversion factor

Figure 6.17: SFD for dwelling internal heat module

heat losses = -40*household size (Eq. 6.7)
dhg due to cooking = 35+(7*household size) (&8)
dhg due to people = 60*household size (Eq. 6.9)

dhg due to appliances less cooking = (207.8*(totllor area*household
size)*EXP(0.4714))*(1+0.157*COS(2*pi*(Time-1.1781)P00/60

(Eg. 6.10)
dhg due to artificial lighting = (59.73*(total flao area*household
size)"0.4714)*0.9672*(1+0.5*COS(2*pi*(Time-
0.2)))*0.85*1000/(24*30*12) (Eq. 6.11)

average effect of solar gains = 0.9*area of operifrgme factor*average solar
access factor*solar flux*solar transmittance facfor glazing
(Eq. 6.12)
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Dwelling internal heat (t) = INTEGRAL [natural heatansfer + artificial heat
transfer, dwelling internal heabp)t (Eq. 6.13)

Total dwelling heat gains = (DHG due to appliandess cooking + DHG due to

artificial lighting + DHG due to cooking + DHG du® no of people + DHG due

to water heating + average effect of solar gairmeat losses) (Eq. 6.14)

Table 6.6: Sample data for external air temperature

Variable Unit of Minimum  Maximum Mean Standard Standard
Measurement Error Deviation
External air Degree 8.06 10.80 9.78 0.10 0.69

temperature centigrade

(Source: Palmer & Cooper, 2012)

6.6.3 Occupants Thermal Comfort Module

There are a great number of techniques for estigdikely thermal comfort,

including; effective temperature, equivalent tenapare, wet bulb globe
temperature, resultant temperature and so on’ hadscexist showing predicted
comfort zones within ranges of conditions. Howe&0Q 7730 (ISO, 1994)
suggests thermal comfort can be expressed in tefmsedicted mean vote
(PMV) and percentage people dissatisfied (PPD).s@heere developed by
Professor Ole Fanger (Fanger, 1970) by using tlwciples of heat balance
equations and empirical studies regarding the samperature in order to define
thermal comfort. In line with the PMV and PPD, tGdartered Institution of

Building Services Engineers (CIBSE) (CIBSE, 200@806b) recommended
comfort criteria for specific applications in centareas of the dwellings in terms

of temperature, occupants’ activity, and clothiegels. For example, the guide
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(CIBSE, 2006b) stipulates a winter operating terapee of 17 — 14, activity
of 0.9 met., and clothing level of 2.5 clo., fordbeoms.

In building a SFD for this module, the criteriaset out by CIBSE (2006b) was
employed and this is presented in Figure 6.18. Bogh'occupants comfort’ and
‘occupants’ metabolic build-up’ were modelled ascktbased on equations (6.15)
and (6.16). Accumulation of ‘occupants comfort’ctpfor example, is driven by
the ‘perceived dwelling temperature’ (inflow). This in turn depends on a
number of factors like humidex value, clothing, damvs opening within the
dwelling as well as occupants metabolic build-tjurmidex value’ was modelled
from the dwelling internal temperature and relativenidity based on Figure 6.19
which shows different ranges of humidex value fifedent degrees of comfort
by qualitatively mimic it with the use of lookupstiin the model. As shown in
Figure 6.18, the ‘probability of window opening’ dafprobability of putting on
clothing’ by occupants were determined qualitagiesing lookups as shown in
Figures 6.20 and 6.21 respectively according taribatal data collected from the
interviewees at model conceptualisation stage $&=tion 4.4.1). The main data
driving this module are from relative humidity (semary shown in Table 6.7),
which is externally sourced and internally genetatiata from the previous
module {.e. internal dwelling temperature) Examples of equegideveloped for

this module is shown in equation (6.17- 6.19).

Table 6.7: Sample data for relative humidity

Variable Unit of Minimum  Maximum Mean Standard Standard

Measurement Error Deviation
Relative Percentage 67 94 85.09 1.32 8.67
humidity

(Source: Met Office, 2013)
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<dwelling int temp>

relative hu midﬂ_\_ .

N
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some discomfort putting on clothini
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putting on <some discomfort <Occupants
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Figure 6.18: SFD for occupants thermal comfort module

Humidex from Temperature and Rel Readings

100 20 31 3335 37 30 41 43 45 48 6O
95 |28 30 32 34 36 38 40 42 44 47 40
90 128 30 3133 35 37 39 41 43 45 48
85 12720 3132 34 36 38 40 42 44 46
80 126 28 30 32 33 35 37 30 41 43 45

é 75 126 27 20 31 33 34 36 38 40 42 44

£ 70 12527 283D 32 33 35 37 39 41 43

E 65 124252729 31 32 34 36 38 40 42 43 45 47 50 52

= 60 24252728 30 32 33 35 37 38 40 42 44 46 48 50

S 55 123242627 20 31 32 34 36 37 39 41 43 45 46 48

g 50 122 24 2527 28 30 31 33 34 36 38 40 41 43 45 47

= 45 12223 2426 27 28 30 32 33 35 37 38 40 42 43 45 47 49 53
40 24 25 26 28 29 31 32 34 35 37 39 40 42 44 45 AT 51 53 54 |58
35 24 26 27 28 30 31 33 34 36 37 39 40 42 43 45 47 49 50 52 54
30 - 27 28 30 31 33 34 36 37 39 40 42 43 45 [47 48 50 52
5 - 30 32 33 34 36 37 39 40 42 43 45 46 48 49

3 44 45 47

20 40 41

=

2122 2324 25 26 27 28 29 30 31 32 33 34 3536 37 38 30 40 41 42 43
Temperature (C)

LEGEND HUMIDEX RANGE DEGREE OF GOMFORT
B Lessthan29 Mo discomfort
B 30 -39 Some discomtart

Bl 4045 Great discomfort; avoid exertion
B Above 45 Dangerous
Above 54 Heat Stroke imminent

Source: Environmenl Canada: website <hlip:/fwww.wul.qe.ec.gc i idex/humidex_a.him|>

Figure 6.19:Humidex chart
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Figure 6.20: Window opening lookup
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Figure 6.21:Putting on clothing lookup
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Occupants comfort (t) = INTEGRAL [perceived dwellimternal temperature,
occupants comfort )
(Eqg. 6.15)

Occupants metabolic build-up (t) = INTEGRAL [occaopa activity level +
perceived dwelling internal temperature,

occupants metabolic build-up o)t

(Eq. 6.16)

humidex value =

( IF THEN ELSE (dwelling internal temperature < 21 : AND:
I
4 relative humidity < 45,

deelling internal temperature,no discomfort from heat stress)

(Eg. 6.17)

no discomfort from heat stress =

( IF THEN ELSE (dwelling internal temperature < 30 : AND:
I
4 relative humidity > 25,

Lno discomfort from heat stress, some discomfort from heat stress)

(Eqg. 6.18)
some discomfort heat stress =
(IF THEN ELSE (dwelling internal temperature < 36 : OR :
|
4 relative humidity > 50,
L some discomfort, great discomfort)
(Eqg. 6.19)
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6.6.4 Climatic — Economic — Energy Efficiency Intaction Module

The structure of SFD for this module is not mucHedent from its CLD as

discussed under Section 6.5.4 apart from estabgdhie relationships (in form of
equations) between different variables in the meditl needs to state that no
variable is represented as stock and flow. Howethetiy impact is felt much in

order modules like Section 6.6.5. To this end, thexlule shows the interactions
of some energy efficiency, economic, and climatciables that are included in
the model. Other variables of interest could, haavebe incorporated into the

model by changing the structure of the model.

As shown in Figure 6.22, importance of householergy efficiency measures to
household energy bills are highlighted. Also, tffeas of unfavourable climatic
conditions have on international energy prices aodsequently on household
energy bills are elaborated. All these work togeti@amlessly as a system to give
effect of energy bills on energy consumption, whidghimately have effects on
carbon emissions. An example of sample data dri¥img module is given in
Table 6.6. Examples of major equations in this n@dure given in equations
(6.20 — 6.24).

Table 6.8: Sample data under climatic-economic-energy efiicyenteraction module

Variable Unit of Minimum Maximum Mean Standard Standard
Measurement Error Deviation

Average £ 372 659 542.07 12.44 79.66

annual gas bhill

Average

annual £ 378 578 490.43 8.43 53.96

electricity bill

Weighted - 3.45 6.01 4,74 0.10 1.61

average energy

prices

SAP rating - 17.60 55.00 37.86 1.61 10.31

(Source: Palmer & Cooper, 2012)
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Figure 6.22: SFD for economic — climatic — energy efficiencteraction module

effect of energy bills on energy consumption = Af{¥(1/average annual
energy bills)*100)+effect of dwelling energy eféioty on energy
bills)-0.9)*(1-(1/(1+"% increment on energy billsiérmal energy
bills)))/(effect of unfavourable climatic effects mternational energy

prices) (Eq. 6.20)
unfavourable climatic effects = SMOOTH( (1-(1/avgza annual carbon
emissions per household)), 5) (Eq. 6.21)

171



Chapter 6: Model Conceptualisation and Formulation

effect of dwelling energy efficiency on energysbil 1/effect of combined fabric
insulation and energy efficiency standard on dwellienergy
efficiency
(Eq. 6.22)

effect of energy efficiency standard improvemendwalling energy efficiency =
WITH LOOKUP (SAP rating/normal SAP value) (Eq. 6.23)

effect of fabric insulation on energy efficiencyViITH LOOKUP (insulation

factor/normal insulation) (EqQ. 6.24)

6.6.5 Household Energy Consumption Module

In this module, household energy consumption isetied. This is based on five
different end uses of energy (space heating ermyggumption, hot water energy
consumption, cooking energy consumption, lightingergy consumption, and
appliances energy consumption). The details of 8&&eloped for ‘space heating
energy consumption’, ‘appliances energy consumptidmot water energy
consumption’, ‘lighting energy consumption’, ana@aking energy consumption’
are shown in Figures 6.23 - 6.27 respectively. W@ in Figures 6.23 - 6.27, it
iSs necessary to state that the ‘space heating wagbussions’, ‘carbon emissions
due to appliances energy’, ‘carbon emissions dubotowater usage’, ‘carbon
emissions due to lighting’, and ‘carbon emissionge dto cooking’ are
systematically modelled as accumulation of ‘spagating energy consumption’,
‘appliances energy consumption’, ‘hot water enexpnsumption’, ‘lighting
energy consumption’, and ‘cooking energy consunmptiespectively converted
to carbon emissions through the use of ‘energyatban conversion factor’. This
method is used for all other household energy aopsion end uses. ‘Average
annual household energy consumption’ (shown in rfeig6.28) is therefore
determined by adding all the household energy aopsion stocks: space

heating, hot water, cooking, lighting, and applesi\@nergy consumption. Total

172



Chapter 6: Model Conceptualisation and Formulation

annual household energy consumption is determigetiudtiplying the ‘average

annual energy consumption per household’ by ‘hooisish Example of data

driving the module is shown in Table 6.7. As exaemgd well, equations relating
to household energy consumption component of Fi§u8 are given (Eg. 6.25 —
6.29). However, those relating to the carbon eminssicomponent are given in
Section 6.7.6 (Eq. 6.30 — 6.31).

Table 6.9: Sample data for household energy by end-uses

Variable Unit of Minimum  Maximum Mean Standard  Standard
Measurement Error Deviation
Space heating MWh 10.14 15.84 13.54 0.18 1.19
Hot water MWh 3.03 6.64 4.78 17 1.10
Cooking MWh 0.48 1.36 0.86 0.04 0.28
Lighting MWh 0.55 0.69 0.65 0.01 0.04
Appliances MWh 1.07 2.39 1.92 0.06 0.37

(Source: Palmer & Cooper, 2012)

<Occupants
Comfort>
<dwelling .
internal temp> space heating
demand )
<setpoint temp> occupants behaviour
<effect of energy
efficiency on space
heating energy>\> . DX
rate of sgace heating carbon|flepletio
\
space heating energy/ o <Time>
carbon depletion rate
<effect of energy bills or
energy consumption> '
Space Heating Avid - Space Heating
Energy Consumption 7Y Carbon Emissions
energy to carbon
conversion
initial space initial space he_ating
heating energy carbon emissions
energy to carbon
conversion factor

Figure 6.23: SFD for space heating energy consumption and nagbussions
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initial appliances o ]
usage initial appliances

<energy to carbon usage carbon

conversion factor> emssions
) Carbon Emissior}s
) Appliances Energ o due to
appliances usage Consumption B yay - Appliances
demand energy to carbon Energy
A Unversion-
<effect of energy bills o
energy consumption> <occupants
behaviour> g

carbon depletion-
<carbon

rate of appliances
depletion factor>

appliances energy energy usage
<Time>
<effect of energy efficienc %
standard on lighting and Q

appliances energy>

Figure 6.24: SFD for appliances energy consumption and carbugssions
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Figure 6.25: SFD for hot water energy consumption and carbossans
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Figure 6.26: SFD for lighting energy consumption and carbonssions
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Figure 6.27: SFD for cooking energy consumption and carbon €ons
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Figure 6.28: SFD for household energy consumption

rate of space heating = (space heating energy*efi€energy efficiency on space
heating/effect of energy bills on energy consumptid4-
0.15*FORECAST (space heating energy*0.53, 39,
450))*(0.60*setpoint temp)/dwelling internal temp) (Eq. 6.25)

Space Heating Energy Consumption (t) = INTEGRAIlatgrof space heating-
energy to carbon conversion), initial space heatngrgy ()]
(Eq. 6.26)

energy to carbon conversion = Space Heating Ené€Egypsumption*energy to

carbon conversion factor (Eq. 6.27)

average annual energy consumption per household eokdg Energy
Consumption + Hot Water Energy Consumption + LightEnergy
Consumption + Space Heating Energy Consumption pliApces

Energy Consumption (Eq. 6.28)
total annual household energy consumption = averagenual energy
consumption per household*households/10"6 (Eq. 6.29)
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6.6.6 Household C®Emissions Module

As previously mentioned in Section 6.6.5 abovebgaremissions are modelled
by converting energy consumption to carbon emissittmough the use of a
conversion factor termed ‘energy to carbon coneeigiFigure 6.23 — 6.27). It is
important to state that the ‘energy to carbon cosiva factor’ used in this model
iIs assumed to be the conversion factor of energyatbon conversion factor of
energy from electricity source. This is done fangiicity sake. Ideally, energy
conversion factor of different fuelsi.€. gas, olil, electricity,etc) to meet
household energy consumption by end-uses needs tetermined and applied
appropriately. This is however acknowledged as ohéhe limitations of this
model. Average annual carbon emissions per housebhod total annual
household carbon emissions (Figure 6.29) are detethby the same approach

as described under household energy consumptionlmodSection 6.6.5.

<households>

total annual
household carbon
emissions

<Carbon Emissions due

<Space Heating -
Carbon Emissions\ / o o erRes

average annual carbon
emissions per household

<Carbon Emissions due

<Carbon Emissions du to Appliances Energy>

to Cooking Energy>

<Carbon Emissions due
to Lighting Energy>

Figure 6.29: SFD for household carbon emissions

Space Heating Carbon Emissions () = INTEGRAL [é@gy to carbon

conversion- carbon depletion), initial space hegtoarbon emissions
(to)] (Eq. 6.30)
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carbon depletion = Space Heating Carbon Emissioadjion depletion factor
(Eq. 6.31)

average annual carbon emissions per household =b@arEmissions due to
Cooking Energy + Carbon Emissions due to Hot Watsage +
Carbon Emissions due to Lighting Energy + Carbond€simons due to
Appliances Energy + Space Heating Carbon EmissiongEq. 6.32)

total annual household carbon emissions = averageual carbon emissions per
household*households/1076 (Eg3p.3

6.7 Discussion of the Variables not Considered bj¢ Model

Section 6.3 discusses the boundary for the modtiisthesis. It was discussed
there that it is necessary to have a model boundhgyt that detailed the
variables included in the model in the form of egellous and exogenous
variables, and those that are excluded. Considettieg type of complexity
involved in the system being modelled in this reseasome variables relating to
occupants’ behaviour like “occupants’ social clasfluence”, “occupants’
cultural influence”etc. (Table 6.2) are excluded from the model. This @nty
because of the fact that “occupants’ behaviour’the developed model is
currently modelled exogenously based on the assompghat “occupants’
behaviour” externally affects household energy aamstion. Inclusion of these
variables will mean that a lot of time will be contted to conducting social
research relating to different influences on “ocanig’ behaviour” leading to
modelling the “occupants’ behaviour” endogenouslyis is, however, seen as a
limitation of this research.

Additionally, some variables relating to the phgsicharacteristics of dwellings

like dwelling exposure, air changestc. are also excluded from the model. These
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variables are specific to individual dwellings.Section 1.3.2 of Chapter one, the
level of aggregation/disaggregation to be incoratainto the model was
discussed. And it was emphasised that there isndexl to strike a balance
between aggregated and disaggregated variable® tmduded in the model
because of the target audience of the model outphith in this case are the
energy policy decision makers. Furthermore, somabkes relating to external
environment like political uncertainties and enesgcurities are not modelled
considering the scope of the research and nonsiotiuof them signifies the

potential of the model to explore quite an arrajseties.

6.8  Chapter Summary

This chapter has described and discussed the mumedeptualisation and
formulation. The chapter discussed in details mi@mion about those that
participated in the model conceptualisation procées mental model developed
by these individuals was captured in the form adWwledge elicitation in order to
improve and validate the causal diagrams drawrheyrodeller. The final causal
diagrams developed for the model were thereforerde=sl and discussed for
each of the modules in the model. The chapter éddsaribed and discussed the
model formulation in the form of stock and flow giiams for all the modules.
The key algorithms relating the variables togethvere also given. The next

chapter will discuss the behaviour of the modekdamn ‘baseline’ scenario.
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Chapter 7

MODEL BEHAVIOUR ANALYSIS (‘BASELINE’ SCENARIO)

7.1 Introduction

This chapter presents the model behaviour basetherbaseline’ scenario. It
communicates the most likely way in which the hdwaé@ energy and carbon
emissions of the UK housing stock will evolve otlee years starting from 1970
until 2050. The “baseline” scenario assumes tloatimuation of the trends
depicted by historical data based on the curreends of energy efficiency
measures, ‘standard’ consumption behaviour, antygrices. The chapter first
describes the general assumption underpinning ihseline’ scenario. This is
followed by a discussion of the insights from thedal in terms of the behaviour
generated. These are discussed based on the madules model. Comparison

of the results of the model with some previous istsidoncludes the chapter.

7.2  General Assumptions and Description of ‘Baselai Scenario

The ‘baseline’ scenario functions as the referecase to all other scenarios
formulated for this research as will be the proposelicies to experiment, which
will be discussed in Chapter nine. It serves asdme case upon which these all
other scenarios can be compared. The scenario asstlmat there are no much
substantive changes made to the current trendseargg efficiency policy and
efforts with an assumption that no other policy sugas are further introduced
apart from the continuation of the existing oneseantly in operation. In terms of
energy efficiency measures of dwellings, efficieméyheating systems, cooking,
lighting and appliances as evidenced from histbieda available will continue
to follow the current trend, without any specifféogts to upturn the trend.
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Three behavioural classifications are included witthe model. These are
‘frugal’, ‘profligate’ and ‘standard’ behaviouralassifications (as discussed in
Section 2.3.3). ‘Standard’ here means that the wapson behaviour of
occupants is assumed to be a mid-way between th#ligate and frugal
consumption behaviours. The ‘baseline’ scenariaefoee assumes that the
energy consumption behaviour of householders in igKstandard’. This is
assumed to see the dwelling internal temperaturieoaseholders having a set-
point of 19°C. Further, the scenario assumes tyatchange to energy bills will
not significantly affect the energy consumption dabur of the householders as
the ‘standard’ consumption behaviour will be maimta. Both the number of
households and average household size in the UKadtmpn the energy
consumption profile of the UK housing stock, andsaeh there future trends as

emanate from the output of UK population are maeie for the scenario.

7.3 Behaviour Analysis of Some Variables in Populetn/Household
Module

It is shown in the preceding chapter that one eftiodules that constitute the
model of HECCE in this thesis is the populationdehold module. The
importance of this module cannot be over-emphasiasdthe number of
households play a major role in accurately estimgathe amount of energy
consumption in the entire UK’s housing stock. Tikisnainly due to the fact that
energy consumption in homes is driven by the qé@stenergy services like
comfort by occupants. This is to mean that actuergy required in meeting
these services reflects, for example, the typeepfises required by the occupants
and the factors relating to fabric insulation imfes, heating systems, appliances
use, etc. Invariably, householders consume energy as atre$uhem seeking
comfort at home. With this notwithstanding, it issurprising that household
energy consumption is strongly influenced by theubation, the number of
households and the average household size. For péxarthe amount of

household energy consumption attributable to hdemweonsumption and usage
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of some appliances is greatly influenced by theskbold size. However, there is
the minimum level of household energy consumptigplieaable to each
household as the operation of some energy consuapptjances like fridge,

fridge-freezer, or freezeetc.don’t depend on the household size.

The model outputs in this module are presentedigarés 7.1, 7.2, and 7.3 to
respectively illustrate the behaviours of total P&pulation, total number of UK
households, and average household size in the OK £970 until 2050. The
model shows that the total UK population is on pward trend till 2050 (Figure
7.1). The model indicates that the UK populatior66f63 million in 1970 will
grow to 69.78 million by the year 2050. This figisleows a yearly increase of
0.31% on the average. Comparing this figure witttadimom the Office of
National Statistics (2013) suggests that the UKutetpon receive an annual
growth of 0.28% averagely between the year 1970 20%0. Within the same
time horizon of 1970 and 2010, the model outputwshan average of yearly
growth of 0.26% in population. The slight differenio the two estimates can be
attributed to the methods used in the developmietiteomodels.

80 M

70 M -

People
(2]
o
<

50 M

40 M

1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)

Population : Baselinet—+—+—+—%+—%+—+—%+—%+—+—%+—+%

Figure 7.1: Projected total UK population under the ‘baselisegnario
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Additionally, Figure 7.2 shows that the average hanof households on a yearly
basis grows steeply when compared to the steemfighe population output as
shown in Figure 7.1. The result of the model intisahe number of households
of 18.78 million will grow to 34.10 million by thgear 2050. This reflects an
overall average yearly increment of about 1.02%e Glowth in the number of
households is an indication of rising number of kendouseholds, which reflects
that more people tends to live all alone and/anraller family sizes. This is not
only has implications on adequate provision of lnogigor the citizenry, but alter
the housing stock energy consumption profile of @entnsurprisingly, this by
implication means that per capital energy consuonpwill tend to grow as the
number of households increases with attendant deer@ the average household
size. It then shows that the projection of numbérhouseholds is key to

accurately estimating the household energy consomphd carbon emissions.

40M

32.5M

25M

Households

175M

10M

1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2Q50
Time (Year)

households : Baselne——+—4+—4+—4%+—%+—4+—%+—%+—4+—%+—+%

Figure 7.2: Projected total number of UK households under biaseline’ scenario
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Furthermore, in order to gain a more insight irite behaviour of the number of
households as produced by the model, a furtherysisalvas conducted at an
interval of ten years from 1970. The results of thiiudy are compared with that
of Johnston (2003) and Palmer and Cooper (2012hawn in Table 7.1. The

behaviour of this study indicates that an increashe number of households on
a yearly basis, but with a decline in the levetho$ growth until 2050. The result
shows almost the same downward trend as the oafpldhnston (2003) model.

The major difference in the two models lies in tegion of 2040 — 2050, where
Johnston (2003) specifically stated that he fixeel trend of this region (and not
the result of analysis) based on the assumptidrttieanumber of households will
not change in those years. This assumption thelaiesghe difference in the two
models. Correspondingly, when the output of thislelas compared with that of
Palmer and Cooper (2012), which is based on the @Nfdable data till 2010,

the results follow a ‘lumpy’ trend with a combinati of peaks and troughs, but
overall the number of households grow at 0.99% lyearhereas the results of
this model show a growth of 1.02% yearly (Table).7.1

Table 7.1: Average yearly percentage increase/decrease mutneer of households

Year Johnston (2003) Palmer and This Study
(%) Cooper (2012) (%)
(%)
1970 - 1980 - 0.82 0.93
1980 — 1990 - 0.88 0.84
1990 - 2000 0.76* 0.72 0.77
2000 - 2010 0.70 0.81 0.71
2010 - 2020 0.68 - 0.67
2020 - 2030 0.53 - 0.63
2030 - 2040 0.37 - 0.59
2040 - 2050 -0.09 - 0.55
Overall yearly 0.56* 0.99 1.07
average

* The year starts from 1996twas computed based on [(final year value — baser yea

value)/number of years*100%].
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Equally, it is expedient to explain some insightewn by the behaviour of
average household size trend as depicted in FigGrtelThe model result suggests
that the trend of the UK household size averagalgws a downward trend with
the slope of graph between 1970 and 2020 a liitlstbeper than that of between
2020 and 2050. That is, the average householddsidees steadily from 2.96 in
1970 to 2.04 in 2050. The reason for this trend aattributed to the growth in
the number of single person households withoutlobnl as previously advanced.
Traditionally, households, for example, used to pose of married couples
living together with their dependent children, batdecline in this kind of
proportion may also likely responsible for the midaiehaviour. Further to this, it
may be that there is growth in the number of hookEshconsisting of married
couples without dependent children or increasehédroportion of lone parent
households. All these factors may be responsibiettie decline witness in
average household size by the model. The resuttisomodel are consistent with
historical data as contained in Palmer and CoopédZ) and the output of
Johnston’s (2003) model. The next section discudkesbehaviour of key

variables within the dwelling internal heat module.
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average household size : Baselire—t—+—+—+—+—+—+—+—+%

Figure 7.3: Average UK household size under the ‘baseline’ aden
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7.4  Behaviour Analysis of Some Variables within th®welling Internal
Heat Module

In this module, the only variable that changes frmme scenario to others is the
set-point temperature ‘setpoint temp’. The baseldue assumed for this
variable is 19°C. This section, therefore, presémsbehaviour of key variables
within the dwelling internal heat module. As enwated in Chapter six, dwelling
internal heat is required by the developed modejortya with the aim of
modelling its impact on occupants comfort and cqosetly on space heating and
hot water requirements of the householders. Thellidgeinternal heat is
principally influenced by the amount of heat gainetb the dwelling and
determines the dwelling internal temperature. Ta®ltdwelling heat gains
(DHGS) for the entire UK housing stock is modelfemm six different sources as
explained in Chapter six to include: DHGs due tplamces, artificial lighting,
cooking, number of people (metabolic heat gaing)tewheating, and solar gains
as advanced in BRE (2012). The degree of infitrainto/out of the dwelling is

modelled and captured as heat losses.

Figure 7.4 shows the model behaviour for DHGs dueppliances, artificial
lighting, cooking, water heating, heat losses, anchber of people. It should be
noted that the graph (Figure 7.4) uses a multiesapproach in the presentation.
The values -80’ and ‘-200’ denote upper and lowalues respectively for the
variable designated ‘1’ in the graph, which in tbése is ‘heat losses’. Similarly,
the values of ‘400" and ‘200’ respectively dendte upper and lower values of
the second variable designated ‘2’, which in thasecis ‘dhg due to appliances
less cooking’; and so on. The behaviour exhibiteeds that the DHGs due to
appliances, artificial lighting, cooking, number pé&ople, and water heating
follow the same trajectory patterns of gentle dexliThese patterns are, however,
not too distant from the behaviour displayed by #éiverage household size as
shown in Figure 7.3 above. The main reason thaldcba advanced for these

insights is the dominant effect of average houskbie of the UK housing stock
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that has been on decline trend from an averagedéfig 1970 to 2.04 by 2050 as

the model results suggest.
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1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2Q50
Time (Year)

heat losses : Baseline + + + + + + Watts
dhg due to appliances less cooking : Baselige 2> ra 2> ra Watts
dhg due to artificial lighting : Baseline 3 3 3 3 = \Watts
dhg due to cooking : Baseline = = = = = % Watts
dhg due to no of people : Baselirrg==—= 5 5 5 5 Watts
dhg due to water heating : Baselire 5 5 5 5 5 Watts

Figure 7.4: Heat losses and dwelling heat gains due to ap@nartificial lighting,

cooking, no of people, and water heating undetttaseline’ scenario

Further to these, the results as shown in Figutgive an insight into the pattern
of behaviour expecting from the heat losses from WK housing stock. The

output suggests that heat losses from dwellingddvdecrease over time. This is
as a result of different schemes put in place araving airtightness in dwellings

based on melioration of fabric insulation of dwadis. Correspondingly, another
important component of DHGs that is not captureBigure 7.4 is solar gains due
to the limitation of the software that cannot congbmore than six variables in a
graph. Again, this follows the method describedSWP 2012 (BRE, 2012) as
explained in Section 6.6.2 of Chapter 6. Using thisthod involves making a
number of assumptions as presented in BRE (2013rdeng solar flux, solar

transmittance factor for glazing, frame factor, rage solar access factor, and
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average area of openings in dwellings. All thesapaters are constant and this
is why the trend exhibited by solar gains is pdriearizontal trend. The total
DHGs as a result of the summation of these diffegains produces gentle
decline behaviour as illustrated in Figure 7.5.
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|
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1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)
"total dwelling heat gains (dhg)" : Baselinet—+—+—+—%+—%+—%+—+%

Figure 7.5: Total dwelling heat gains under the ‘baseline’ scen

From the foregoing, the total dwelling heat gairkisato the artificial heat
transfer modelled as a flow as shown in Chapteastamong different variables
hypothesised to drive dwelling internal heat tisatiodelled as an accumulations
of natural and artificial heat transfers in and otutiwellings. This then provides
the thermodynamics of heat balance within the dagll Consequently, the
average dwelling internal temperature is modellsdwall. The results of the
model indicate that there is growth in the dwellinternal heat (Figure 7.6) and
average dwelling internal temperature (Figure 7si)ce 1970. The model
predicts that these trends would continue until ®05Another insight from

Figures 7.6 and 7.7 suggest that the trends fall@xsame pattern of growth with
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‘troughs’ and ‘peaks’ corresponding to the periofl€xtreme and milder winter
weather respectively. For example, there was a ‘tirapgh’ in temperature in the
year 2010 due to extreme weather condition of yleat, which correspondingly
affects ‘dwelling internal heat’ and ‘dwelling imteal temperature’ (Figures 7.6
and 7.7). The model then suggests that the weatatition will improve. This
is, therefore, reflected in picking-up again as thehaviours of these two
variables suggest. These results are consistemtthetoutput of a number studies
in the UK predicting that in years to come the Wds the risk of overheating in
dwellings especially at summer time (Banétl al, 2012; CIBSE, 2013) and the
concerns raised by the global climate warming essalt of increase in dwelling
internal heat and accordingly average dwelling rivake temperature. Also, the
results are illuminating in the sense that inftlra into the dwellings will decline
as a result of improved fabric insulation leadingeduced wind forces, which
creates pressure differences within dwellings. Theans buildings will be able
to retain more internal heat as a result of spaaiing and internal temperature
will rise.
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Figure 7.6: Dwelling internal heat under the ‘baseline’ scenari
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For example, the model results envisaged that ttezage dwelling internal
temperature will continue to increase based ordésere of occupants to improve
thermal comfort by raising the temperature set4{paglong as energy prices are
kept low. It needs to emphasise that this will goton increasing indefinitely. At
last, it will get to a saturation level upon whiemy further increase would

constitute a kind of discomfort to occupants.

20

17.5

15

Deg Cent

125

10

1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)

dweling internal temp : Baselinet—+—+—+—+—+—+—+—+—+%

Figure 7.7: Dwelling average internal temperature under theebae’ scenario

7.5 Behaviour Analysis of Some Variables in Occupas Thermal

Comfort Module

In this section, the behaviour of key variablesogcupants thermal comfort
module of the model is presented and insights geéegrfrom the behaviour are
discussed as well. The average dwelling intermalperature from the preceding
section in combination with the average relativentdity serves as input to this
module. This is mainly to model the perceived dinglitemperature in a bid to
model occupants’ comfort. As explained in Chapteth@ perceived dwelling
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temperature is modelled qualitatively based on lkemichart referred to in
Figure 6.18 of Chapter 6. The chart takes the watieaverage dwelling internal
temperature and average relative humidity to esarttae humidex value, which
in turn produces the perceived dwelling temperaasgrahown in Figure 7.8. This
is in combination with other variables like the Ipability of window opening,
probability of putting on clothing, occupants’ medéic build-up and occupants
comfort as discussed in Section 6.6.3. The pattsitmbited by the perceived
dwelling temperature variable resembles that of akerage dwelling internal
temperature as there is gentle growth in the peededwelling temperature. As
the value of perceived dwelling temperature incesag will trigger actions from
the occupants. The actions assumed and includdteimodel are either to open
window(s) or put on more clothing with high thermesistance as the case may

be in order to get the required comfort level.
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Figure 7.8: Perceived dwelling temperature under the ‘baseboehario

It is explained in Section 6.6.3 that probabilities putting on clothing and
window opening are qualitatively modelled from tpatting on clothing lookup’
and ‘window opening lookup’. Therefore, the insghinto the chances of

occupants putting on more clothing or opening wim{¥) that shaped the pattern
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of behaviour of perceived dwelling temperature ($gégure 7.8), occupants’
metabolic build-up (see Figure 7.10), and occupaotsfort (see Figure 7.11) as
generated from the model are shown in Figure 7iAceSthe result of the
perceived dwelling temperature shows a gentle sioggowth (see Figure 7.9),
this implies that occupants will tend to open theirellings window(s) in order to
get the required thermal comfort. Also, it is pbssifor them to remove dense
clothing, which obviously has high thermal resis@mand put on light clothing
with reduced thermal resistance purposely to réguleeir body temperature and
get the desired thermal comfort. The insights ftbe model as shown in Figure
7.9 indicate that over the years, starting fromQLawtil 2050, the probability of
putting on clothing with increased thermal resistawill tend to decline on the
average, while at the same time horizon, the pritibhabf occupants opening
windows to get the required thermal comfort wilkciease as the perceived
dwelling temperature increases. Again, these resutt profound in that they are

consistent with the global climate warming predios.

*
0.5 Dmnl
0.6 Dmnl
0.6 Dmnl
0.4 Dmnl
0.4 Dmnl
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probability of putting on clothing : Baselnet—t+——+——+—+—+%+—+% Dmnl
probability of window opening : Baseline—=2 o—bp 2 Dmnl

Figure 7.9: Probabilities of putting on clothing and window oy under the ‘baseline’
scenario

*Dmnl — dimensionless.
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Stemming from the above, the output of the modedhesvn in Figures 7.10 and
7.11 suggest that the pattern of behaviour of oactg) metabolic build-up and
occupants comfort grow over time. It is as a reetiltise in perceived dwelling
temperature which may lead to a decline in the tgieesmore space heating and
hot water usage. It needs to mention that therebsila time when these growths
would reach a saturation level at which time, theyd to decline. Though, this
model produces no such plausible insight, may ketdiuhe fact that occupants
comfort is being regulated by the two aforementtbaetions of the occupants —
window opening and putting on of clothing. It iss@lpossible that artificial
ventilation may be introduced in future should tredue of occupants comfort
outrageously increased in such a way that the tfwoesaid actions of the
occupants as assumed in this model no longer ydtiold. This may, however,

add to household energy consumption profile.
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Figure 7.10:Occupants metabolic build-up under the ‘baselicengrio
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Figure 7.11:Occupants comfort under the ‘baseline’ scenario

7.6 Behaviour Analysis of Some Variables in Climat-Economic-Energy
Efficiency Interaction Module

For this module, there are baseline assumptionsidered for some of the
variables that changes from one scenario to otimetise module. For example,
‘SAP rating’ is based on the historical data and thllowed to follow the

historical trend, but does not go beyond 0.75. ‘Tsulation factor’ is set at 0%
as there is no change to the historical trend. Alse value of the ‘% increment
on energy bills’ is set at 0% as no increment isuased for the ‘baseline’
scenario. This section of the chapter, thereforeesgthe results of ‘baseline’
scenario analysis performed for the climate-ecooegniergy efficiency

interaction module. This is to show the effectkey variables in the module on
energy consumption and carbon emissions as willlibeussed in Sections 7.7
and 7.8. Figure 7.12 shows the profile of unfavblealimatic effects, which is

internally generated based on interaction of diffiiervariables in the model.

Within the energy related research community, widely accepted that changes
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to the global climate are as a result of increasecarbon emissions in the
atmosphereRogelj, Meinshausen, & Knutti, 2012hcrease in carbon emissions
is then likely to have unfavourable climatic effeche results of this model
shown in Figure 7.12 suggest that unfavourable atitneffects tend to decline.
The reason behind this insight is that carbon donsstend to reduce in
atmosphere. This may be due to different efforereg towards reducing carbon

emissions released into the atmosphere.
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Figure 7.12:The behaviour of unfavourable climatic effects

The effect of energy efficiency standard improvemen dwelling energy
efficiency was qualitatively modelled to show holaetmodel will respond to
changes in energy efficiency standard as dictayethd® values of SAP rating of
dwellings. As shown in Figure 7.13, the model resulggests that the effect of
energy efficiency standard improvement on dwellemgrgy efficiency will tend
to improve, but will not rise above certain val@e76) as the model assumption

for ‘'SAP rating’ suggests.
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Figure 7.13 The behaviour of effect of energy efficiency stard improvement on
dwelling energy efficiency

7.7 Behaviour Analysis of Household Energy Consumjan Module

In this module, the only variable that changeddifferent scenarios is ‘occupants
behaviour’. For the ‘baseline’ scenario, this vilgais assumed to be ‘standard’,
which is designated as ‘2° within the model. Thesights into energy
consumption attributable to the ‘baseline’ scenar® therefore presented in this
section. These insights are discussed based orntieise household energy
consumption. To this end, the following sub-seaishow and discuss the trend
of energy use for space heating, hot water, cogKigbting, appliances (see
Table B1 in Appendix B) as well as total househetergy consumption for the
entire UK housing stock.

7.7.1 Behaviour Analysis of Space Heating EnergyrSamption

The behaviour over time of the average space lgpatergy consumption per
household in the UK is shown in Figure 7.14. Thapdrindicates that the space
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heating energy is by far took the biggest chunkU¥ household energy
consumption. This is because its average annuaévss been hovering around
15MWh per household for the first four decades. HiMitthis period, space
heating energy has been moving in an upward dinectntil the year 2004 when
it begins to fall apart from the year 2010 (whishdue to bad weather condition
of 2010). The reason that could be advanced fogtbeith in energy over the
first four decades may be due to the behaviout@lidé of occupants as they seek
more thermal comfort at home thereby raising therimal temperature of their
homes. It may also due to homes extension oveydhes that results in increased

heated volume, which significantly adds to the sgaeating energy.

Based on the assumptions for the ‘baseline’ scentre model forecasts that the
space heating energy would continue to follow a meard trend from the year
2004 until 2050 due to improvements in energy efficy (SAP rating) as a result
of stringent building regulations and other aredsgovernment campaign
including occupants’ behavioural change towardsgneonsumption. Further to
these reasons, the downward trend as revealecelmalel results may be due to
energy costs that have been on the increase siifd 2s advanced by
Summerfieldet al. (2010) and may be unconnected to milder winteadnier &
Cooper, 2012).
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Figure 7.14: Average space heating energy consumption per holese

197



Chapter 7: Model Behaviour Analysis (Baseline Sceja

7.7.2 Behaviour Analysis of Hot Water Energy Consption

The result of the model suggests that hot waterggnese for average UK homes
has significantly reduced since 1970 and continnethis downward trend as
shown in Figure 7.15. The reason that may be addimethis trend may be
connected to reduction in heat loss from hot wiaieks (in terms of improvement
in energy efficiency ‘SAP rating’) due to improvidyging of hot water pipes and
tanks coupled with improvements in household hgatigstems that is being
witnessed due to changes to building regulationsfugher probe into the
behaviour of the model indicates that the slopehef trend slightly changed
around the year 2014 and follows this new trend tim year 2050. Should the
trend follow the slope of the graph since 1970I&l4 as shown in Figure 7.15,
it may mean that by 2040, the average energy copisomfor hot water would
have net zero, which is practically impossibleideds to note that irrespective of
the demand for cut in household energy consumpitiovill not translate to mean
that no hot water would be required at homes insygacome as there will be a

minimum amount of hot water energy required forhelagusehold.
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Figure 7.15: Average hot water energy consumption per household
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7.7.3 Behaviour Analysis of Cooking Energy Consunapt

The insight as revealed by the model output forrayy® cooking energy

consumption per household is illustrated in FigiuEs. Generally, the trend has
been on a downward direction since 1970 until 2088 a steep slope till 1990s
and the downward trend seems levelling for a speriod since year 2000 apart
for a short period of between 2008 and 2016. Tmeige downward trend may be
due to changes in lifestyle through saving in hbot® cooking energy as most
families eat in eateries, which consequently redube rate of cooking at home.
However, the trend levelling up is more pronouneeaund the year 2016 until
2050. This saw the slope of the trend of averagesdiwold cooking energy to be
gentler compared to the preceding years. The ret@mincould be adduced for
this trend could be explained as a result of aidedh the size of households.
This is due to the fact that cooking energy perdhisaclaimed to be higher in
single — person households [Energy Saving TrusTJEBECC, & (Department

of Environment, Food and Rural Affairs (DEFRA), 201
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Figure 7.16:Average cooking energy consumption per household

199



Chapter 7: Model Behaviour Analysis (Baseline Sceja

7.7.4 Behaviour analysis of lighting energy consutigm

Household lighting energy remains a small fractadntotal household energy.
The behaviour exhibited by the output of the masledhown in Figure 7.17. The
graph shows that the average lighting energy copsom per household
remarkably follows an upward trend since 1970 u@004 when begins to
gradually come down. This decline may be as a resubovernment’s policy of
the Carbon Emissions Reduction Target (CERT), whanbures that energy —
consuming incandescent bulbs are replaced in hanteenergy — efficient ones.
However, the simulation result suggests that the od decline of household
lighting energy consumption would decrease as f&if6 as against the trend
witnessed between 2004 and 2016. This may be asud ©of likely increase in
the lighting points in homes especially in the kéns and bathrooms, which are
even most times of higher specifications. This riegrefore likely reduce rate of
decline by offsetting the savings that would hageorded should the trend of
decline between 2004 and 2016 maintained.
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Figure 7.17: Average lighting energy consumption per household
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7.7.5 Behaviour Analysis of Household Appliances &gy Consumption

The simulation result of the model as shown in Feg7.18 suggests that
household appliances energy use has been on tleasecsince 1970. This result
is consistent with historical data (Palmer & Coo®$12). The reasons for this
trend are explained based on three factors thdd dmiresponsible based on the
author’'s conjecture. Firstly, the trend may be tme¢he fact that many homes
now acquire electric gadgets more than before, kvbantinue to grow, based on
changes in occupants’ lifestyle and their accessntowe disposable income.
Secondly, owing these gadgets alone may not re@sukurge in household
appliances energy if they are not put into use.tiB®rate at which these gadgets
are being put into use has been on the increase Ny probably due to changes
in lifestyle as previously argued. Additionally,artging to the use of energy —
consuming appliances for some tasks or games thae vpreviously or
traditionally completed manually as well as usingmies as offices may be
responsible for this surge.

Thirdly, the results of the study conducted by E3&I. (2012) indicate that the
use of cold appliances like freezer and large &sdgas been on the increase and
they constitute about 50% of the household appiarmenergy use. Further, there
has been growth in the use of microwaves to thawromen food. Combining all
these together has seen household appliances eoerthe increase. However,
there is an event overturn in and around 2016 estdd by the result of the
simulation that household appliances energy wilbfe a gentle decline till 2050.
This output may explain the optimistic view regagldifferent on-going research
efforts directed at improving the energy efficienof/ cold appliances. This
hopefully would see the deployment of even morergneefficient cold
appliances in the coming years as they have a simare in the household

appliances energy consumption.
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Figure 7.18: Average appliances energy consumption per household

7.7.6 Behaviour Analysis of Average and Total Anriddousehold Energy

Consumption

Figure 7.19 shows the trend exhibited by the awemagual household energy
consumption. It is necessary to state that theageeannual household energy is
determined by summing up all the different averageusehold energy
consumption based on end-use as discussed inebeding sub-sections above.
The trend for average annual household energy cgotson follows the pattern
exhibited by average household space heating ermgsumption. This trend
further explains the fact that household space éeatgy has the biggest chunk of
UK household energy therefore moderating the belhawf average household
energy. Similarly, total annual household energysconption, as shown in Figure
7.20, follows the same trend as this was compubedhfe entire UK housing
stock. The output of average annual household gramgsumption is multiplied
by the number of households which has been groosway the years may be due

to conversion of some office buildings to homes.wedwer, the effect of the
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growth in number of households may have overbldwentotal annual household

energy consumption for the UK housing stock to sextent.
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Figure 7.19: Average annual energy consumption per household
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Figure 7.20:Total annual energy consumption for the UK housitagk

A further analysis regarding the household eneagyysumption based on end uses
for the entire UK housing stock is carried out the ‘baseline’ scenario. This
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analysis is conducted for the years 2020 and 20B@ive to the year 1990. This
kind of analysis is necessary majorly to determihe extent to which the
household energy consumption has been reduced lmrwse under the
‘baseline’ scenario assumptions for the model. @aM.2 and 7.3 illustrate the
changes in household energy for the year 2020 @&@ &lative to the year 1990

respectively.

The results of this analysis for the year 2020 ¢asethe ‘baseline’ scenario as
shown in Table 7.2 suggest that the total housebo&tgy consumption for the
entire UK housing stock is expected to withessdaicgon of about 45.92TWh of
energy. This amount translates to about 9% redudtyothe year 2020. Further to
this, the analysis within the period suggests Hpce heating is expected to
witness a reduction of about 8%, hot water abodb,26ooking about 44% and
lighting about 11%. However, appliances energytlier same period is expected

to increase by about 35%.

Table 7.2: Change in household energy consumption by endsased on ‘baseline’

scenario for the year 2020 relative to 1990

Household Household *Change in *Percentage

energy energy household change in
consumption consumption energy household
(1990) (2020) consumption energy
(TWh) (TWh) (TWh) consumption
(%)
Space heating 300.92 276.88 -24.04 -7.99
Hot Water 108.20 79.41 -28.79 -26.61
Cooking 18.88 10.52 -8.36 -44.28
Lighting 15.29 13.62 -1.67 -10.92
Appliances 47.93 64.87 +16.94 +35.34
Total 491.22 445.30 -45.92 -9.35

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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For the year 2050, the analysis of results as shiowrable 7.3 indicates that the
total household energy for the UK housing stockxpected to reduce by about
27% relative to 1990 under the ‘baseline’ scenagsumptions. This percentage
sees the total household energy less by 130.67TWienwcompared to
491.22TWh it was in the base year 1990. Additignathe results of the model
suggest that the energy consumption due to spatmges expected to reduce by
76.37TWh, which translates to about 25% reductimanergy by 2050 relative to
1990 as base case. Also, the energy consumptidbuéble to hot water is
anticipated to reduce as well by 44.47TWh, whichoants to about 41%
reduction, again relative to 1990 base case. Quorelngly, the results of the
model suggest that the energy consumption for capid expected to marginally
reduce by about 45% as against the 44% reductivisaged for the year 2020.
As expected, the model results indicate that tleeggnconsumption for lighting is
expected to reduce as well for about 25%. Regartlegappliances energy
consumption, the model results suggest that thianticipated to increase by
about 5% relative to the base year 1990. Howehes, witnesses a reduction in

consumption when compared to the results of the 3@20.

Table 7.3:  Change in household energy consumption by enddased on ‘baseline’

scenario for the year 2050 relative to 1990

Household Household *Change in *Percentage
energy energy household change in
consumption consumption energy household energy

(1990) (2050) (TWh) consumption consumption (%)

(TWh) (TWh)
Space heating 300.92 224.55 -76.37 -25.38
Hot Water 108.20 63.73 -44.47 -41.10
Cooking 18.88 10.40 -8.48 -44.92
Lighting 15.29 11.44 -3.85 -25.18
Appliances 47.93 50.43 +2.5 +5.21
Total 491.22 360.55 -130.67 -26.60

*Relative to 1990 base as enshrined in Climate @Qleasxct of 2008
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The changes expected to occur in energy consumpised on end uses are
based on the projection of continuation of curregehds in fabric insulation,
energy efficiency, energy prices, and consumptemaliour. As fabric insulation
(‘insulation factor’) and energy efficiency improy&ffect of energy efficiency
standard improvement on dwelling energy efficiepcyéduction in household
energy consumption is anticipated. Also, standamisemption behaviour with
moderate rise in energy prices (‘% increment ongynbills’) is expected to lead
to a reduction in household energy consumptiorhbyyear 2050 as model output
suggests. However, it needs to emphasise thaetudts of the simulation run for
the ‘baseline’ scenario indicate that the total hanof UK households as well as
average internal temperature increases within pleigsod. They now tend to
increase the total household energy consumptionthilVithis period, the
occupants’ thermal comfort also increases as casebe in Figure 7.11, Section
7.5 of this chapter. The implication of these worddult in rebound effects as the
majority of the savings accruable would have bergpeeded on getting an

improved comfort.

7.8 Behaviour Analysis of Household C®@Emissions Module

Figure 7.21 (see Table B2 in Appendix B for theuesl) show the graphs of
household carbon emissions by end-use, while Figu2? show that of
household carbon emissions in terms of average anmousehold and total
household respectively. These results are prof@snthe behaviour exhibited by
household carbon emissions by end-use (Figure a2®ell as the one shown in
Figure 7.22 is similar to the ones demonstratetidiysehold energy consumption
by end-use (Figures 7.14 — 7.18), and averagea@abannual household energy
consumption (Figures 7.19 — 7.20) respectivelysThiend may be due to the fact
that carbon emissions are as a result of energgucoption. However, the
dominant type of energy consumed by householdensidvgo a long way in

moderating household carbon emissions. Assessmcavierage annual carbon
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emissions per household and total annual housetardon emissions, it was
noted that carbon emissions has been on a downduaction since 1970. That
is, average annual carbon emissions per houselaoig fallen remarkably since
1970 and the model projects that the trend wilsbstained till 2050 based on the
carbon reductions agenda of the government. Theubus similar to the trend

witness in historical data (Palmer & Cooper, 20&48)the trend (Figure 7.22)
follows a ‘lumpy’ trend with troughs and peaks tlwatrresponds to mild and

severe weather conditions.

It is necessary to conduct a further analysis sfilte in order to reveal additional
insights as well as see the extent to which thbaraemissions reductions target
are achieved for the ‘baseline’ scenario. Tabldsand 7.5 illustrate the changes
or reductions expected in household carbon emission the years 2020 and
2050 relative to the year 1990. The Climate ChaAge of 2008 in the UK
stipulates carbon emissions reductions target &b &hd 80% relative to 1990
level by the years 2020 and 2050 respectively.
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Figure 7.21: The graph of household carbon emissions by endder the ‘baseline’

scenario
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Figure 7.22: The graph of total and average annual householibnamissions under

the ‘baseline’ scenario

Table 7.4: Change in household carbon emissions by end-usedban ‘baseline’

scenario for the year 2020 relative to 1990

Household Household  *Changein  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(2990) (million (2020) (million  emissions emissions (%)
tonnes of CQ) tonnes of CQ) (million
tonnes of CQ)

Space heating 94.47 53.19 -41.28 -43.70
Hot Water 44.15 32.09 -12.06 -27.32
Cooking 7.93 4.21 -3.72 -46.91
Lighting 6.04 5.50 -0.54 -8.94
Appliances 18.43 26.29 +7.86 +42.65
Total 171.01 121.28 -49.73 -29.08

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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To this end, the model results in Table 7.4 sugtjest the carbon emissions
ascribable to the UK households are expected tineelsy 49.73 million tonnes
of CO, by the year 2020. This amount represents aboutr2@¥ctions in carbon
emissions. The implication of this result is thatdar the ‘baseline’ scenario, it
unlikely to meet the target reductions of 34% ashened in the Climate Change
Act of 2008. A further analysis based on end usmseals that the greatest
reductions are expected to happen in space heatihgsh is anticipated to
witness 41.28 million tonnes of G@ductions by the year 2020.

Table 7.5: Change in household carbon emissions by end-usedban ‘baseline’

scenario for the year 2050 relative to 1990

Household Household  *Change in  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(21990) (million (2050) (million  emissions emissions (%)
tonnes of CQ) tonnes of CQ) (million
tonnes of CQ)

Space heating 94.47 32.46 -62.01 -65.64
Hot Water 44.15 25.71 -18.44 -41.77
Cooking 7.93 4.16 -3.77 -47.54
Lighting 6.04 4.61 -1.43 -23.68
Appliances 18.43 20.35 +1.92 +10.42
Total 171.01 87.28 -83.73 -48.96

*Relative to 1990 base as enshrined in Climate @eafct of 2008

The analysis conducted for the year 2050 reveads tiee carbon emissions
attributable to the UK housing stock are expectediécline by up to 83.73
million tonnes of CQ This amount represents about 49% reductions linoca
emissions by the middle of this century. Similatlye implication of this result
under the ‘baseline’ scenario suggests that ikahjlito meet the target reductions
of 80% as enshrined in the Climate Change Act @&82@\n additional analysis

based on end uses shows that the chunk of the tredsieexpected in carbon
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emissions are to occur in space heating. This tisipated to witness about 62

million tonnes of CQreductions by the year 2050.

7.9  Comparison of ‘Baseline’ Scenario Results witther Model Results

The section discusses results of comparison ofitageline’ scenario with the

results of Johnston’s (2003) ‘business-as-usuahado. The Johnston’s (2003)
‘business-as-usual’ scenario is based on the dutrends of energy efficiency

improvements as at the time the research was ctediudost of the assumptions
made by Johnston (2003) for the scenario are girtolahis model’s ‘baseline’

scenario assumptions. The results of this comparatnalysis are summarised in
Tables 7.6 and 7.7 for household energy consumgimh household carbon
emissions respectively. The results shown in TalBlésand 7.7 for the total

annual household energy consumption and carbonsemss display the same
pattern of trend. There are, however, some difiggenn the two models. The
values of total annual household energy consumpdien lower than that of

Johnston (2003).

Table 7.6: Change in household carbon emissions by end-asedbon ‘baseline’

scenario for the year 2050 relative to 1990

Total annual household energy consumption
(KWh)

1990 2000 2010 2020 2030 2040 2050

‘Baseline’ scenario 491.2546.8 519.4 445.3 413.1 385.4 360.6

Business-as-usual scenario - 556.9 555.0 547.8 530.1 511.4 437.9
of Johnston (2003)
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Table 7.7:  Change in household carbon emissions by end-asedbon ‘baseline’

scenario for the year 2050 relative to 1990

Total annual household carbon emissions
(million tonnes of COy)
1990 2000 2010 2020 2030 2040 2050

‘Baseline’ scenario 171.0164.2 140.1 121.3 109.2 98.0 87.3
Business-as-usual scenario - 132.7 1325 137.1 127.7 118.0 975
of Johnston (2003)

This may likely due to the fact that the evidenanT historical data utilised by
this model suggest a drastic reduction in energysemption. This is because of
different schemes of Government regarding energguwmption yielding positive
results. These differences are likely due to déiférassumptions made, input data
utilised, and/or the modelling philosophy employsdhe two models. Regarding
the different assumptions made, the two modelglglshow that there are some
differences in household carbon emissions (seesTald). This difference may be
as a result of the assumption made by this modgrding the energy to carbon
conversion factor as enunciated in Section 6.6)80,Ainput data utilised are
different. Johnston (2003) used data from a nunabesources, basically from
Shorrock and Dunster (1997) as published by BRES fdsearch too utilised data
from different sources, basically from Palmer arabg@er (2012) as published by
DECC. It should be noted that DECC is the Goverrinbealy housing energy
data in the UK. Data used in this research is mecent than that of Johnston
(2003). This may therefore account for the diffeesn Finally, it may be due to
the modelling philosophy used by the two modelshndton’s model was
implemented using Excel template based on builgimgsics, which only utilises
quantitative data; while the model in this researchmplemented using SD,
which is based on feedback control. It is worth tieering that the SD modelling
approach utilised in this thesis combined bothghantitative and qualitative data

sources together, this is seen as the main strengtis approach.
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7.10 Chapter Summary

This chapter has described and discussed the g@sstanptions made under the
‘baseline scenario’. The model behaviour under siesnario suggested the way
by which household energy consumption and carbasseoms attributable to the
UK housing stock would evolve over the years uritter assumptions that the
current energy efficiency measures, consumptioraldehr and energy prices
trends will be sustained. The results of key vadeslbdrom each of the modules
were discussed. In the population/household modtie, model behaviour
indicated that the total UK population is on thevapd trend until 2050. Also, the
number of households in the UK was predicted byntloelel to likely grow on a
yearly average of 1.02%, while the average houskesiak tends toward two per
household by the year 2050. Under the dwellingriragl heat module, the model
output suggests that both the dwelling internalt h@ad dwelling internal
temperature will continue to grow. These are duemprovements envisaged in
dwellings’ thermal performance, thereby increastlvgellings’ airtightness and
the desire to improve thermal comfort by raising temperature set-point by

householders.

Furthermore, the chapter discussed the insightsreed from key variables under
the occupants thermal comfort module. These inctbdeébehaviour of perceived
dwelling temperature that the model output suggestswill grow over the year
until 2050. The reason for this trend is as offarader the discussion of dwelling
internal heat and dwelling internal temperatureisTé seen to result in improved
occupants’ thermal comfort. Within the climatic-aomic-energy efficiency
interaction module, the model results suggest that unfavourable climatic
effects will decline as a result of efforts aimiag reducing carbon emissions.
However, the model result suggests that the etieennergy efficiency standard
improvement on dwelling energy efficiency will tetd improve. The results
from the scenario suggest that about 9% and 27#4ctieds in household energy
consumption are visible by the years 2020 and 285pectively below the year

1990 levels. These translate to savings of 29%488d in carbon emissions by
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the years 2020 and 2050 respectively. The insifgbis the model show that the
greatest savings in both household energy consampiid carbon emissions are

expected from space and water heating.

213



Chapter 8

MODEL TESTING AND VALIDATION

8.1 Introduction

In SD methodology, model testing and validation e@garded as important
stages. This chapter therefore reports the modehteand validation process as
completed for the developed model in this thesiss Thapter first discusses the
SD validation tests that can be performed. Thiliswed by some background
information on experts and professionals who toak m the validation exercise.
Afterward, the chapter discusses the results ofviielation tests performed in

terms of structure-oriented and behaviour pattestst

8.2 Model Validation Tests

As previously given under Section 6.6, the devedop®odel in this thesis is
simulated using Vensim DSS for Windows Version B Xbftware. Vensim is
one of the SD modelling tools that commonly in usebuild, simulate and
analyse SD models. Researchers acknowledge Modsingieand Validation
(MTaV) as an important aspect of any model-basetthod®logy like SD (Barlas,
1996; Ranganath & Rodrigues, 2008) and as suchyaat step that is not to be
disregarded whatsoever. It is significant in thasgsethat the validity of results
emanating from the model is heavily dependent envdiidity of the model itself.
MTaV is the process of testing the soundness an@éatoess of construction of
the model while establishing confidence in the ulseflss of the model (Coyle,
1997; 1977). Hence, this MTaV exercise proves tteglibility of the outputs
from the model and ascertains that the resultsratwly represent reality. Testing

the model actually means validating it.

214



Chapter 8: Model Testing and Validation

However, some researchers argue that MTaV is armarsial issue (Barlas,
1996) because there is no single approach thatdwallbw the modellers to
ascertain that their models have been validatedth&u to this controversy,
Sterman (2000) contends that complete model vadidas practically impossible
and as such more emphasis needs to be laid on rresiiglg in order to build

confidence that the model is adequate for the dedrpurpose.

To this extent, there are quite a number of testassess the validity of SD
models. This is generally divided into structureented and behaviour pattern
tests (Forrester & Senge, 1980; Barlas, 1985; 18¢hardson & Pugh, 1999;
Sterman, 2000; Groesser & Schwaninger, 2012). &sts tnclude and not limited
to (1) structure-oriented tests — boundary adequastgucture assessment,
dimensional consistency, parameter assessmentgenextrconditions, and
integration error, (2) behaviour pattern tests kaveour reproduction, behaviour
anomaly, family member, surprise behaviour, sensitianalysis, and system
improvement. The purpose of each of these test@oid/procedures required are
illustrated in Table 8.1 as adapted from the wdrkterman (2000). The tests are

therefore discussed in Sections 8.4 and 8.5.

8.3 Details of Participants in Model Testing and Vidation

This section discusses the details of the expdrtgh(from energy and SD
backgrounds) that participated in the model vaidtafprocess as explained in
research methodology chapter. Table 8.2 shows dlokgibound information of
the fifteen experts that took part in the reviewtltd model and its output (see

Appendix D1 for the validation instrument).

Similarly to the background questions asked therutwees during the model
conceptualisation validation as explained in Chaptethese same background
questions were asked. This is basically to oncénagstablish the reliability of

the participants in the model validation.
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Table 8.1: SD validation tests

Test

Purpose of Test Recommended Tools and Procedures

A. Structure Validity
1. Boundary
Adequacy

Are the important concepts for addressingyse model boundary charts, subsystem
the problem endogenous to the model? diagrams, causal diagrams, stock and flow
Does the behaviour of the model change maps, and direct inspection of model
significantly when boundary assumptionsequations.

are relaxed? Use interviews, workshops to solicit expert
Do policy recommendations change whempinion, archival materials, review of
the boundary is extended? literature, direct inspection/participation in

system processestc.

Modify model to include plausible additional
structure; make constants and exogenous
variables endogenous, then repeat sensitivity
and policy analysis

2. Structure
Assessment

Is the model structure consistent with  Use policy structure diagrams, causal
relevant descriptive knowledge of the  diagrams, stock and flow maps, and direct
system? inspection of model equations.
Is the level of aggregation appropriate? Use interviews, workshops to solicit expert
Does the model conform to basic physicabpinion, archival materials, direct inspection
laws such as conservation laws? or participation in system processes, as in (1)
Do the decision rules capture the above.
behaviour of the actors in the system? Conduct partial model tests of the intended
rationality of decision rules.
Conduct laboratory experiments to elicit
mental models and decision rules of system
participants.
Develop disaggregate submodels and
compare behaviour to aggregate formulations.
Disaggregate suspect structures, then repeat
sensitivity and policy analysis.

3. Dimensional
Consistency

Is each equation dimensionally consistentse dimensional analysis software.
without the use of parameters having no Inspect model equations for suspect
real world meaning? parameters.

4. Parameter

Are the parameter values consistent withUse statistical methods to estimate parameters

Assessment relevant descriptive and numerical (wide range of methods available).
knowledge of the system? Use partial model tests to calibrate
Do all parameters have real world subsystems.
counterparts? Use judgemental methods based on
interviews, expert opinion, focus groups,
archival materials, direct experienets.
Develop disaggregate submodels to estimate
relationships for use in more aggregate
models.
5. Extreme Does each equation make sense even Inspect each equation.
Conditions when its inputs take on extreme values? Test response to extreme values of each

Does the model respond plausibly when input, alone and in combination.

subjected to extreme policies, shocks, an8ubject model to large shocks and extreme

parameters? conditions. Implement tests that examine
conformance to basic physical laws.

6. Integration
Error

Are the results sensitive to the choice of Cut the time step in half and test for changes

time step or numerical integration in behaviour.

method? Use different integration methods and test for
changes in behaviour.

(Adapted from Sterman, 2000)
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Table 8.1: Continued.

Test

Purpose of Test

Recommended Tools and Procedare

B. Behaviour Validity
7. Behaviour
Reproduction

Does the model reproduce the
behaviour of interest in the system
(qualitatively and quantitatively)?
Does it endogenously generate the
symptoms of difficulty motivating the
study?

Does the model generate the various
modes of behaviour observed in the
real system?

Do the frequencies and phase
relationships among the variables
match the data?

Compute statistical measures of
correspondence between model and data:
descriptive statistics(g. R?); time domain
methods €.g.autocorrelation functions);
frequency domain methods.g.spectral
analysis); many others.

Compare model output and data
qualitatively, including modes of
behaviour, shape of variables,
asymmetries, relative amplitudes and
phasing, unusual events.

Examine response of model to test inputs,
shocks, and noise.

8. Behaviour

Do anomalous behaviours result when Zero out key effects (loop knockout

Anomaly assumptions of the model are changedanalysis).
or deleted? Replace equilibrium assumptions with
disequilibrium structures.
9. Family Can the model generate the behaviour Calibrate the model to the widest possible
Member observed in other instances of the sameange of related systems.
system?
10. Surprise Does the model generate previously Keep accurate, complete, and dated records
Behaviour unobserved or unrecognised behaviourd@ model simulations. Use model to

Does the model successfully anticipatesimulate likely future behaviour of system.

the response of the system to novel
conditions?

Resolve all discrepancies between model
behaviour and your understanding of the
real system.

Document participant and client mental
models prior to the start of the modelling
effort.

11. Sensitivity

Numerical sensitivityDo the numerical

Perform univariate and multivariate

Analysis values change significantly.... sensitivity analysis.
Behavioural sensitivityDo the modes Use analytic methods (linearization, local
of behaviour generated by the model and global stability analysistc).
change significantly.... Conduct model boundary and aggregation
Policy sensitivity:Do the policy tests listed in (1) and (2) above.
implications change significantly....  Use optimisation methods to find the best
....when assumptions about parameterparameters and policies.
boundary, and aggregation are varied Use optimisation method to find parameter
over the plausible range of uncertaintyZombinations that generate implausible

results or reverse policy outcomes.
12. System Did the modelling process help changeDesign instruments in advance to assess the
Improvement the system for the better? impact of the modelling process on mental

models, behaviour, and outcomes.
Design controlled experiments with
treatment and control groups, random
assignment, pre-intervention and post-
intervention assessmeetc.
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As shown in Table 8.2, the organisation type, acadejualification, years of
experience in household energy related issuesyaad of experience in system
dynamics modelling of the interviewees are captur&€te interview participants
are nine from the private sector representing 60%h e interviewees, while the
remaining six representing 40% belongs to the pudsictor. This indicates that
the views of both the public and private sectorgarding issues relating to
household energy consumption are captured. Theeatadjualification of the
participants reveal that majoritfN€9) of the interviewees hold a minimum of
master’s degree (60% of the interviewees), fouhem representing 26.7% hold
a bachelor's degree, while the remaining 13.3% haldPhD degree. The
implication of this is that all the intervieweesvikathe requisite academic
qualification qualified them to presumably knowledgle about the issues being

sought by the study.

It is equally important to capture the years of engnce of the interviewees in
order to ensure that those interviewed have inwbdved have deep knowledge on
issues relating to household energy consumptioroar8D. The interviewees
have an average of 17.5 years of experience oressselating to household
energy, which incidentally, the same as for thogerviewed during the model
conceptualisation stage in Chapter 6. Similarlg, thean years of experience of
the three interviewees in SD modelling is 18.4 ge shown in Table 8.2. This
implies that the system dynamicists that parti@dain the validation are with

requisite years of experience.

Again as done at the model conceptualisation sta@iapter 6, the interview of
each interviewee started with a brief descriptibthe research by highlighting its
aim and objectives. The purpose of the validatask together with the expected
outcomes was explained to each of the intervieweasly to ensure that the
exercise is as clear as possible to them. Thevietgees were first given the final
causal diagrams produced for each of the modulethenmodel. The SFD
developed from the CLDs were shown to them on #p¢op together with the
assumptions made. Some of the tests performednatitiei Vensim software were
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demonstrated to them prior to the model simulatiime model simulation was
then performed for the ‘baseline’ scenario and ghegphs of the major outputs
from the model were viewed by the interviewees. 8asther scenarios were
performed and the outputs from them were asse$éesiface validity then forms
the basis for the validity by scoring approach dase some pre-determined
criteria as shown in Table 8.3. Further to the faedidation, the system
dynamicists interviewed subjected the model to larotround of scrutiny by
performing all the necessary model validation te&tso, they check some of the

equations developed in the model and assess fh@io@riateness and conformity

with the general rules guiding the SD modelling.

Table 8.2: Background information of experts participatedriadel validation

Category Classification Frequency Percentage (%)
Organisation Type Public 6 40
(N=15) Private 9 60
Total 10 100
Academic Bachelor’s degree 4 26.7
Qualification (N=15) Master’'s degree 60
PhD 13.3
Total 10 100
Years of Experience 6-10 2 16.7
in Household Energy 11-15 3 25
Related Issues 16-20 6 50
(N=12) 21-25 1 8.3
Mean =17.5
Years of Experience 11-15 33.3
in System Dynamics 16-20 2 66.7
Modelling (N=3) Mean = 18.4

N = Number of interviewees
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For scoring method, the interviewees were askess$ess the model according to
a set of pre-determined criteria based on the SDem@viewed by them. Chew
and Sullivan (2000) argues that the objective gf model validation is to ensure
that it adequately reflects the model objectivesther to this, Sargent (2005) and
Martis (2006) suggest that the model developed Idhadequately meet the
following criteria: logical structure, clarity, cgrehensiveness, practical
relevance, applicability, and intelligibility of ¢hmodel. These criteria were the
ones included in the questions asked the intengaswEhe scores ascribed to each
of the criteria are based on ‘5’ representing ‘dect’, ‘4’ — ‘above average’, ‘3’

— ‘average’, ‘2’ — ‘below average’, and ‘1’ — ‘pdoifable 8.7 shows the results

for this method of validation.

Table 8.3: Model validation based on scoring method

Criteria Score Mean*
5 4 3 2 1 Score
Logical structure 4 8 3 0 0 4.07
Clarity 5 8 2 0 0 4.20
Comprehensiveness 3 9 3 0 0 4.00
Practical relevance 4 10 1 0 0 4.20
Applicability 2 9 4 0 0 3.87
Intelligibility 2 7 6 0 0 3.73

*Mean Score =(5*n+ 4*n, +3*n3 + 2*n, +1*n,)/(5+4+3+2+1) where R, n,,.... correspond

responses relating to 5, 4, .... respectively.

The logical structure has a mean score of 4.0¢atielig that this score is by far

above the average. The logical structure here sssehe consistency of the
model with the properties of the real system bemgicked. This results indicate

that no logical disjoint with the real system ex#&liso, the mean scores for clarity
and practical relevance are each 4.02 suggestatgtile respondents agree that
the model is well clear with practical relevanceissues relating to household
energy consumption and carbon emissions. Furthemomodel

comprehensiveness has a mean score of 4.00, whigWwssthat the model
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captures important variables purporting to influseoergy and carbon emissions
and has the capability of addressing the problendeustudy. Applicability and

intelligibility of the model have a mean score 08B and 3.73 respectively as
shown in Table 8.3. These scores are, once aganoveahe average suggesting
the usefulness of the model. They also reinforee dbmments of the experts

interviewed as given under the Section 8.4.2.

8.4 Structure — Oriented Tests

The main aim of structure-oriented tests is to @ae that the model outputs
capture and consistent with the real system besplicated. The tests ensure that
the model is appropriate for the target audien@n@@nath & Rodrigues, 2008).
Further to this, the tests focus on the suitabiitythe level of aggregation and
determine whether or not the basic physical lawssaiictly adhered to regarding
the parameters utilised in the model. In this resgahe model is subjected to the

following structure-oriented tests in order to hawalidated.

8.4.1 Boundary Adequacy Test

As shown in Table 8.1, the boundary adequacy tessigss the appropriateness of
the model boundary to capture the problem undeestigation. The model
boundary charts for this model is shown in Tab &. Chapter 6, which is one
of the useful tools to conduct boundary adequasisteApart from the model
boundary chart, the model CLDs of different modwiese validated qualitatively
through a series of interviews held with experts practitioners in issues relating
to household energy as explained in research melibgyl chapter as well as
Section 6.2 of Chapter 6. The feedback from thaeterviews indicates that the
study captures important variables relating to HECEowever, some of the
interviewees are of the opinion that there are mma@ms for improvement

through making some of the exogenous variablesddaipants’ behaviour in the
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model endogenous as well as expanding the bourmdahe model by including

some of the excluded variables in the upgradedarecs the model.

8.4.2 Structure Assessment Test

According to Sterman (2000), the structure assesstests whether or not the
model structure is consistent with relevant desiepknowledge of the system
and conforms to basic physical laws. It also tegtether or not the level of

aggregation of the model is appropriate as testatkruthe model boundary
adequacy tests. In this research, the modellengauénsures that the structure of
the model considers all the real life issues that @onsistent with relevant
descriptive knowledge in the subject. This is doa¢ both model

conceptualisation and complete model validatiogesta

At the model validation stage, the results of titenviews conducted indicate that
both the energy and SD experts interviewed arsfsatiwith the structure of the
model in terms of its description of the relevanbWwledge in the subject. One of
the interviewees reports thdhe structure of the model makes it easy to follow
and is simple to understand even if you are notlf@amwith energy issues or
system dynamics’Another interviewee expresses tlthe structure of the model
demonstrates how a large number of variables aterialated in a logical
manner”. When asked to comment generally on the structdir¢h® model,
another interviewee notes ttgtis is a very well developed model which appears
to represent a very impressive body of work”

Additionally, both the modeller and the system dyiasts interviewed
gualitatively inspected some of the model equationarder to assess whether or
not they are conformable to and consistent with hsic physical laws. The
result of this exercise suggests that all the égstinspected are conformable to
basic physical laws and do make sense. Also, tperte of the interviews

conducted the energy experts suggest that the nmiocates all the significant

222



Chapter 8: Model Testing and Validation

variables and the level of aggregation is consistath the target audience for the

model.

8.4.3 Dimensional Consistency Test

The dimensional consistency test assesses the reqdations for dimensional
consistency and check whether or not all the usiig values attributed to the
model parameters are consistent with relevant stateding of the system under
investigation (Sterman, 2000). In order to ensurat the model is validated
accordingly, the dimensional analysis tool withinre tVensim software was used
to conduct this test. In Vensim, the software awteally checks the dimensions
of all the variables and the equations in the madelrder to ascertain that they
are consequently balanced. For the model in tigsishthe dimensional analysis
tool was invoked and all the units of the modelialdles and equations were

verified and balanced accordingly.

8.4.4 Parameter Assessment Test

According to Sterman (2000), the parameter assegsiest evaluates the model
parameters and check whether or not all their waare consistent with relevant
descriptive and numerical noesis of the systems Tiki consistent with the
argument of Ranganath and Rodrigues (2008) thatntimaerical values of
parameters should have real system equivalent®order to ensure that the
parameter assessment of the model variables isuatidy evaluated, Sterman
(2000) suggests the tools and procedures for adgielis as shown in Table 8.1.
Among the ways suggested are the statistical addejmental methods. The
values of majority of parameters in the model aleh from relevant published
data sources as discussed in Section 4.4.2. Far&athe following parameters

(solar flux, solar transmittance factor for glazinijame factor, et¢.under the
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dwelling internal heat module are extracted from 8AP data (BRE, 2012) (See
Section 4.42.

8.4.5 Extreme Conditions Test

The extreme conditions test evaluates how soundr@maist the model is based
on its response to the variables subjected to metrgalues. This test then
assesses the model equations and check whethet tray still make any sense
when subjected to extreme conditions. In orderesi aind validate the model
against this structure-oriented test, the model sudigugated to extreme values of
some parameters. For example, the model was s@lointit extreme values of
‘insulation factor’ and ‘% increment of energy billwhich are varied for 0% and
100%. The model results indicate that the behawbtine output still make sense
without any plausible or irrational response imerof the values of outputs as

shown in Figures 8.1 to 8.4.

600
450
£ 300
150
0
1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2Q50
Time (Year)
total annual household energy consumption : Ingudactor set to 0%—% .y .y .y T T T
total annual household energy consumption : Inguldactor set to 100Yo=——2- o o > > > >

Figure 8.1: Total annual household energy consumption undsulation factor’ set to
0% and 100%
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total annual household carbon emissions : Insuldtictor set to 0% 1 e T 1 1 + T
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Figure 8.2: Total annual household carbon emissions undeunlatisn factor’ set to 0%

and 100%
600
500
£ 400
300
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1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)
total annual household energy consumption : Inanérimeenergy bills set to 0%—+ T T T T %
total annual household energy consumption : Inanérimeenergy bills set to 100%——2- ya > > > v

Figure 8.3: Total annual household energy consumption underéiment in energy
bills’ set to 0% and 100%
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Figure 8.4: Total annual household carbon emissions undereinent in energy bills’
set to 0% and 100%

8.4.6 Integration Error Test

In this section, the model's robustness was furdesmessed by performing the
integration error tests for the model. Sterman (@Qfrgues that the integration
error tests the sensitivity of the model resultsh® choice offime Stepand/or
numerical integration methods employed in the satioh. He recommends
cutting theTime Stepused in the simulation into halve in order to ¢hedether
or not there are changes in the behaviour of thdetoutputs. Similarly for the
integration method employed, Sterman (2000) submthiéé changes in model

behaviour need to be checked and tested agaifestesht integration methods.

In this research, both the changes attributed & dwice ofTime Stepand
integration method tests were conducted. Integragioor test was conducted by
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first splitting theTime Stepf one [ime Step = Lused for the simulation into
two (i.e. Time Step = 0.)pand then run the simulation again. The final atggin
terms of household energy consumption and carbassems) (see appendix D2)
of the models were examined to check whether orthrexe are changes in their
behaviour. In order to test whether or not theeedranges, a hypothesis was set
up. The null hypothesis @) signifies that there is no statistically signaic
difference between the means of the model outputgime Step=1and Time
Step=0.5 while the alternate hypothesis ijHsignifies that there is statistically
significant difference between the two means. Maidgcally the hypothesis was

set up as shown in the below equations:

Ho: IJi Time Step=1— l-li Time Step=0.5— 0 (Eq. 8.1)

Hl: ui Time Step=1—" Ui Time Step=0.5?é 0 (Eq-8-2)

Where[; indicates the mean of variable of interest in tedel

A paired sample t-test was conducted for ten differvariables in the model,
which includes energy consumption and carbon eaomssfor space heating, hot
water, cooking, lighting, and appliances for the b&using stock as shown in
Table 8.4. In order to take a decision regardirey igpothesis, the significance
value p-value) is compared to the significance lewel= 0.05) and based on
these two values, the null hypothesis is eithezated or not rejected. If the

value is less than the significance level, the iytbothesis is rejected.€. p-

value <a, reject the null); otherwise the null hypothessnot rejected. In this
case, the statistics computed for the ten paired variablemterest as shown in
Table 8.4 reveals that tipevalue for all the ten paired variables is gre#ttan the

value of significance level. This means that phealues of 0.527, 0.181, 0.251,
0.259, 0.779, 0.495, 0.418, 0.567, and 0.320 aatgr than the-value of 0.05.

Therefore, the null hypothesis is accepted andalteenative hypothesis rejected.
This by implication means that there is no stai#ly significant difference in the

means of output of variables of interest shown abl& 8.4. That is, the results
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portend to indicate that there are no changes hmaweur of those selected

outputs.
Table 8.4: Paired sample t-test fdime Stewhanges
Paired Differences _
Mean Desit:t.ion 'Esrtr%r t ! ?;?Iesjz)
Mean

Pair1 SHEC_1-SHEC 0.5 .00827 11729 .01303 .635 80 527
Pair2 HWEC_1-HWEC 0.5 .00111 .00742 .00082 1.348 80 181
Pair3 CEC_1-CEC_05 -.00049 .00384 .00043 -1.15780 .251
Pair4 LEC 1-LEC 0.5 -.00037 .00293 .00033 -1.136 80 .259
Pair5 AEC_1-AEC 0.5 .00049 .00384 .00043 1.157 0 8 .251
Pair6 SHCE_1-SHCE_0.5 .00222 .07101 .00789 0.28280 779
Pair7 HWCE_1-HWCE_0.5 .00037 .00486 .00054 0.686 80 495
Pair8 CCE_1-CCE_0.5 -00025  .00273  .00030  -0.81580 418
Pair9 LCE_1-LCE_0.5 00012  .00193  .00021 0575 0 8 .567
Pair 10 ACE_1-ACE_0.5 .00037 .00333 .00037 1.000 80 .320

SHEC = space heating energy consumption; HWEC =whater energy consumption; CEC =
cooking energy consumption; LEC = lighting energyngumption; AEC = appliances energy
consumption; SHCE = carbon emissions due to spaegiig energy; HWCE = carbon emissions
due to hot water energy; CCE = carbon emissions tluecooking energy; LCE = carbon
emissions due to lighting energy; ACE = carbon siniss due to appliances energy; Sig. =
significance, Std. = standard; df = degree of freed

In addition to cutting th&ime Stepinto half with the use oEuler numerical
integration method, the model is simulated usingr fdifferent integration
methods. These integration methods are (1) fixembrgk order Runge-Kutta
(fRK2), (2) auto second order Runge-Ku@drK2), (3) fixed fourth order Runge-
Kutta fRK4), and (4) auto fourth order Runge-Kut@RK4. As done for the
hypothesis testing above under ime Stegsplitting, hypotheses were again set

up as follow:

1. To test whether or not there is statistically digant difference between
the results of the simulation performed Byler and fRK2 numerical

228



Chapter 8: Model Testing and Validation

integration methods, the hypothesis in equation8 &8nd 8.4 are

formulated.
Ho: Mi euler—Mi rr2=0 (Eq. 8.3)
Hi: M euler—Mi re2# 0 (Eq. 8.4)

2. To test whether or not there is statistically digant difference between
the results of the simulation performed Buler and aRK2 numerical
integration methods, the hypothesis in equations 8nd 8.6 are

formulated.
Ho: Mi euler—Mi ark2=10 (Eqg. 8.5)
Hi: Hi euler— Mi ark2# 0 (Eq. 8.6)

3. To test whether or not there is statistically digant difference between
the results of the simulation performed Byler and fRK4 numerical

integration methods, the hypothesis in equationd 8d 8.8 are

formulated.
Ho: Mi uler—Mi rka=0 (Eq. 8.7)
Hi: M euler — Mi trea# O (Eq. 8.8)

4. To test whether or not there is statistically digant difference between
the results of the simulation performed Buler and aRK4 numerical
integration methods, the hypothesis in equatior® &d 8.10 are

formulated.
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Ho: Mi euler—MHi arka= 0 (Eg. 8.9)

Hi: i euer—Mi arka# O (Eg. 8.10)

Again, a paired sample t-test was carried out f@arg@y consumption and carbon
emissions of space heating, hot water, cookindgptihg, and appliances for the
entire UK housing stock as shown in Table 8.5. 3&me decision rules as for the
Time Stepsplitting were used to test if there is any staiddly significant
difference between the behaviour of simulation atgperformed byeuler and
four other integration methods. As before, thetatistics computed for the ten
paired variables of interest as shown in Tablef@4ach offRK2 aRK2 fRK4,
andaRK4show that thg-value for all the ten paired variables are grettan the
value of significance level for all the four intagjon methods (Table 8.5).
Therefore, the null hypothesis is accepted andatteznative hypothesis rejected
for all of them. This by implication means thatistsafe to say that there is no
statistically and significantly difference in theeams of output of variables of
interest shown in Table 8.5. That is, there arsigaificant changes in behaviour
of these variables of interest.

8.5 Behaviour Pattern Tests

The main purpose of behaviour pattern tests iswure that the model output is
consistent with the behaviour patterns of histéritme series data of the
variables in the real system under investigatioan@nath & Rodrigues, 2008).
A model is therefore considered validated behawlbyrif the results of
simulation performed give similar behavioural patte when compared with
behaviour patterns observed in the time series ofathe real system (Sterman,
2000). The historical time series are shown inrdference modes as discussed in
Section 6.4 of Chapter 6.
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In this research, the behaviour pattern validat®mchieved by comparing the
pattern of behaviour of the baseline simulation with the historical time series
data (reference modes). The behaviour anomaly, vilelrareproduction and
behavioural sensitivity analysis tests are the biela pattern validation tests

conducted and they are discussed in the followilgsections.

8.5.1 Behaviour Anomaly Test

The behaviour anomaly test assesses the behavwownsby the model and

check whether its output conflict in any way withetreal system behaviour
(Ranganath & Rodrigues, 2008). Also according @8an (2000), the behaviour
anomaly test evaluates how implausible behaviogearshould the assumptions
made in the model altered. In order to conduct tbst in this research, a loop
knockout analysis was carried out on one of thg@doo the occupants’ thermal
comfort module and its effect was assessed onutpibof the model (see Figure
8.5 for example). The results of the behaviour aagntest indicate that no

anomaly of any kind exists in the output of the elags no erratic behaviour was

noticed when the simulation was performed.

40
30
c
£ 20
[a)]
10
0
1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)
Occupants Comfort : Before loop knockott—t+——+—+—+—+—+—+
Occupants Comfort : After loop knockout 2

Figure 8.5: Effect of loop knockout on occupants comfort
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8.5.2 Behaviour Reproduction Test

To conduct behaviour reproduction test, Stermal@@28uggests computation of
some statistical measures as shown in Table 8idctode descriptive statistics
(e.g. R?). Similarly, Barlas (1996) recommends trend corigoer between the
model output and actual (historical) data by forainlg a linear, quadratic, or an
exponential trend; comparing the periods by perfognan autocorrelation
function test; and comparing the means by detengimpiercentage error in the

means.

The baseline model output of this research werepeoed to actual (historical)
data by carrying out a trend analysis of the modépput and historical data based
on autoregressive integrated moving averages (ARIMATwo variables of
interest in the model were selected for the purpafsthis test. The variables
selected are the ‘average annual energy consumpgiohousehold’ and ‘average
annual CQ emissions per household’. The choice of thesebbes is dictated by
the fact that the main output of this research @hbhousehold energy
consumption and household carbon emissions. Howtheshistorical time series
data available on carbon emissions are not disggtgd as done for energy
consumption end uses. Therefore, the ‘average hmmemgy consumption per
household’ and ‘average annual £€émissions per household’ are chosen as the
test variables. The ‘goodness of fit' (R squarezhuits for the two variables of
interest are as shown in Table 8.6. The resultgestga good ‘goodness of fit’ for
the two variables explored based on the value&oés 0.991 and 0.999 for
average annual COemissions per household and average annual energy

consumption per household respectively.

The results also show the mean absolute percemtage (MAPE) for the two
variables as very smalMAPE=0.900% for average annual G@missions per
household, and MAPE=0.074% for average annual epergnsumption per
householdl (Table 8.6).

233



Chapter 8: Model Testing and Validation

‘anfen asueoiubis = anfea d ‘waoosaly
Jo 8a1Bap = 4 ‘Joui8 abeiusoiad s1njosge WNWIXew 4yxe ‘Josie sbeluasiad ainjosge ueaw = J4VIN

P|OY3asnoH

Jad uondwnsuo) Ab1su3

0 0v6’ 8T 1G.'6 1414 7.0 666 [enuuy abelany) [enoy-[opoj
p|oyasnoH Jad suoissiwg uogie)d
0 137A 8T 99€¥T v6'€ 006 166 [enuuy afelany) [enoy— [9poj
anfeA 4@ sonsels  3dvxeN 3dVI oasenbs
mah_ﬁ_w:o d Y
JaquINN O xog-bunq 500S11elS 114 [9PON Bl

uonanpoJdal JnoiAneyaq Jo 8ourdlIUBIS [22NSNEIS U0 paseq uonepiieA:9's a|qel

234



Chapter 8: Model Testing and Validation

Swanson, Tayman and Bryan (2011) suggest a MAHEssfthan 10% as being
very good. Based on this suggestion, it is thee $afsay that the maximum
absolute percentage error (MaxAPE) computed fotwlevariables as indicated
in Table 8.6 is adequate as wellgxAPE=3.494% for average annual @O
emissions per household, and MaxAPE=0.482% for ayerannual energy

consumption per househgld

Further to these tests, autocorrelation functiststevere conducted in order to
detect any significant errors in the periods oftihee series for the model outputs
and actual data by testing a hypothesis. If samapkecorrelation function for
simulated model is representedriyk) and the one for the actual (historical) data

IS ra (k), then the null hypothesis is formulated thus:

Ho: rs(1) - ra(1)=0,1r5(2) - rn(2) =0,....... ,EM) - ra(M)=0 (Eg. 8.11)

and the alternative hypothesis is,

Hi: rs(k) - ra(K) # O for at least one k (Eq. 8.12)
Where k is any pair of values

It needs to note thatd(k) - ry (k)] = O under theHp and as such an interval is
constructed based on the standard error (SE) oflifference ofrs (k) - 1y (k)
under which théH, is rejected should the differenag (k) - ra (k)] fall outside the
interval:
—SE[rs (k) — ra (k)],
(Eq. 8.13)
SE[rs (k) — ra (k)],

In order to take a decision regarding the hypothdsie same decision rule as
formulated under Section 8.4.6 above was used. iSh#te significance valug (
value) is compared to the significance levek(0.05), and the null hypothesis is

either rejected or accepted. That is, if fhealue is less than the significance
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level, the null hypothesis is rejected ffivalue <a, reject the null); otherwise the

null hypothesis is accepted.

In this case, the LJung — Box Q statistics computedthe two variables of
interest as shown in Table 8.6 reveals thatphalue for average annual O
emissions per household is greater than the sigmiéie level value of 0.741 >
a-value of 0.05). Therefore, the null hypothesis is ngected and it is safe to
conclude that there are no significant errors & pleriods of the time series for
the model outputs and actual data for average &n@@» emissions per
household. Similarly, the null hypothesis is ngéceed for average annual energy
consumption per household yalue of 0.940 >-value of 0.05), which implies
that there are no significant errors in the periofithe time series for the model
outputs and actual data for average annual enemgguenption per household.

The plots of the residual autocorrelation functi@®CF) fall within the upper
critical limit (UCL) and lower critical limit (LCL)for the two variables as shown
in Figures 8.6 and 8.7 for average annual, @issions per household and
average annual energy consumption per househoikategely. The results in
these figures imply that the values of (k) - ra (k)] for within acceptable limits

set. These results further reinforce the outcome@hypothesis tested.
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Figure 8.6: Plots of residual autocorrelation function forlzam emissions
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Figure 8.7: Plots ofresidualautocorrelation function for energy consumption

8.5.3 Behavioural Sensitivity Analysis

As part of model behaviour patterns validation ID Sethodology, sensitivity
analysis considers the sensitivity of the modelv@émious model structures or
different parameter values. Sterman (2000) and Mex{2005) argue that the
most common type of sensitivity analysis condudtedSD models validation are
numerical sensitivity, behavioural sensitivity, apalicy sensitivity. The details
of these sensitivity analyses are as shown in Ta&ble In this research,
behavioural sensitivity analysis was performedraeo to find out whether or not
the patterns of behaviour of the model outputs gdad are significantly changed
when there are changes to some of the paramettdrs model.

The research used the approach reported in Rahohamth Sterman (2012) to
carry out the sensitivity analysis for behavioutt@ans test. Table 8.7 reports the
results of the sensitivity analysis performed fbe tmodel. Two parameters
adjudged by the modeller (author) to possibly ieflce the model output in terms

of household carbon emissions and energy consumpidurther investigated.
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These parameters are ‘energy to carbon converaorf and ‘carbon depletion

factor’.

Table 87: Results of a set of behavioural sensitivity analfer the model

Mean (SD) with different
andj based on 1000
iterations

Energy to carbon conversion factor

0.4246

0.5246

0.6246

Carbon depletion factgr
SHCE

HWCE
1.225 CCE

LCE

ACE

SHCE
HWCE
1.325 CCE

LCE

ACE

SHCE

HWCE
1.425 CCE

LCE

ACE

73.00 (24.41)*

38.76 (8.29)**

6.39 (2.28)*
5.78 (0.93)*
21.07 (5.98)**

67.44 (22.76)*

35.85 (7.75)*
5.99 (2.13)
5.13 (0.85)*

19.72 (5.48)*

63.05 (21.36)**

33.27 (7.30)*
5.45 (2.00)*

4.94 (0.78)*

18.70 (5.06)**

74.40 (25.38)*

39.88 (8.65)**
6.69 (2.36)*
5.99 (0.88)*

22.13 (5.79)*

68.81 (23.68)

36.88 (8.09)
6.19 (2.20)
5.54 (0.80)

20.47 (5.30)

63.99 (22.23)*

34.29 (7.62)*
5.75 (2.07)*
5.15 (0.74)*

19.04 (4.89)*

75.47 (26.20)*

40.37 (8.89)**
6.99 (2.43)*
6.39 (0.85)*

22.96 (5.65)**

69.95 (24.46)*
37.39 (8.42)*
6.87 (2.27)*

5.94 (0.78)*

21.43 (5.17)**

64.52 (22.98)

35.33 (7.94)*
5.96 (2.13)*
5.45 (0.71)*

19.27 (4.77)*

SHCE = carbon emissions due to space heating enfergyK housing stock; HWCE = carbon
emissions due to hot water energy for UK housingkstCCE = carbon emissions due to cooking

energy for UK housing stock; LCE = carbon emissidog to lighting energy for UK housing

stock; ACE = carbon emissions due to appliancesgnér UK housing stock; **significant at
p-value<0.01; *significant at p-value<0.05, SD =astdard deviation
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The two of them are changed over three values eActactorial analysis of
method of experimentation was used to formulatestenarios. The results of
this formulation yield a total of nine differentes@rios. The nine scenarios are
achieved by varying the energy to carbon converdamtor (i) and carbon
depletion factoi(j) around their baseline values of 0.5246 and 1.88peactively

as shown in Table 8.7.

In the table, the report of 1000 simulations perfed for each of the scenarios in
terms of mean values and standard deviation ofmbeel outputs for carbon
emissions due to space heating, hot water, cookigitfing, and appliances are
given. This amounts to total simulations of 900&hweach simulation from 1970
to 2050 using &ime Stemf one year. In order to assess how sensitive thaem
output to the changes in the two parameters uralesideration, a t-test for group
means with unequal variances was conducted by camgpthe results to the
baseline results for the valuesiandj. The results indicate that all the scenarios
compared with the baseline are statistically défer Those withp-value< 0.05
are shown with a single asterisk, while those Hrat statistically different gt-

value< 0.01 are with double asterisks.

8.7  Chapter Summary

This chapter has described and discussed the geatid validation exercises
conducted for the model. The chapter discussedvétheation done with 15
experts in the field of energy and SD. Further,dhapter described and discussed
the tests performed within the SD modelling sofevarVensim. These tests are
categorised into the structure-oriented and behapattern tests. For the
structure-oriented tests, the following tests weeeformed: boundary adequacy
tests, structure assessment test, dimensional stensy test, parameter
assessment test, extreme conditions test, andratimy error test. Also, the
behaviour pattern tests include behaviour anomesdy, tbehaviour reproduction

test, and behavioural sensitivity analysis. Thaultesof all these tests yielded
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positive answers confirming that the model satsshé the rules and regulations

of the SD approach and the model output are camdistith the real system.
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Chapter 9

POLICY FORMULATION AND ANALYSIS (ILLUSTRATIVE
SCENARIOS)

9.1 Introduction

In Chapter seven, the ‘baseline’ scenario that prasented communicates the
most probable way in which the household energysaoption and carbon

emissions of the UK housing stock will evolve otlee years starting from 1970
until 2050. This is based on the assumption thatriinds depicted by historical
data will continue in that way. Evidently, if thesetherefore any policy change in
future that is clearly different from the currentes, the profile of household
energy consumption and carbon emissions could teeedl This may result in

producing a set of entirely different consumptiomi&sions profile of the UK

housing stock. For example, the UK Government megict to implement a

stringent energy efficiency policy if it is appatethat the current energy
efficiency is unlikely to yield the required legalbinding carbon emissions
reduction targets. To this end, this chapter uges discussions under the
‘baseline’ scenario to develop illustrative sceosrthat may evolve as a result of
some policy changes. Many scenarios can be assamgdor the purpose of

illustration, four hypothetical scenarios are assdnthat include ‘efficiency’,

‘behavioural change’, ‘economic’, and ‘integratestenarios. In all of these
scenarios, the future of household energy consem@nd carbon emissions for
the entire UK housing stock is explored. And ashsube household energy
consumption carbon emissions reductions attribatedbkeach of the scenarios are
given and discussed. The rest of the chapter thereéxplains the underlay
assumptions for each of the scenarios and discukese®sults emanating from

them.
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9.2. ‘Efficiency’ Scenario

9.2.1 ‘Efficiency’ Scenario Assumptions

This scenario is based on the assumptions made thneldaseline scenario, but
describes a situation whereby more evidence reggrilie negative impact of
climate change as a result of greenhouse emissmsgues to emerge. This new
evidence about the threat of negative effect ahate change is assumed to
continue. This will further reinforce the need teeh the legally binding carbon
reduction targets as set by the Government, fomei@ reduction targets based
on Climate Change Act of 2008 in the UK. Also, #oenario assumes that more
evidence will emerge on the possibility of not nregthe legally binding carbon
reduction targets as the report of European Unieb) (entitled “EU study
predicts clean energy, climate failure by 2050” @013) suggests. Based on this
new evidence, it is then portends to trigger a nairemgent energy efficiency

measures in order to deeply cut carbon emissions.

Energy efficiency measures are then assumed toentmate on household
dwellings and this is technology led. And as stucls, assumed that there will be
improvements in the uptake of dwelling insulatioeasures thereby resulting in
each household’s dwelling thermally insulated witbreasing energy efficiency
rating of dwellings like SAP rating. Further to sleeassumptions, airtightness of
dwellings will increase and it is again assumed thgreat deal energy savings
will arise from this scenario. However, occupantdl wffset any savings that
would have been made by seeking for more thermalfat thereby increasing
their dwellings internal temperature set-point fral8°C to 21°C. At this,
‘standard’ consumption behaviour is still assumedbe maintained by the
householders as done under the ‘baseline’ scerfaataric insulation depicted as
‘insulation factor’ in the model is therefore assthto increase by 25% beyond

the levels set under the ‘baseline’ scenario.
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Additionally, a structural adjustment is made te thodel as shown in Figure 9.1.
Under the ‘baseline’ scenario, the ‘SAP rating’tbé dwellings in the UK are
gualitatively modelled within the SD and this wased to directly model the
‘effect of energy efficiency standard improvementdwelling energy efficiency’.
However, in this scenario, it is assumed that tBAP rating’ will gradually
increase until 2040 at a gentle slope of 0.75% béybe level it were in the year
2010. This is assumed not to go beyond 0.95 (cakeof 0 — 1). To qualitatively
achieve this, an intermediary dummy variable wasduced within the model as

shown in Figure 9.1. The model equation for itiahown in Equation 9.1.

normal SAP value

/ SAP rating
-

<Time> effect of SAP rating on
\‘ dwelling energy efficiency

effect of energy efficiency normal insulation

standard improvement on

dweling energy eficiency effect of fabric insulation

on energy efficiency

effect of combined fabric insulation
and energy efficiency standard on <insulation factor>
dwelling energy efficiency

Figure 9.1: Structural adjustment to the climatic-economicrgge efficiency

interaction module

effect of energy efficiency standard improvemendwalling energy efficiency =
IF THEN ELSE(Time<=2010, effect of SAP rating orergy efficiency
standard improvement, MIN (0.95, effect of SAPhgabn energy efficiency
standard improvement + RAMP (0.0075, 2010, 2040))) (Eq. 9.1)
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9.2.2 Analysis of the ‘Efficiency’ Scenario Resulfisr Household Energy

Consumption

Figure 9.2 captures the combined behaviour of gnesgsumption per household
by end-uses as attributable to space heating, latérwcooking, lighting, and
appliances based on efficiency scenario (see appedtl for the combined
behaviour with the baseline scenario). Also, Figlu& shows a combined graph
of total and average annual household energy caomsomunder the efficiency
scenario. Visually, the graphs (Figures 9.2 & @IRplay a downward trend for
all the variables indicated in the graphs therdimpnsng that there are reductions
in household energy consumption across the boaogeMer, the graphs show
little information on the extent to which househo&hergy consumption
reductions in the years 2020 and 2050 relativéa¢oyear 1990. This information
is necessary in order to know whether or not tliRicgon targets based on the
Climate Change Act of 2008 are achieved by thisx@ce. To this end, more
analysis of the simulation results is carried auptovide further insights into the

reduction targets achieved.

MWh
MWh
MWh
MWh
MWh

O oN A

MWh
MWh
MWh
MWh
MWh

1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2(50

Time (Year)
Appliances Energy Consumption : Eficiency Scenafte % e e e % MWh
Cooking Energy Consumption : Eficiency Scenas v v - - - MWh
Hot Water Energy Consumption : Eficiency Scenas@ ) ) ) ) = MWh

Lighting Energy Consumption : Eficiency Scenas = = = = = MWh
Space Heating Energy Consumption : Eficiency Sioenes= = = = = MWh

cNoNoNeoNe

Figure 9.2: Household energy consumption by end-use underfticeeacy scenario
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400 Twh
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Time (Year)

average annual energy consumption per househdidierity Scenario % % e % e % MWh
total annual household energy consumption : EfigjeScenario = 2 = 2 = = = TWh

Figure 9.3: Total and average annual household energy consompinder the

efficiency scenario

The results of further analysis conducted on theshbold energy consumption
based on end uses for the entire UK housing s®skawn in Tables 9.1 and 9.2
illustrating the changes in household energy ferydar 2020 and 2050 relative to
the year 1990 respectively.

For the year 2020, the results of analysis of ¢edficy’ scenario as shown in
Table 9.1 suggest that the total household enesgglenption for the entire UK

housing stock is expected to reduce by about 6M\BD6f energy representing
12.33% reduction relative to the year 1990 levélsrthermore, the analysis
suggests that apart for the household applianceigyenhat is expected to surge
within this period by about 30%, others are expgt¢tedecline within this same

period. That is, household energy for space heatimog water, cooking and

lighting is expected to dip relative to 1990 levelis is with a reduction of

about 11% for space heating, about 29% for hot nvatsout 47% for cooking,

and about 15% for lighting.
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Table 9.1: Change in household energy consumption by endhess=d on ‘efficiency’

scenario for the year 2020 relative to 1990

Household Household *Change in *Percentage

energy energy household change in
consumption consumption energy household
(1990) (2020) consumption energy
(TWh) (TWh) (TWh) consumption
(%)

Space heating 300.92 268.84 -32.08 -10.66
Hot Water 108.20 76.74 -31.46 -29.08
Cooking 18.88 9.97 -8.91 -47.19
Lighting 15.29 12.96 -2.33 -15.24
Appliances 47.93 62.14 +14.21 +29.65
Total 491.22 430.63 -60.59 -12.33

*Relative to 1990 base as enshrined in Climate @eafct of 2008

A similar analysis was conducted for the year 285Ghown in Table 9.2. The
results of the analysis indicate a reduction oD3% relative to 1990 levels in
total household energy consumption for the entikeHdusing stock. When this
total household energy is disaggregated by endthisanodel results suggest that
the household energy consumption attributable sxegmeating is anticipated to
reduce by 94.89TWh, which is about 32% reductiomgared to 1990 levels.
Further to this, the household energy consumptientd hot water is expected to
reduce by about 50.32TWh, which amounts to abo®o 4éduction, again
relative to the base case 1990. Additionally, thedeh results suggest that
cooking energy is expected to decline by about 5dtite the lighting energy is
as well expected to witness a fall of about 39%aéaxically, household energy
consumption for appliances declines by about 12f4He year 2050 relative to
1990 levels, which indeed increased by about 30%thi® year 2020 as discussed
above. Ordinarily, this is expected to surge uniher guise of technological

improvements in household appliances. This is mecdiion the possibility of
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increment in its adoption rate among the housesladéh increasing number of

households.

Table 9.2: Change in household energy consumption by end{oassd on ‘efficiency’

scenario for the year 2050 relative to 1990

Household Household *Change in *Percentage
energy energy household change in
consumptior consumption energy household energy

(1990) (2050) consumption consumption (%)

(TWh) (TWh) (TWh)
Space heating 300.92 206.03 -94.89 -31.53
Hot Water 108.20 57.88 -50.32 -46.51
Cooking 18.88 8.70 -10.18 -53.92
Lighting 15.29 9.41 -5.88 -38.46
Appliances 47.93 42.06 -5.87 -12.25
Total 491.22 324.07 -167.15 -34.03

*Relative to 1990 base as enshrined in Climate @leafct of 2008

Changes to the parameters and structure of the Inasdeelates to the fabric
insulation and energy efficiency improvement forffi@ency’ scenario is
expected to reduce household energy consumptiaarddults in Tables 9.1 and
9.2 suggest that there are reductions in energguwoption apart from that of
appliances for the year 2020. These percentagetieds are then compared with
the ‘baseline’ scenario results as shown in Talde W/hile the results generally
show reductions in the total household energy amgéhold energy by end-use,
the amount of these reductions to meet the negesadoon emissions reduction
targets for the year 2020 and 2050 is thereforikeigl This is due to the fact that
efforts aiming at only the fabric insulation ancesgy efficiency improvement in
general cannot bring about the required level ofngs in energy consumption.
In fact, a rebound effect is even likely to setsach that the savings made may be

expended on getting an improved thermal comfort.
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Table 9.3: Comparison of ‘efficiency’ scenario with ‘baselirgcenario results for the

percentage reductions in household energy consampti

‘baseline’ ‘efficiency’ ‘baseline’ ‘efficiency’
scenario scenario scenario scenario
(2020) (2020) (2050) (2050)

Space heating -7.99 -10.66 -25.38 -31.53
Hot Water -26.61 -29.08 -41.10 -46.51
Cooking -44.28 -47.19 -44.92 -53.92
Lighting -10.92 -15.24 -25.18 -38.46
Appliances +35.34 +29.65 +5.21 -12.25
Total -9.35 -12.33 -26.60 -34.03

9.2.3 Analysis of the ‘Efficiency’ Scenario Resuliisr Household Carbon

Emissions

Household carbon emissions by end-uses, and todaheerage annual household
carbon emissions are shown in Figures 9.4 ande3iectively. The behaviour of
efficiency scenario simulation results for househchrbon emissions based on
end-uses (Figure 9.4) (see appendix C2 for the owedbbehaviour with the
baseline scenario) displays a similar behaviouskasvn for household energy
consumption by end-uses (Figure 9.2). The graphvshe downward trend for
carbon emissions for all the end-uses. This, tbeeefindicates reductions in
carbon emissions profile for space heating, hotewatooking, lighting, and

appliances.

Similarly, the insights from the average and todainual household carbon
emissions (Figure 9.5) follow a downward trend & .\WI'hese trends correspond
to the same trends witnessed in average and totalah household energy
consumption as shown in Figure 9.3. The similartybased on the reason

advanced in Section 7.8 of Chapter 7 that ther® s¢rong correlation between
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energy consumption and carbon emissions. HoweWer,behaviour of space
heating carbon emissions plays a central role iplagxing the behaviour
displayed by both the average annual and total @lntarbon emissions for the
UK housing stock. This is in consonance to the nlagm®n of Palmer and Cooper
(2012) as well.

As expected for the average annual carbon emisgpendousehold and total
annual household carbon emissions, they are mawmg@ downward direction
since 1970. The two have remarkably fallen sincé01@nd the model suggests
that the trend is anticipated to be sustained W&QB0O based on the carbon
reductions agenda of the government. However, EBigub shows little detail
about the amount of reductions achieved undersitemario. Hence, there is the

need for a further analysis.

1 Tonnesj
0.6 Tonnes
4 Tonnes
0.4 Tonnes
6 Tonnes

0 Tonnes|

0 Tonnes

0 Tonnes

0 Tonnes

0 Tonnes

1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)

Carbon Emissions due to Appliances Energy : EficjeScenario 3 3 3 3 Tonnes
Carbon Emissions due to Cooking Energy : EficieBcgnario —2 2> 2> v 5— Tonnes
Carbon Emissions due to Hot Water Usage : EfigiéBcenario ) ) ) ) 8 Tonnes
Carbon Emissions due to Lighting Energy : Eficiei&cenario w w w w Tonnes

Space Heating Carbon Emissions : Eficiency Scenesisss; = = = = Tonnes

Figure 9.4: Household carbon emissions by end-uses under ffigeacy’ scenario
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10 Tonnes
200 Milion tonnes

5 Tonnes
100 Milion tonnes
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Time (Year)
average annual carbon emissions per householitiefdy Scenario4- i i 3 4 3 4 Tonnes
total annual household carbon emissions : Efigiehcenario =2 2> 2> > 2> > 2> Million tonnes

Figure 9.5: Total and average annual household carbon emissigmder the

‘efficiency’ scenario

The amount of reductions in carbon emissions gated in the years 2020 and
2050 are respectively shown in Tables 9.4 and Bng. results suggest that the
largest amount of reductions is expected to comenfspace heating in the
amount of 42.79 and 65.71 million tonnes of G@ 2020 and 2050 respectively.
The results also indicate that substantial amofimeductions is expected from

hot water as well. Both the space and water he#tieiggfore remain the dominant
end-uses where much of the reductions to meetahsn emissions targets are
anticipated. Correspondingly, some reductions @ anticipated in cooking and

lighting below the 1990 levels for the years 2088 2050 as respectively shown
in Tables 9.4 and 9.5. However, for appliances ettgectation is a mixed one as
the results show that no reductions in carbon eamsselow the 1990 levels are
anticipated. Although, there are technological iowements in home appliances
in terms of energy efficiency, but this advancememtld not be immediately

translated into much savings. However, by 2050 I@&b5), some savings are
expected. Generally, it is clear from the resultsttos scenario that carbon

emissions target for 2020 and 2050 will not be met.
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Table 9.4: Change in household carbon emissions by endtassd on ‘efficiency’

scenario for the year 2020 relative to 1990

Household Household *Change in  *Percentage
carbon carbon household change in
emissions emissions carbon carbon

(2990) (million (2020) (million  emissions emissions (%)

tonnes of CQ) tonnes of CQ) (million

tonnes of
COy)

Space heating 94.47 51.68 -42.79 -45.29
Hot Water 44.15 31.15 -13.00 -29.44
Cooking 7.93 4.03 -3.90 -49.18
Lighting 6.04 5.28 -0.76 -12.58
Appliances 18.43 25.39 +6.96 37.76
Total 171.01 117.53 -53.48 -31.27

*Relative to 1990 base as enshrined in Climate @eafct of 2008

Table 9.5: Change in household carbon emissions by end{sesd on ‘efficiency’

scenario for the year 2050 relative to 1990

Household Household  *Changein  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(1990) (million (2050) (million  emissions emissions (%)
tonnes of CQ) tonnes of CQ) (million
tonnes of CQ)

Space heating 94.47 28.76 -65.71 -69.56
Hot Water 44.15 23.36 -20.79 -47.09
Cooking 7.93 3.47 -4.46 -56.24
Lighting 6.04 3.79 -2.25 -37.25
Appliances 18.43 17.00 -1.43 -7.76
Total 171.01 76.37 -94.64 -55.34

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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The results show that savings of about 31% and ®4%dbe met for 2020 and
2050 as against minimum targets of 34% and 80%entsiely. The implication
of this is that laying much of the emphasis on gnesfficiency improvements
alone without corresponding efforts on other aspetpolicy target is unlikely to

yield the required level of savings.

9.2.4 Comparison of ‘Efficiency’ Scenario with Jolston’s Model Results

The results of the ‘efficiency’ scenario are congoarwith the results of
Johnston’s (2003) ‘demand side’ scenario. The Johfs (2003) ‘demand side’
scenario is based on a strong desire to make afisagt stride in energy
efficiency improvements. Most of the assumptionsdenare similar to this
model's ‘efficiency’ scenario assumptions. The Hsswf this comparative
analysis are succinctly summarised in Tables 9 @i for household energy
consumption and household carbon emissions respbcti

Table 9.6: Comparative analysis of household energy consumpttiributable to

‘efficiency’ scenario and ‘demand side’ scenaridofnston (2003)

Total annual household energy consumption

(KWh)
1990 2000 2010 2020 2030 2040 2050
‘Efficiency’ scenario 491.2546.8 519.4 430.6 387.0 348.9 324.1
‘Demand side’ scenario of - 556.4 517.2 461.0 415.6 371.9 278.9

Johnston (2003)

The results as shown in Tables 9.6 and 9.7 fotdte¢ annual household energy
consumption and carbon emissions display the satterp of trend. However,
the results clearly indicate that there are sonfierdnces in the two models.

These differences are likely due to different agsiions made, input data used,
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and the modelling philosophy employed by the twodel® as explained in
Section 7.9.

Table 9.7: Comparative analysis of household carbon emissiattisbutable to

‘efficiency’ and ‘demand side’ scenarios

Total annual household carbon emissions (million
tonnes of CQ)
1990 2000 2010 2020 2030 204@050

‘Efficiency’ scenario 171.0164.2 140.1 117.53 101.9 87.6 76.37

‘Demand side’ scenario of - 132.6 1195 1070 936 81.7 60.7
Johnston (2003)

9.3 ‘Behavioural Change’ Scenario

9.3.1 ‘Behavioural Change’ Scenario Assumptions

This scenario is also based on major assumptiorde nnbader the ‘baseline’
scenario. The effects of occupants’ behaviouralnghaon household energy
consumption and carbon emissions are the mainypdliwver that this scenario
illustrates. And as such, frugal consumption behaviis emphasised by this
scenario. That is, their daily habitual behavioteisd towards energy saving in
their homes. In addition, it is assumed that thils mave effect on the dwelling
internal temperature set-point as maintained by dbeupants. A set-point of
dwelling internal temperature is therefore assutodae 18.5°C. Also, within this
scenario, energy prices are assumed to increastieabit thereby necessitating
the energy bills paid by the householders to digimicrease by 5% beyond the
level assumed under the ‘baseline’ scenario. Imgeof energy efficiency, the
assumption of this scenario is similar to thathmseline’ scenario that no much

substantive changes are made to the current tieridsisehold energy efficiency
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apart from the continuation of the existing trerféist this scenario, no attempt is
made to change any of the parameters within thellptpn/household module.
Therefore no special effects are anticipated frben‘humber of households’ and
‘average household size’ other than their profdganerated internally within the

model.

9.3.2 Analysis of the ‘Behavioural Change’ Scenarfesults for Household

Energy Consumption

The behaviour of household energy consumption baseend-uses is shown in
Figure 9.6 (see appendix C3 for the combined belavivith the baseline
scenario). Also, the behaviour of average and tatalual household energy
consumption are depicted in Figure 9.7. A visuapattion on the two Figures
indicates that household energy consumption unider ‘behavioural change’
scenario is identical to the household energy copgion under the ‘efficiency’
scenario illustrated in Figures 9.2 and 9.3 abav¢ha trends tend to decline as
they approach 2050. However, they are differenttarms of the level of
reductions achieved by 2020 and 2050. The redwtionibehavioural change’
scenario are more pronounced and as such the tasfglre portend that they are

likely to be more than the reductions achieved utiie ‘efficiency’ scenario.

Tables 9.8 and 9.9 show the results of the furimadysis carried out. This time
around, as done for the ‘baseline’ and ‘efficiensgenarios, the household
energy consumption for the entire UK housing stgcknalysed for the year 2020
and 2050 relative to the year 1990 respectivelybld& 9.8 and 9.9). The
consumption profile is unchanged as such when coedpto the ‘efficiency’

scenario because the space heating is still theres@onsible for the largest
chunk with a reduction of about 72.20TWh and 117Wh for 2020 and 2050
respectively. This is followed by hot water, whielscount for reductions of
45.85TWh and 55.94TWh based on expectation forytar 2020 and 2050
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respectively. For these two years cooking and ilighénergy are also expected to

decline as well. Although, the reductions anticgoilby the results are minimal.
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Figure 9.6: Behaviour of household energy consumption baseenolhuses under the

‘behavioural change’ scenario
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Figure 9.7: Behaviour of average and total annual householdygramnsumption under

the ‘behavioural change’ scenario
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However, household energy consumption for applisngeew by 6.64TWh
beyond 1990 levels in the year 2020 as experieircéige ‘efficiency’ scenario.
This is likely to attribute to the fact that themioer of households continues to
increase thereby increasing the number of housebgplaliances acquisition
during this period. By 2050 however, the scenaesults suggest that the
appliances energy consumption will marginally rexibelow 1990 levels (Table
9.9).

The profound insight from the analysis conductecta¢s that the savings in the
total household energy consumption under the ’bieavwchange’ scenario is
generally more than that of ‘efficiency’ and ‘basel scenarios. These results
reinforce the comment of Janda (2011) tiatldings don’'t use energy; people
do’. The result implies that occupants’ behaviourange have the capability of
contributing to the household energy consumptiaucdons and consequently
contribute to carbon emissions reduction target&overnment in conjunction

with other policy frameworks.

Table 9.8: Change in household energy consumption by end-usased on
‘behavioural change’ scenario for the year 2028tia to 1990

Household Household *Change in *Percentage

energy energy household change in
consumption consumption energy household
(1990) (2020) consumption energy
(TWh) (TWh) (TWh) consumption
(%)

Space heating 300.92 228.72 -72.20 -23.99
Hot Water 108.20 62.35 -45.85 -42.38
Cooking 18.88 11.88 -7.00 -37.08
Lighting 15.29 11.44 -3.85 -25.18
Appliances 47.93 54.57 6.64 13.85
Total 491.22 368.95 -122.27 -24.89

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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Table 9.9: Change in household energy consumption by end-usased on
‘behavioural change’ scenario for the year 2058tina to 1990

Household Household *Change in *Percentage
energy energy household change in
consumptior consumption energy household energy

(1990) (2050) consumption consumption (%)

(TWh) (TWh) (TWh)
Space heating 300.92 183.91 -117.01 -38.88
Hot Water 108.20 52.26 -55.94 -51.70
Cooking 18.88 12.06 -6.82 -36.12
Lighting 15.29 9.53 -5.76 -37.67
Appliances 47.93 42.07 -5.86 -12.23
Total 491.22 299.84 -191.38 -38.96

*Relative to 1990 base as enshrined in Climate @eafct of 2008

9.3.3 Analysis of the ‘Behavioural Change’ Scenaresults for Household

Carbon Emissions

As before, Figures 9.8 (see appendix C4 for thebioed behaviour with the

baseline scenario) and 9.9 illustrate the profilba@usehold carbon emissions by
end-uses, and total and average annual househdddncamissions respectively.
The two Figures display similar consumption beharvi@as shown for the

household energy consumption above (Figures 9.69and Again, the graphs

show a downward trend for carbon emissions fothallend-uses till 2050 under a
varying degree of reductions. This, therefore, aaths reduction in carbon
emissions profile of UK housing stock is anticifghte
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Figure 9.8: Behaviour of household carbon emissions based ahuses under the

‘behavioural change’ scenario
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Figure 9.9: Behaviour of average and total annual householdocaemissions under

the ‘behavioural change’ scenario
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Tables 9.10 and 9.11 clearly illustrate the amoahtreductions in carbon
emissions anticipated in the years 2020 and 20&featively. Similar results are
observed when this scenario is compared to thafsfiency’ scenario. As for
‘efficiency’ scenario, the largest chunk of redoos is expected from space
heating (50.71 and 70.12 million tonnes of 4@r 2020 and 2050 respectively).
This is followed with the carbon emissions attrdhle to hot water (18.51 and
23.12 million tonnes of C&Ofor 2020 and 2050 respectively). It is therefdesac
that both the space and water heating still rentfagndominant end-uses where
the greatest reductions in carbon emissions tamgetsexpected. Accordingly,
some reductions are also anticipated in cooking lagitting below the 1990
levels for the years 2020 and 2050 similar to wihat results for ‘efficiency’
scenario suggest. Like ‘efficiency’ scenario, tippleances energy consumption is
expected to show no reductions in carbon emisdiehsw the 1990 levels. The

implication of this is that Government policy igjtered to address this trend.

Generally, it is clear from the results of thisrseo that carbon emissions target
for the year 2020 is likely to be met. The modslits show a total of about 41%
as against the target of 34% as enshrined in timeatd# Change Act of 2008. This
result is illuminating in the sense that a vigorbesavioural campaign, as it is in
this scenario, in additional to the efficiency meas through building regulations
and other Government’'s policy frameworks has thgabdity of meeting the
relevant emissions reduction targets. However hieyniiddle of this century, the
results for this scenario indicate it is unlikely meet the carbon emissions
reduction targets of 80%. The results show thay abbut 58% carbon emissions
reductions are likely to be met. As suggested uthierefficiency’ scenario, the
Government policy should target other policy aneaaddition to the ‘behavioural

change’ in order to meet the required level of ctidns.

It is equally important to state that the resultghis scenario are not compared
with model results from other studies because afvaitability relevant previous

results to compare with.
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Table 9.10: Change in household carbon emissions by end-ussedbon ‘behavioural

change’ scenario for the year 2020 relative to 1990

Household Household *Change in  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(21990) (million (2020) (million  emissions emissions (%)

tonnes of CQ) tonnes of CQ) (million

tonnes of
COy)

Space heating 94.47 43.76 -50.71 -53.68
Hot Water 44,15 25.64 -18.51 -41.93
Cooking 7.93 4.75 -3.18 -40.10
Lighting 6.04 4.64 -1.40 -23.18
Appliances 18.43 22.19 3.76 20.40
Total 171.01 100.98 -70.03 -40.95

*Relative to 1990 base as enshrined in Climate @eafct of 2008

Table 911 Change inhousehold carbon emissions by end-uses based on

‘behavioural change’ scenario for the year 2058tnet to 1990

Household Household  *Changein  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(2990) (million (2050) (million  emissions  emissions (%)
tonnes of CQ) tonnes of CQ) (million
tonnes of CQ)

Space heating 94.47 24.35 -70.12 -74.22
Hot Water 44.15 21.03 -23.12 -52.37
Cooking 7.93 4.81 -3.12 -39.34
Lighting 6.04 3.84 -2.20 -36.42
Appliances 18.43 16.99 -1.44 -7.81
Total 171.01 71.02 -99.99 -58.47

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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9.4 ‘Economic’ Scenario

9.4.1 ‘Economic’ Scenario Assumptions

Economic scenario is also based on the ‘baselreriaio, but with emphasis on
the effects of energy bills on household energysoamption and carbon
emissions. The scenario describes a future whezeUl Government will
formulate a policy freezing the energy prices inlesrto score some political
points. This is assumed to cause a reduction imggnbills payable by the
householders. The scenario anticipates the liketihaf this dip in energy bills to
free up more disposable income for householderaninattempt to lower the
number of those in fuel poverty. With this, the rem@o assumes that the
householders will seek more thermal comfort as saulteof more disposable
income, thereby increasing their dwelling intert@perature set-point a little
bit, though with ‘standard’ consumption behavidurs necessary to state that the
scenario has the potential of illustrating the istpaf energy prices surge or dip
on the household energy consumption and carbonsemss Therefore, for this
scenario, all other variables are kept as they Wmréhe ‘baseline’ scenario apart
from the following changes made to some of the rpatars within the model.
The ‘% increment in energy bills’ is set at -5% atige dwelling internal

temperature set-point is set to 20°C.

9.4.2 Analysis of the ‘Economic’ Scenario ResultsrfHousehold Energy

Consumption

The behaviour exhibited by the household energyemption in terms of end-
uses and average and total annual household eoengymption are illustrated in
Figures 9.10 (see appendix C5 for the combined \betia with the baseline
scenario) and 9.11 respectively. Similarly to otlssenarios run, a visual
inspection of the two Figures shows that the trewmfishousehold energy
consumption under the ‘economic’ scenario are @ dbwnward approach as

they tend towards 2050. The slopes are gentleheagraphs tend towards 2050
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when compared with both the ‘efficiency’ and ‘beimaval change’ scenarios.
The reductions in ‘economic’ scenario seem subtiel #he insights there
auspicate that they are unlikely to meet the regureductions target. Therefore,
a detailed analysis is required to reveal any mddsights.
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Figure 9.10: Behaviour of household energy consumption baseenolhuses under the

‘economic’ scenario
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Figure 9.11: Behaviour of average and total annual householdggneonsumption

under the ‘economic’ scenario.
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Tables 9.12 and 9.13 show the results of detailedlyais conducted on
household energy consumption of UK housing stockte year 2020 and 2050
respectively as done for other previous scenafierestingly, the results of
simulation for the scenario show that only abouBI®% and 22.62% reductions
are expected to happen in the year 2020 and 2@p@ctvely in total household
energy consumption for the UK housing stock (Tal®es2 and 9.13). These
results indicate reduced savings when comparetdetodsults of the ‘efficiency’
and ‘behavioural change’ scenarios in Section2%8d 9.3.2 above. The results
are therefore unsurprising as they are expecteausecof the assumptions of the
scenario relating to energy prices reduction. Redadn energy bills frees up
more disposable income to householders, which Wyt mind spending on an
improved thermal comfort at home. This allows o@nip to raise their dwellings
internal temperature set-point. Also, freezing ggeprices by Government
threatens energy security and innovative investsnantclean energy by energy

service providers. All these explain the insightsf the results.

Additionally, the consumption profile remains unebad as such as witnessed in
the previous scenarios simulated. This is mainky ttuthe fact that space heating
still account for the largest amount of savingh@usehold energy consumption.
The savings here are about 37.47TWh and 62.17TWh2620 and 2050
respectively. This is closely followed by hot wateth reductions of 24.01TWh
and 40.41TWh as expected for the year 2020 and 28§f@ectively. Both the
cooking and lighting energy are expected to dedimevell. As usual, household
energy consumption for appliances is expected twgby about 17.76TWh
beyond 1990 levels in the year 2020 (Table 9.1%jaiA this increase may be
attributed to rise in number of households thereimreasing the number of
household appliances acquisition during this peridlido, availability of more
disposable income as result of reduction in enebgls may encourage
householders to purchase more home applianceshwhiariably results in
increased energy consumption. By 2050 howeversdbeario results suggest that

the appliances energy consumption will marginakbguce below 1990 levels
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(Table 9.13). Again, there is no suitable pastisgitb compare the output of this

scenario with.

Table 9.12:Change in household energy consumption by endhessd on ‘economic’

scenario for the year 2020 relative to 1990

Household Household *Changein *Percentage change

energy energy household in household
consumption consumption energy energy

(1990) (2020) consumption  consumption (%)

(TWh) (TWh) (TWh)
Space heating 300.92 263.45 -37.47 -12.45
Hot Water 108.20 84.19 -24.01 -22.19
Cooking 18.88 10.69 -8.19 -43.38
Lighting 15.29 13.82 -1.47 -9.61
Appliances 47.93 65.69 17.76 37.05
Total 491.22 467.84 -53.38 -10.87

*Relative to 1990 base as enshrined in Climate @leafct of 2008

Table 9.13:Change in household energy consumption by endhessd on ‘economic’

scenario for the year 2050 relative to 1990

Household  Household *Change in  *Percentage change

energy energy household  in household energy
consumption consumption energy consumption (%)
(1990) (TWh) (2050) (TWh) consumption
(TWh)

Space heating 300.92 238.75 -62.17 -20.66
Hot Water 108.20 67.79 -40.41 -37.35
Cooking 18.88 10.58 -8.30 -43.96
Lighting 15.29 11.66 -3.63 -23.74
Appliances 47.93 51.33 3.40 7.09
Total 491.22 380.11 -111.11 -22.62

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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9.4.3 Analysis of the ‘Economic’ Scenario Results Household Carbon

Emissions

The behaviour exhibited by the household carbonssioms by end-uses, and

total and average annual household carbon emissienglustrated in Figures

9.12 (see appendix C6 for the combined behaviotlr the baseline scenario) and

9.13 respectively. These results are again profasritiey depict similar trends as

demonstrated by the ones for household energy ogutgan shown in Figures

9.10 and 9.11 above. The emissions profile displagethe two Figures indicate

that towards the year 2050, the household carbaes@ns is expected to fall.

However, the rate of decline of the graphs is gentbking it to be a little bit

different from those of ‘efficiency’ and ‘behavi@airchange’ scenarios. Based on

the author’s conjecture, this gentle slope suggesisit unlikely for this scenario

to meet the legally binding carbon emissions radadiargets of Government.
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Figure 9.12: Behaviour of household carbon emissions based druses under the

‘economic’ scenario
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Figure 9.13: Behaviour of average and total annual householdocaemissions under

the ‘economic’ scenario

Tables 9.14 and 9.15 show the total amount of cammissions reductions
envisaged by the scenario in the year 2020 and 2&&tectively. As for other
scenarios, the results for this scenario suggesttiie largest chunk of reductions
is expected to come from space heating in the atmafu88.04 and 59.18 million
tonnes of C@for 2020 and 2050 respectively. Also, it is evidiEam the results
of this scenario that substantial amount of redustiis expected from hot water
as well in the amount of 10.27 and 16.80 millionrtes of CQ for 2020 and
2050 respectively. These results still reinforce tact that both the space and
water heating remain the main end-uses where muttegeductions to meet the
carbon emissions targets are anticipated in likenmea as other pervious
scenarios. In the same way, savings in carbon engsgdue to cooking and
lighting are expected for the years 2020 and 2®@b®,the savings are limited
when compared to both the space heating and herwaonversely, no savings
are expected from the carbon emissions due toap@s as the level emissions
for this end-use is anticipated not to fall beldwe 1990 levels for both the year
2020 and 2050 as the results suggest in Tablesa®&d®.15 respectively. When
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the total carbon emissions reductions for the 2820 and 2050 are examined, it
is evident from the Tables 9.14 and 9.15 that #wsults of this scenario are
unlikely to meet the carbon emissions reductiorgedty as enshrined in the
Climate Change Act of 2008. The results show thaing)s of about 25.86% and
46.04% are anticipated by the year 2020 and 202@aisist the minimum targets
of 34% and 80% respectively. The implication ofsineesults is profound that
freezing energy prices as Government policy in oftdescore some political

points is at the detriment of meeting the requiegglly binding carbon emissions

reduction targets.

Table 9.14: Change in household carbon emissions by end-usedban ‘economic’

scenario for the year 2020 relative to 1990

Household Household *Change in  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(2990) (million (2020) (million  emissions emissions (%)
tonnes of CQ) tonnes of CQ) (million

tonnes of
COy)

Space heating 94.47 56.43 -38.04 -40.27
Hot Water 44.15 33.88 -10.27 -23.26
Cooking 7.93 4.28 -3.65 -46.03
Lighting 6.04 5.58 -0.46 -7.62
Appliances 18.43 26.61 8.18 44.38
Total 171.01 126.78 -44.23 -25.86

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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Table 9.15: Change in household carbon emissions by end-usedban ‘economic’

scenario for the year 2050 relative to 1990

Household Household  *Change in  *Percentage
carbon carbon household change in
emissions emissions carbon carbon
(2990) (million (2050) (million  emissions emissions (%)
tonnes of CQ) tonnes of CQ) (million
tonnes of CQ)

Space heating 94.47 35.29 -59.18 -62.64
Hot Water 44.15 27.35 -16.80 -38.05
Cooking 7.93 4.23 -3.70 -46.66
Lighting 6.04 4.69 -1.35 -22.35
Appliances 18.43 20.71 2.28 12.37
Total 171.01 92.27 -78.74 -46.04

*Relative to 1990 base as enshrined in Climate @eafct of 2008

9.5 ‘Integrated’ Scenario

9.5.1 ‘Integrated’ Scenario Assumptions

The ‘integrated’ scenario integrates and harmortisesassumptions made under
the ‘efficiency’, behavioural change, and ‘economsienarios as they impact on
the household energy consumption and carbon emssid the UK housing
stock. The scenario assumes that the energy eitigienprovements as described
and emphasised under the ‘efficiency’ scenario bél maintained. Further, the
scenario assumes that householders will displagafrienergy consumption
behaviour. And as such, they are interested in toong their energy usage at
home. That is, they exercise some behavioural haibiing at saving energy
consumption at home like turning down heating ircard rooms, washing at

lower temperaturegtc. With all these, they are however assumed to mairga
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dwelling internal temperature set-point of 20°C.daidnally, within this period,
energy prices are expected to be frozen as explaimegler the ‘economic’

scenario in Section 9.4.1.

9.5.2 Analysis of the ‘Integrated’ Scenario Resultsr Household Energy

Consumption

Figures 9.14 and 9.15 display the behaviours oksébald energy consumption
based on end-uses, and the behaviours of averabeotal annual household
energy consumption per household in the UK housitogk. By conducting a
quick visual inspection on Figure 9.14 (see apperdy for the combined
behaviour with the baseline scenario), the trehds observed are similar to the
ones display by the ‘behavioural change’ scenafibis indicates that the
household energy consumption under the ‘integragedhario tends to decline as
they approach 2050. Similarly, the profile of awgrand total annual household
energy consumption as shown in Figure 9.15 alsdstém decline as they move
towards 2050.

Energy savings from these graphs when compardthtmt ‘behavioural change’
scenario are almost the same thing as little odifferences are noticed by the
visual inspection. However, there is a well prormra difference between the
behaviour of this scenario (in terms of househaldrgy) when compared to
corresponding Figures under the ‘efficiency’ scemailhe insights from the
scenario then show that there is possibility of ensavings from this scenario
than ‘efficiency’ scenario. But, it is difficult tomake this kind of conjecture when

compared to the ‘behavioural change’ scenatrio.
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Figure 9.14: Behaviour of household energy consumption baseenoihuses under the

‘integrated’ scenario
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Figure 9.15:Behaviour of average and total annual householdggransumption under

the ‘integrated’ scenario
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As done for all the previous scenarios, a furthelysis is carried out in order to
bring forth all the hidden insights from the scemahat Figures 9.14 and 9.15
cannot explain. The household energy consumptionhi® UK housing stock is
analysed for the year 2020 and 2050 relative toyder 1990 and shown in
Tables 9.16 and 9.17 respectively. The profile loé tontribution of each
household energy end-use to energy savings fosttesario remains unchanged
when compared to the previous scenarios becausesphee heating is still
responsible for the lion share of savings of exgecin household energy
consumption. For example, the results of this stenauggest that about
79.31TWh and 131.56TWh reductions are anticipatethb year 2020 and 2050
respectively. As expected, this is followed by heater with savings of
48.38TWh and 60.48TWh for the year 2020 and 205peetively (Tables 9.16
and 9.17 respectively). These figures show thay Hre lower than the savings

anticipated under both the ‘efficiency’ and ‘belawial change’ scenarios.

Correspondingly, cooking and lighting energy asaxpected to follow suit as
space and water heating. However, the volume ofsthengs anticipated are
small as only 7.22TWh and 4.11TWh are expectedet@dved in cooking and
lighting energy consumption respectively for thearye?020. The results of
household energy consumption for appliances arerpnsing for this scenario
when compared to the previous trends. For the 2620, this no savings is
recorded below the levels of the year 1990. Ag#ie, likely reason for this
insight is due to the fact that the number of hbok#s continues to increase (as
the model results suggest) thereby increasing tingber of household appliances
acquisition and consequently more energy are w$edever, the scenario results
suggest that the appliances energy consumptiorredlice below 1990 levels by
11.41TWh by the year 2050 (Table 9.17).

The analysis of results are illuminating as Table&%hows that a total savings of
about 27% below 1990 levels is expected by the Y8&0, whereas a total
savings of about 44% is anticipated by the 205@se&rfigures are more than any

of the previous scenarios.
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Table 9.16:Change in household energy consumption by endhesssd on ‘integrated’
scenario for the year 2020 relative to 1990

Household Household *Change in *Percentage

energy energy household change in
consumption consumption energy household
(1990) (2020) consumption energy
(TWh) (TWh) (TWh) consumption
(%)

Space heating 300.92 221.61 -79.31 -26.36
Hot Water 108.20 59.82 -48.38 -44.71
Cooking 18.88 11.66 -7.22 -38.24
Lighting 15.29 11.18 -4.11 -26.88
Appliances 47.93 53.49 5.56 11.60
Total 491.22 357.76 -133.46 -27.17

*Relative to 1990 base as enshrined in Climate @leafct of 2008

Table 9.17: Change in household energy consumption by end-usesed on
‘integrated’ scenario for the year 2050 relativd 890

Household Household *Change in *Percentage
energy energy household change in
consumptior consumption energy household energy

(1990) (2050) consumption consumption (%)

(TWh) (TWh) (TWh)
Space heating 300.92 169.36 -131.56 -43.72
Hot Water 108.20 47.72 -60.48 -55.90
Cooking 18.88 10.93 -7.95 -42.11
Lighting 15.29 8.18 -7.11 -46.50
Appliances 47.93 36.52 -11.41 -23.81
Total 491.22 272.70 -218.52 -44.49

*Relative to 1990 base as enshrined in Climate @Qleafsct of 2008
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9.5.3 Analysis of the ‘Integrated’ Scenario Resufts Household Carbon

Emissions

As shown for all other previous scenarios, Figl8d$ (see appendix C8 for the
combined behaviour with the baseline scenario) @ad illustrate the behaviour
exhibited by the household carbon emissions byussd; and total and average
annual household carbon emissions respectivelyinAdmth Figures display a
downward trend for carbon emissions for all the-esés, and total and average
annual household carbon emissions as they appg&t¥thunder a varying degree
of savings. This downward trends show a relieva sijlikelihood of achieving
reductions in carbon emissions profile of UK hogsstock. A detail analysis of

these savings is carried out below.
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Figure 9.16: Behaviour of household carbon emissions based druses under the

‘integrated’ scenario
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average annual carbon emissions per householégrated Scenario 4 + 4 4 + 4 Tonnes
total annual household carbon emissions : Intedji@tenario = = = Million tonnes

Figure 9.17: Behaviour of average and total annual householdocaemissions under

the ‘integrated’ scenario

It is clear from Tables 9.18 and 9.19 the amounteafuctions in household
carbon emissions as expected in the years 202QGB@Irespectively. The results
are similar to the ones observed under the prevsmemarios as the greatest
reductions are expected from space heating (5210578.04 million tonnes of
CO, for 2020 and 2050 respectively). Expectedly, hoater contribute the
second largest reductions in carbon emissiondataible to this end-use (19.41
and 24.97 million tonnes of GQor 2020 and 2050 respectively). It is, again,
apparent that both the space and water heatinthardominant end-uses where
the largest chunk of reductions in carbon emissiamgets is anticipated. As
discussed for under the household energy consumptidcSection 9.5.2, some
reductions are also expected in cooking and lightielow the 1990 levels for the
years 2020 and 2050. These reductions are similawhat other previous

scenarios suggest.
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However, the model results for this scenario am@lar to previous scenarios that
carbon emissions due to the appliances are unlikelgll below the 1990 levels.
Government policy is therefore required to overttimis trend with a deep cut in
carbon emissions attributable to home appliancesveier, the model results for
this scenario in Table 9.19 suggest that the cammissions attributable to
appliances is expected to fall below 1990 levelsreghy showing a sign of

savings.

Generally, it is apparent from the results of thi®nario that carbon emissions
reduction target for the year 2020 is likely to ipet. This is similar to the
‘behavioural change’ scenario. The result in TaéhE8 suggests that a total of
about 43% carbon emissions are expected as adghmgarget of 34% that is
legally binding. This result therefore shows thicaty of a vigorous behavioural
change campaign, which in additional to the improgets in energy efficiency
measures through stringent building regulations atiter UK Government’s
policy frameworks display the capability of meetihg legally binding emissions

reduction targets.

With these giant strides shown by the scenaridhferyear 2020, yet it unlikely to
meet the carbon emissions reduction targets of Bp%e middle of this century.
The result indicates that only about 63% carborssimins reductions are likely to
be achieved. As suggested under the ‘efficiencyd &pehavioural change’
scenarios, the Government policy needs to allow rnitaeket forces to dictate
energy prices as this will ensure energy secunty lavels of commitment from
the energy service provider to further invest mad energy. Although, the effect
of growth in the number of households and declmaverage household size are
not independently explored by this model, the moldas the capability of
exploring these effects. However, Government pakcsequired to moderate the
growth in the number of households and declindhéaverage household size as

the duo controls the profile of the UK housing &toarbon emissions profile.
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Table 9.18: Change in household carbon emissions by end-usedban ‘integrated’

scenario for the year 2020 relative to 1990

Household Household *Change in *Percentage
carbon carbon household change in
emissions  emissions (2020 carbon carbon

(2990) (million  (million tonnes emissions emissions (%)

tonnes of CQ) of COy) (million tonnes
of COy)

Space heating 94.47 42.42 -52.05 -55.10
Hot Water 44.15 24.74 -19.41 -43.96
Cooking 7.93 4.69 -3.24 -40.86
Lighting 6.04 4.57 -1.47 -24.34
Appliances 18.43 21.91 3.48 18.88
Total 171.01 98.33 -72.68 -42.50

*Relative to 1990 base as enshrined in Climate @eafct of 2008

Table 9.19: Change in household carbon emissions by end-usedban ‘integrated’

scenario for the year 2050 relative to 1990

Household Household *Change in *Percentage
carbon emissionscarbon emissions  household change in
(2990) (million  (2050) (million carbon carbon

tonnes of CQ) tonnes of CQ) emissions emissions (%)

(million tonnes

of COy)
Space heating 94.47 21.43 -73.04 -77.32
Hot Water 44.15 19.18 -24.97 -56.56
Cooking 7.93 4.36 -3.57 -45.02
Lighting 6.04 3.29 -2.75 -45.53
Appliances 18.43 14.75 -3.68 -19.97
Total 171.01 63.01 -108.00 -63.15

*Relative to 1990 base as enshrined in Climate @eafct of 2008
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9.5.4 Comparison of ‘Integrated’ Scenario with Jobton’s Model Results

The results of the ‘integrated’ scenario are compawith the results of
Johnston’s (2003) ‘integrated’ scenario. It needsrhphasise that the Johnston’s
(2003) ‘integrated’ scenario has a different madgllassumptions compared to
the ‘integrated’ scenario in this thesis. Howewars scenario is viewed as the
closest to this thesis’ ‘integrated’ scenario. Tinéegrated’ scenario in Johnston
(2003) tries to capture both the supply and densades of energy and carbon
emission with an assumption of clean energy corfioigp the supply side. That
is, improved energy efficiency in electricity geaton is assumed. The results of
this comparative analysis are succinctly summarisefiables 9.20 and 9.21 for
household energy consumption and household cam@s®ns respectively.

Table 9.20: Comparative analysis of household energy conswmptittributable to

‘efficiency’ and ‘demand side’ scenarios

Total annual household energy consumption (KWh)
1990 2000 2010 2020 2030 2040 2050
‘Integrated’ scenario 491.2 546.8 5194 357.8 3212915 272.7

‘Integrated’ scenario of - 556.4 517.2 461.0 4156 3719 2789
Johnston (2003)

Table 9.21: Comparative analysis of household carbon emissiattisbutable to

‘efficiency’ and ‘demand side’ scenarios

Total annual household carbon emissions (million

tonnes of CQ)
1990 2000 2010 2020 2030 2040 2050
‘Integrated’ scenario 171.0 164.2 1401 98.3 84.22.37 63.0
‘Integrated’”  scenario  of - 1326 1154 96.6 835 71.6 51.2

Johnston (2003)
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The results clearly indicate that there are sorfferdnces in the output of the two
models. These differences are however likely to ttualifferent assumptions
made, different input data, and possibly the mauglphilosophy employed by
the two models as previously argued in Section Afain, it is worth

highlighting that the model in this thesis captuteoth the quantitative and
qualitative data of which current and previous nilotg paradigms lacks.

Qualitative data were captured based on knowletiggaé&on of those considered
as experts in the field of energy. This makes th@ach in this thesis to be more

robust and inclusive enough.

9.6  Summary of the Results for all the Scenarios

The summary of the results for all the scenariohfiusehold energy and carbon
emissions is shown in Tables 9.22 and 9.23 ressbgti

Table 9.22:Percentage reductions in household energy consumipt all scenarios

Baseline  Efficiency  Behavioural Economic Integrated

scenario scenario change scenario scenario
(%) (%) scenario (%) (%) (%)

2020

Space heating -7.99 -10.66 -23.99 -12.45 -26.36
Hot Water -26.61 -29.08 -42.38 -22.19 -44.71
Cooking -44.28 -47.19 -37.08 -43.38 -38.24
Lighting -10.92 -15.24 -25.18 -9.61 -26.88
Appliances +35.34 +29.65 13.85 37.05 11.60
Total -9.35 -12.33 -24.89 -10.87 -27.17
2050

Space heating -25.38 -31.53 -38.88 -20.66 -43.72
Hot Water -41.10 -46.51 -51.70 -37.35 -55.90
Cooking -44.92 -53.92 -36.12 -43.96 -42.11
Lighting -25.18 -38.46 -37.67 -23.74 -46.50
Appliances +5.21 -12.25 -12.23 7.09 -23.81
Total -26.60 -34.03 -38.96 -22.62 -44.49

278



Chapter 9: Policy Formulation and Analysis (lllustive Scenarios)

One of the most significant evidence from all thersarios is that it is unlikely for
any of the scenarios to individually meet the reegiilegally binding reductions

of 80% cut in carbon emissions.

Table 9.23:Percentage reductions in household carbon emgs$iorall scenarios

Baseline  Efficiency  Behavioural Economic Integrated

scenario scenario change scenario  scenario (%)
(%) (%) scenario (%) (%)

2020
Space heating -43.70 -45.29 -53.68 -40.27 -55.10
Hot Water -27.32 -29.44 -41.93 -23.26 -43.96
Cooking -46.91 -49.18 -40.10 -46.03 -40.86
Lighting -8.94 -12.58 -23.18 -7.62 -24.34
Appliances +42.65 37.76 20.40 44.38 18.88
Total -29.08 -31.27 -40.95 -25.86 -42.50
2050
Space heating -65.64 -69.56 -74.22 -62.64 -77.32
Hot Water -41.77 -47.09 -52.37 -38.05 -56.56
Cooking -47.54 -56.24 -39.34 -46.66 -45.02
Lighting -23.68 -37.25 -36.42 -22.35 -45.53
Appliances +10.42 -7.76 -7.81 12.37 -19.97
Total -48.96 -55.34 -58.47 -46.04 -63.15

9.7  Chapter Summary

This chapter has described and extensively disdussene policy scenarios
formulated in order to illustrate the use of thedelan this thesis. The illustrative
scenarios developed demonstrated the other waywhigh household energy
consumption and carbon emissions attributable @oUK housing stock would
evolve over the years under different assumptidrige ‘efficiency’ scenario

generally considers the effects of improvementsnergy efficiency measures on
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household energy consumption and ultimately on d&looisl carbon emissions.
Also, the ‘behavioural change’ scenario tries todelahe effects of occupants’
change of energy consumption behaviour on housettedgy consumption and
carbon emissions profile. Further, the ‘economicéreario assumes a case of
policy change by Government favouring energy pricedguction, thereby
reducing the energy bills payable by the househmslded its consequences on
household energy consumption and carbon emissforglastly, an ‘integrated’
scenario combines the assumptions in the firsetlenarios and then analyses

its effects on household energy consumption angocaemissions.

The results from the ‘efficiency’ scenario suggésat about 12% and 34%
reductions in household energy consumption aréleiddy the years 2020 and
2050 respectively below the year 1990 levels. ®Eseilts further suggest that the
household carbon emissions are likely to be redigedbout 31% and 55% in
the years 2020 and 2050 respectively below the 18@€ls. Additionally, the
results of the ‘behavioural change’ scenario ingdicdat about 25% and 39%
reductions in household energy consumption areilpess the years 2020 and
2050 respectively below the year 1990 levels. Thadeh suggests that these
reductions in household energy consumption is yikel translate to about 41%
and 58% reductions in household carbon emissiontkanyears 2020 and 2050
respectively when compared to 1990 as the base l[eadbermore, the results for
the ‘economic’ scenario show that about 11% and 28&tictions in household
energy consumption in the years 2020 and 2050 casply are possible when
compared to the base year 1990. These translaavings of 26% and 46% in
carbon emissions by the years 2020 and 2050 regplgctAnd finally, the results
from the ‘integrated’ scenario suggest that redundtiof about 27% and 44% in
household energy consumption are possible for tearsy 2020 and 2050
respectively. These figures amount to about 43%68% savings in household
carbon emissions for the years 2020 and 2050 ragelyc

One of the most significant evidence from the sdesas that it is likely to meet

the 34% carbon emissions target under the ‘beheali@hange’ and ‘integrated’
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scenarios under vigorous campaign of energy consampehavioural change of
householders. However, the results for all the @&ges indicate that it is unlikely
for any of the scenarios to meet the required lgdahding reductions of 80%
cut in carbon emissions. Comparison of the modstlte with other studies
clearly indicates there are some differences inréiselts. These are attributed to

different assumptions made, different input datag @ossibly the modelling

philosophy employed.
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Chapter 10

CONCLUSIONS AND RECOMMENDATIONS

10.1 Introduction

The aim of this research is to develop a systemamhyrs based model of the
socio-technical systems of energy consumption amtbon emissions of UK
housing sector. This Chapter brings together thdirigs emanating from the
research as discussed in Chapters two to ninehanichdin conclusions are drawn
from them to reflect the achievement of researgbatives. Prior to highlighting
the research originality and contribution to knaige, the Chapter provides
details on the implications of research findingsrigsearch, practice, and society.
The Chapter also presents the limitations of tisaech in this thesis and the
recommendations for future research directions lcolecthe Chapter.

10.2 Achievement of Research Objectives and Summaoy the Main

Conclusions

Objective 1: To identify the social and technical variables urfhcing household

energy consumption and carbon emissions.

Chapter two was used to fulfil this objective. Raiiarly, Section 2.3 of the

chapter carries out the review of extant literatoneprevious empirical studies
relating to the STS of household energy consumgiwh carbon emissions. This
is with a view to establishing the theoretical umiening of frameworks used in
conceptualising household energy consumption ambooaemissions. It was
shown that the frameworks are principally fall vimthtwo major domains:

disciplinary and integrated frameworks. Disciplypéramework focuses on how
individual disciplines illustrate the approach tolving energy and carbon
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emissions problems by formulating a framework. Example, engineering

approach looks at the technology of energy consimpind carbon emissions.

On the hand, integrated framework uses a holiggeaach to combine a number
of disciplines together and provide a frameworkata@ of shaping the issue of
energy consumption and carbon emissions basededimtitations of disciplinary
framework. With these serving as background toeathg this objective, Section
2.3.2 of Chapter two reviews extant literature asthblished that the social and
technical variables influencing household energyisconption and carbon
emissions come basically from three interactingtesys comprising of the
dwellings, occupants, and external environment. égables identified within
the dwellings system are related to dwellings’ pptsis characteristics. Also,
variables related to occupants system are in terfrsousehold characteristics,
occupants’ thermal comfort, and occupants’ behaviduad finally, the variables
related to external environment system are in tesinglimatic, economic, and
cultural influences. The variables used for modgloeptualisation in Chapter six

are drawn from these frames of variables and mappedix different modules.

Objective 2: To review the modelling approaches used in for@egdtousehold

energy consumption and carbon emissions.

Chapter two was used to achieve this objective hasethe review of extant
literature within the field of study. The reviewrdenstrates that there are quite a
number of energy and carbon emissions models that Bvolved over the years
with the capability of forecasting and estimatingegy consumption and carbon
emissions, especially in the housing sector of ébenomy. The findings and

conclusions emanating from the literature revieggast the following:

e The models used in forecasting energy and carboissems of the

housing sector basically follow two major episterajgproaches of top-
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down and bottom-up methods. The top-down techniglies on the kind
of interaction subsisting between the energy seata the economy in
general at aggregated level in order to predict fanecast the behaviour
of energy consumption and carbon emissions whenrescdmanges are
made to the policy parameters within such models.tli® other hand,
bottom-up techniques mainly focus on only the epesgctor utilising a
disaggregated approach of either statistical otdlmg physics method
that contains a high level of details to model ggeconsumption and

carbon emissions.

The identified models vary considerably based oe {tevels of
disaggregation, complexity, resolution of outpuytput aggregation
levels, scenario analysis performed, model valwhgti and their

availability to the members of public for scrutiny.

A careful appraisal of the existing modelling amriees suggests that
there are a number of limitations in the existingdelling techniques,
which are (1) lack of transparency in the modebatgms, (2) inability to
account for the complex, interdependencies, andamyn nature of the
issue of energy consumption and carbon emissi8héin{ited evidence to
show for the occupants-dwelling interactions, addl lack of enough

capacity to accommodate qualitative data input.

And as such, there is the need to scout for molristo modelling
approaches that take into consideration the kindoofiplexity involved
and bedevilling the issue of household energy cmpsion and carbon
emissions due to high inter-dependencies, chaoiiry-linearity, and

qualitative nature of some of the variables invdlve
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Objective 3: To identify the most suitable modelling approackcemceptualise
the complex Socio-Technical Systems (STS) of haldsetergy consumption and

carbon emissions.

Chapter three was used to achieve this objectite. [&ter part of Chapter two
serves as the background upon which the discussi@mapter three was based.
This highlights the shortcomings of the currentrggeand carbon emissions
modelling tools for housing sector in use. Chapheee therefore discusses the
shortcomings identified in Section 2.6 of Chapteo fas the main strengths of the
STS. Before the review of extant literature on nilaug techniques for STS,
Chapter three grounded the STS theoretically anldggphically. The findings
from the chapter reveal the following:

* The domain of application of STS is majorly in theeas of human-
computer interaction studies, information techng|ogsoftware
engineering, engineering (general), business andageament, medicine

and the host of others.

e« The modelling techniques for the STS include aatetwork theory,
agent-based modelling technique, bayesian beliefark, configuration
modelling, fuzzy logic, morphological analysis, sbmetwork analysis,

and system dynamics.

* These techniques are analysed for their capalidityapture the problem
under investigation within this thesis against adecriteria that include
(1) transparency, (2) multiple interdependencigsig®amic situations (4)
feedback processes (5) non-linear relationships@6j and soft data (7)
uncertainties of the variables involved, (8) chaassumptions and (9) the
use of the model as learning laboratory. A carefppraisal of all the
technigues shows that the system dynamics appliedtie most suitable
technique in conceptualising the problem under stigation in the

context of this thesis based on its ability to madethe set criteria.
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Objective 4: To develop the dynamic model of the socio-techrsgatems of

household energy consumption and carbon emissions.

This objective is the main thrust of the researcikwn this thesis. Chapters five,
six, seven and eight were used to fulfil this obyec Chapter five thoughtfully
discusses and explains the system dynamics mettgpdals applied to the
developed model within this thesis. The model hesnbdeveloped and includes
modules, which are: population/household, dwellingernal heat, occupants
thermal comfort, climatic-economic-energy efficignanteraction, household
energy consumption, and household ;Cé&missions. Chapter six therefore
discusses the development of the model. The chdptaribed and discussed the
model conceptualisation which is regarded as tlstesy thinking stage of the
modelling process in the form of causal diagrantss Then leads to the model
formulation stage in the form of stock and flow gfiams and the model
algorithms are subjected to both quantitative amalitative data sources. Chapter
seven discusses the model results for the ‘basaltemario, which serves as the
base case for all other scenarios formulated inp@nanine. The key findings
from the ‘baseline’ simulation conducted on the eleped model reveal the

following:

* In the population/household module, the model behavindicated that
the total UK population is on the upward trend LUBG50 with an average
yearly increase of 0.31%. When comparing this tesith historical data
available from ONS (2013), it shows an annual ghowft0.28%.

* The number of households in the UK was predictethbymodel to likely
grow on a yearly average of 1.02%, while the avwerhgusehold size
tends toward two per household by the year 205theMEomparing the
model results with historical data available fronE@C (Palmer &
Cooper, 2012), the number of households grows ggaaly average of
0.99% and the mean household size stands at 2.20 2310 as against
2.951in 1970.
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* Under the dwelling internal heat module, the maalébut suggests that
both the dwelling internal heat and dwelling intdrtemperature will
continue to grow. This is mainly because of thermepments envisaged
in dwellings’” thermal performance due to increasimyvellings’
airtightness. Also, because of the desire of haudehs to improve

thermal comfort by raising the temperature set{oin

* The insights observed from the occupants thermafad module suggest
that the behaviour of perceived dwelling tempertuould grow over the
year until 2050 with improved occupants’ thermainéort.

* Within the climatic-economic-energy efficiency irdetion module, the
model findings suggest that the unfavourable clicneffects will decline

as a result of efforts aiming at reducing carborssions.

» The findings relating to household energy consuompsiuggest that about
27% savings in household energy consumption arnbleidy the year
2050 below the year 1990 levels.

e The model result indicates that reductions in hbokk energy
consumption translate to the savings of about 49%arbon emissions by

the year 2050 below the base year of 1990.
* The insights from the model show that the greassstings in both
household energy consumption and carbon emissiengxpected from

space and water heating.

Chapter eight validates the model. The testing aaddtlation of the developed

model are done basically to build confidence inrttaelel results.
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Objective 5: To use the developed model to evaluate the eftdcenergy
efficiency, occupants behavioural change, and gnpriges on household energy

consumption and carbon emissions.

This objective was achieved in Chapter nine. Theptdr describes and
extensively discusses some policy scenarios forielan order to illustrate the
use of the model. The illustrative scenarios dgwatiodemonstrates the other
ways by which household energy consumption andocadmissions attributable
to the UK housing stock would evolve over the yeaarder different assumptions.
Four scenarios were illustrated to include ‘effig’, ‘behavioural change’,

‘economic’, and ‘integrated’ scenarios.

The ‘efficiency’ scenario generally considers théeas of improvements in
energy efficiency measures on household energyuoapison and ultimately on
household carbon emissions. Additionally, the ‘betnaral change’ scenario tries
to model the effects of occupants’ change of eneaysumption behaviour on
household energy consumption and carbon emissicofdep Furthermore, the
‘economic’ scenario assumes a case of policy chéyg@&overnment favouring
energy prices reduction, thereby reducing the enditjs payable by the
householders and its consequences on householglyer@rsumption and carbon
emissions. And lastly, an ‘integrated’ scenario boras the assumptions in the
first three scenarios and then analyses its effamis household energy

consumption and carbon emissions.

The following therefore give the summary of findsngnd conclusions from the

illustrative scenarios:

1. ‘Efficiency’ Scenario

* The findings from the ‘efficiency’ scenario suggdstat about 12%
reductions in household energy consumption ardleidiy the year 2020

below the base year 1990.

288



Chapter 10: Conclusions and Recommendations

Also for the year 2050, it is visible to make s@anof about 34% in

household energy consumption below the base yexr. 19

The results further suggest that the householdocadmissions for this
scenario are likely to reduce by about 31% in tkary2020 below the
base year 1990.

Additionally, the results indicate that the houddhmarbon emissions are
likely to reduce by about 55% in the year 2050 veloe base year 1990.

. ‘Behavioural Change’ Scenario

For ‘behavioural change’ scenario, the findingsvshihat about 25%
savings in household energy consumption are pessibthe year 2020
below the 1990 levels.

Also, the findings for this scenario indicate tlatout 39% savings in
household energy consumption are possible in tlae 650 below the
1990 levels.

For household carbon emissions under this sceniang,likely to have
about 41% reductions by the year 2020 when compiarel®90 as the

base case.
The model results also suggest that about 58% gsvim household

carbon emissions by the year 2050 are possible whepared to 1990 as

the base case.
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. ‘Economic’ Scenario

The findings under the ‘economic’ scenario showt thdout 11%
reductions in household energy consumption in #a Y020 are possible

when compared to the base year 1990.

Also for the year 2050, the scenario suggestsabaitit 23% reductions in
household energy consumption are possible when amdpto the base
year 1990.

For household carbon emissions, the results sugjgaisthere is likely to
be savings of about 26% by the year 2020 relativibe base year 1990.

Additionally, the findings show that the reductioimshousehold energy
consumption under this scenario for the year 208Qikely to translate to
savings of about 46% in household carbon emissionshe same year

relative to the base year 1990.

. ‘Integrated’ Scenario

The results from the ‘integrated’ scenario sugdfest reductions of about
27% in household energy consumption are possibléhbyyear 2020
below the base year 1990.

Also, the findings from this scenario suggest tleductions of about 44%
in household energy consumption are possible byédhe 2050 below the

base year 1990.

For the household carbon emissions, there is likelyoe about 43%

savings by the year 2020 below the base year 1990.
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10.3

Finally, the reductions witnessed in household gneonsumption for the
year 2050 are likely to amount to about 63% savingsousehold carbon

emissions for the same year below the base yedr. 199

General Conclusions from all the Scenarios

One of the main findings for all the scenarios @atles that it is unlikely
for any of the scenarios by its own to meet thauireg legally binding
reductions of 80% cut in carbon emissions by 20%(ess this is

vigorously pursued.

For all the scenarios, the insights from the madkew that the greatest
reductions in both household energy consumption Ggardon emissions

are expected from both the space and water heating.

Comparison of the model results with similar stsdikke that of
Johnston’s (2003) clearly indicates there are sdalifierences in the
results. These are attributed to difference inmgtions made, input data,

and possibly the modelling philosophy employed.

Implications of Research Findings for ReseargliPractice, and Society

The developed model as the output of the researthis thesis has a number of

implications for research, practice, and/ or sgciet

Firstly, the study explored the complex intrinsiterrelationships among the STS

of dwellings, occupants, and environment, as rélabeenergy consumption and

carbon emissions, by capturing their causes arttsff This is with the sole aim

of improving the understanding of the complex systef household energy

consumption and carbon emissions from systems itlungerspective thereby
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extending the knowledge base of system dynamickotssehold energy and
carbon emissions. For example, the causal diagcamdead to theory building
by the interested researchers. Additionally, thépuiuof this research has the
capability to spur research activities as enundiateder the recommendations for

future research directions in Section 10.6.

Secondly, the research in this thesis has imptinatfor practice. The developed
model in this research builds on the existing miowgl efforts, which are
traditionally restricted to building physics andyression-based forecasting, in
order to generate new insights into the future gisimon-deterministic systems
approach. This then adds to the pool of tools ab&l in the field for
practitioners. Since the developed model is higtdpsparent as all the variables
and algorithms developed can be scrutinised, iretbee has capacity to
immensely benefit from the software developers bgtgiyping it into other

suitable user friendly platforms.

Thirdly, the outcome of this research has implmagi for society. This is by
providing the policy makers with a decision makimgl upon which different

scenarios regarding HECCE can be tested beforeemmgitation.

10.4 Research Originality and Contribution to Knowlkedge

The originality of this research lies in the apation of system dynamics
approach to capture and solve the complex probé&tatimg to the future profiles
of household energy consumption and carbon emisdignproviding a policy

advice tool to the policy makers. This is in anemipt to meet the carbon
emissions reduction targets as enshrined in thma@# Change Act of 2008.
Consequently, the research effort within this thesas made a number of
contributions to knowledge. The unique contributisnthe development of a
model that incorporates socio-technical issues taat be used for decision

making over time. Other contributions are highieghbelow:
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The research in this thesis indicates the firstesysdynamics modelling
efforts applied to the entire UK housing sectoromler to model the
household energy consumption and carbon emissi@sedb on the

complex socio-technical interactions of the infloig variables.

The model, especially the developed conceptual medgstem thinking
aspect, is capable of improving the theoreticalWkiedge base regarding
the complex intrinsic inter-relationships that éxamong the socio-
technical influences of household energy consumptand carbon

emissions.

The developed model within this thesis has the lmfipaof being used to
simulate and predict the future profiles of UK helusld energy

consumption and carbon emissions over differen¢ tiorizons.

The developed model has the capability of produciag clear
understanding of household energy consumption amdoa emissions
associated with it. This can serve as a decisiddnmgaolicy tool with the
capability to direct policy decisions by testing thffect different policy
scenarios such as energy efficiency improvemerdsahavioural change
likely to have on household energy consumption eadbon emissions.
The insights generated will allow policy makers nwake informed
decisions regarding any future policy formulati@mmcerning energy and

carbon emissions within the UK housing sector.

The developed model is also capable of modelling arploring the
potential rate at which the carbon emissions reduadargets are being
achieved within the UK housing sector.
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10.5 Limitations of the Research

Any research effort relating to systems modelliag the case is in this thesis, is
likely to have a number of strengths as well adesufome drawbacks. The
strengths of this research in terms of contributionknowledge are stated in
Section 10.4. The limitations of this research updnch further developments

can be made are therefore summarised below:

e« The research within this thesis is based purelynwdelling of the
household energy consumption and carbon emissammand side). And
as such, the energy generation (energy supply sittgputable to the
housing sector has not been considered and modbitfethe model
developed in this thesis. Therefore, the developedel cannot explicitly
explore the technical improvements to the energplyuside in terms of
reduced carbon content of supplied energy as ayeishy these technical

improvements. This then serves as a limitatioméorésearch.

e The developed model in this thesis is an aggregaiedel of the entire
UK households. And as such, no attempt is madeigdagdregate the
household energy consumption and carbon emissiassdbon different
dwelling types. Consequently, it is difficult to mgre the energy
consumption and carbon emissions profiles attritdatéo the households
within these different dwelling types. This is amat limitation of this
research. However, its inclusion will in no wayeaff the final results of

the developed model.

* There are a number of variables that are not cersidin the developed
model, since it is necessary to set a boundaryther research. The
variables include some that are relating to dwegdlinphysical
characteristics and occupants behaviour as stat8ddtion 6.3 of Chapter

six such as dwelling exposure, dwelling orientatioocupants’ social
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class, and the likes. Inclusion of these variabled others, undoubtedly,
would improve the accuracy of the developed moadel allow further

options in the output of the developed model tex@ored.

Another limitation of the research is in the enetgycarbon conversion
factor used in the developed model. It is belietlet different fuels are
used for different end uses with different carbanission factors. For
example, householders are likely to use gas, @dytror oil, etc. as fuel
in order to achieve space and water heating im thveellings. The carbon
emission contents of each of these fuels differis Tesearch therefore
used the same aggregated energy to carbon emifsgitors for all the
household energy consumption end uses. Changeshese tcarbon
emissions factor will greatly alter the profile dfousehold carbon
emissions estimated by the developed model.

The developed model in this research is limitedsrapplication to other
countries because it is specifically developedtifier UK housing sector.
This is mainly because the model algorithms areedbam the UK data.
However, other countries can benefit from it by @sticating the model
algorithms.

10.6 Recommendations for Future Research Directions

The work within this thesis serves as the foundaiccystem dynamics model

upon which further research can be conducted irrotd fully explore other

options required to reduce the carbon emissionth@fUK households. To this

extent, the following areas of further research r@mmended to vigorously

pursue in the coming years:

A research on the energy supply side of the housaugor based on the

system dynamics approach is encouraged. This isidemred important
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because of the need to highlight the effect ofrcleaergy supply, due to
technological advancement, on the household eneoggumption and
carbon emissions. The output of such a researchbeahnked to the
developed model in this research to form an impidosecio-technical

model of energy and carbon emissions of the UK imgusector.

The current version of the developed model in thésis is an aggregated
model of the entire UK households. Another lineresearch can be
followed by disaggregating this based on differéwelling types such as
detached, semi-detached dwellings and the likess iBhto evaluate the
carbon emissions profiles attributable to eachhesé dwelling types. This
line of research is considered important mainlyabee of the need to
expand the capability and scope of the analysidopeed by the
developed model.

The research within this thesis can be replicatgd an expanded model
boundary to accommodate all the variables that ewduded by this
current research. This will include incorporatiohtiee carbon emission
factors of different fuels used for different enskes of household energy
consumption. Also, this further research is comredamportant in order

to improve on the accuracy of the developed model.

Additionally, it needs to highlight that the devednl model within this

thesis is specifically developed for the UK. And axch, the research
within this thesis can be replicated for other deped countries. This is
considered necessary in order for other develomeohtdes to benefit
from it by domesticating the model. Domesticatihg model will entail

using the data collected from the country repliggtine model. This will

be at the system conceptualisation and formulastages of model
development.
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10.7 Chapter Summary

This chapter serves as the reflective summary efrésearch presented within
this thesis as it brings together the findings lué tesearch. The chapter has
indeed demonstrated how the aim and objectiveshefresearch have been
achieved and gave the main conclusions that fall@nfindings. The implications

of the research for research, practice, and sowietg highlighted and discussed.
Undoubtedly, the research effort within this thésms made some contributions to
knowledge and these were accordingly highlightedheychapter. The snapshots
of the research limitations and recommendationdifdher research were given

as well.
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APPENDIX A

Model Equations

"% increament on energy bills"=
-5
Units: per cent [0,100,25]

appliances energy:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets’ ,,A12")
Units: MWh

Appliances Energy Consumption= INTEG (
(rate of appliances energy usage-energy to carbowversion a),
initial appliances usage)
Units: MWh

appliances energy consumption for UK housing stock=
Appliances Energy Consumption*households/10™6
Units: TWh

appliances usage demand=
2

Units: Dmnl
area of opening=
10

Units: m*m

Area of windows and glazed doors

Avrtificial heat transfer=
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("discrepancy in int & setpoint temp"*insulatioactor)+"total dwelling
heat gains (dhg)"
/Time
Units: Watts/Year

average annual carbon emissions per household=

Carbon Emissions due to Cooking Energy+Carbon &ons due to Hot
Water Usage
+Carbon Emissions due to Lighting Energy+Carbondsions due to Appliances
Energy
+Space Heating Carbon Emissions
Units: Tonnes

average annual electricity bill:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets' ,,/A2")
Units: £

average annual energy bills=
IF THEN ELSE(Time<=2010, ((average annual eletyribill+average
annual gas bill
)+(5139.16-2.455*Time+164.363*weighted average gn@rices+12.612
*effect of dwelling energy efficiency on energy lI§)/2,
FORECAST(((average annual electricity bill
+average annual gas bill)+(5139.16-2.455*Time+163*@/eighted average
energy prices
+12.612
*effect of dwelling energy efficiency on energyi§))/2,39,-45))
Units: £

average annual energy consumption per household=

Cooking Energy Consumption+Hot Water Energy Corsiion+Lighting
Energy Consumption

338



+Space Heating Energy Consumption+Appliances En€agysumption
Units: MWh

average annual gas bill:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets' ,,/AD2")
Units: £

average effect of solar gains=

0.9*area of opening*frame factor*average solar easc factor*solar
flux*solar transmittance factor for glazing
Units: Watts

average household size=
Population/households

Units: People/Households

average life expectancy=
78.8

Units: Year

average solar access factor=
0.7
Units: Dmnl [0.3,1,0.01]

average total fertility rate=
3

Units: Dmnl

births=
IF THEN ELSE(Time=population equilibrium time,dbat IF THEN
ELSE(Time<=2011
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, average total fertility rate*Population

*0.08/reproductive  time, FORECAST(average  total rtiliey
rate*Population

*0.08/reproductive time,39,100)))
Units: People/Year

carbon depletion=
Carbon Emissions due to Appliances Energy*carkepiedion factor

Units: Tonnes/Year

carbon depletion factor=
1.325
Units: 1/Year [-2,5,0.005]

Carbon Emissions due to Appliances Energy= INTEG (
(energy to carbon conversion -carbon depletios286,
initial appliances usage carbon emissions)

Units: Tonnes

carbon emissions due to appliances energy of Ulsihgustock=
Carbon Emissions due to Appliances Energy*housksib0"6

Units: Million tonnes

Carbon Emissions due to Cooking Energy= INTEG (
(energy to carbon conversion - carbon depletios286,
initial cooking carbon emissions)

Units: Tonnes
carbon emissions due to cooking energy of UK haustock=

Carbon Emissions due to Cooking Energy*househbld€/

Units: Million tonnes
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carbon emissions due to hot water energy of UK imgustock=
Carbon Emissions due to Hot Water Usage*houseHdld6

Units: Million tonnes

Carbon Emissions due to Hot Water Usage= INTEG (
(energy to carbon conversion hw-hw carbon depi¢tin5246,
initial hot water usage carbon emissions)

Units: Tonnes

Carbon Emissions due to Lighting Energy= INTEG (
(energy to carbon conversion |-l carbon depletiof246,
initial lighting usage carbon emissions)

Units: Tonnes

carbon emissions due to lighting energy of UK hogsitock=
Carbon Emissions due to Lighting Energy*househa@’s

Units: Million tonnes

carbon emissions due to space heating energy diddising stock=
Space Heating Carbon Emissions*households/10"6

Units: Million tonnes

cooking energy:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets',,/AK2")
Units: MWh

Cooking Energy Consumption= INTEG (
(cooking energy rate-energy to carbon conversion),
initial cooking energy)
Units: MWh
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cooking energy consumption for UK housing stock=
Cooking Energy Consumption*households/10"6
Units: TWh

cooking energy rate=cooking energy*effect of enemgfficiency standard on

cooking energy/
effect of energy bills on energy consumption/0.88
-0.35*FORECAST(cooking energy/1.88, 40, €)) ,

Units: MWh/Year

deaths=
Population*mortality

Units: People/Year

demand for cooking energy=
2

Units: Dmnl

dhg due to appliances less cooking=

((207.8*(total floor area*average
size)*EXP(0.4714))*(1+0.157*COS
(2*pi*(Time-1.178)))*1000/60)/5000
Units: Watts

dhg due to artificial lighting=

(59.73*(total floor area*average
size)"0.4714)*0.96"2*(1+0.5*COS
(2*pi*(Time-0.2)))*0.85*1000/(24*30*12)
Units: Watts

dhg due to cooking=
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35+(7*average household size)
Units: Watts

dhg due to no of people=
60*average household size
Units: Watts

dhg due to water heating=
80.5*average household size
Units: Watts

"discrepancy in int & ext temp"=
external air temp-dwelling int temp

Units: Deg Cent

"discrepancy in int & setpoint temp"=

IF THEN ELSE("% increament on energy bills"=0, pmsht temp-
dwelling int temp
, IF THEN ELSE( "% increament on energy bills"=88fpoint temp-0.5-dwelling
int temp
, IF THEN ELSE( "% increament on energy bills"=5@tpoint temp-1-dwelling
int temp
, IF THEN ELSE( "% increament on energy bills"=88&fpoint temp-1.5-dwelling
int temp
, Setpoint temp-2-dwelling int temp))))
Units: Deg Cent

dwelling int temp=
Dwelling Internal Heat/(65*temperature conversiactor)

Units: Deg Cent

Dwelling Internal Heat= INTEG (
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(Artificial heat transfer+Natural heat transfer),
130000)
Units: Watts

dwelling internal temp=
dwelling int temp*1.7
Units: Deg Cent

effect of combined fabric insulation and energyogghcy standard on dwelling

energy efficiency

IF THEN ELSE( Time<2011, 1+(effect of energy efiacy standard
improvement on dwelling energy efficiency
+effect of fabric insulation on energy efficiency

), l+(effect of energy efficiency standard impnment on dwelling
energy efficiency
+effect of fabric insulation on energy efficiency

)+RAMP(0.01,2010,2050))
Units: Dmnl

effect of dwelling energy efficiency on energy &l

1/effect of combined fabric insulation and enegfffciency standard on
dwelling energy efficiency
Units: Dmnl

effect of energy bills on energy consumption=

1-(1/((1+(1/average annual energy bills)*100)+efffef dwelling energy
efficiency on energy bills
)-0.9)*(1-(1/(1+"% increament on energy bills"

/normal energy bills)))/effect of unfavourable nalitic effects on
international energy prices

Units: Dmnl
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effect of energy efficiency on hot water energy=
1/effect of combined fabric insulation and enegdficiency standard on
dwelling energy efficiency

Units: Dmnl

effect of energy efficiency on space heating=
1/effect of combined fabric insulation and enegdficiency standard on
dwelling energy efficiency

Units: Dmnl

effect of energy efficiency standard improvementarelling energy efficiency
= WITH LOOKUP (
SAP rating/normal SAP value,
(1(0,0)-
(1,1)],(0.18,0),(0.23,0.048),(0.303,0.084),(0.36853),(0.402,0.222
),(0.434,0.312),(0.455,0.407),(0.481,0.544),(0.511/6.657895),(1,1) ))

Units: Dmnl

effect of energy efficiency standard on cookingrgge

IF THEN ELSE( Time<2011, 1/(1+(effect of energyi@éncy standard
improvement on dwelling energy efficiency
)), 1/(1+(effect of energy efficiency standard imypement on dwelling energy
efficiency
)+RAMP(0.01,2010,2050)))

Units: Dmnl

effect of energy efficiency standard on lightinglappliances energy=

IF THEN ELSE( Time<2011, 1/(1+(effect of energyi@éncy standard
improvement on dwelling energy efficiency
), 1/(1+(

345



effect of energy efficiency standard improvement awelling energy
efficiency
)+RAMP(0.01,2010,2050)))
Units: Dmnl

effect of fabric insulation on energy efficiency2TH LOOKUP (
insulation factor/normal insulation,

(1(0,0)-
(1,1)],(0,0),(0.1,0.058),(0.2,0.162),(0.3,0.248%(0.305),(0.5
,0.364),(0.6,0.391),(0.7,0.491),(0.75,0.524) ))

Units: Dmnl

effect of unfavourable climatic effects on intefoatl energy prices=
2*unfavourable climatic effects

Units: Dmnl

energy to carbon conversion for space heating=
Space Heating Energy Consumption*energy to cadoonersion factor

Units: Tonnes/Year

energy to carbon conversion aappliances=
Appliances Energy Consumption*energy to carborveasion factor

Units: Tonnes/Year

energy to carbon conversion ck=
Cooking Energy Consumption*energy to carbon cosivarfactor

Units: Tonnes/Year
energy to carbon conversion factor=

0.5246
Units: Dmnl [-1,1,0.01]
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energy to carbon conversion hw=
Hot Water Energy Consumption*energy to carbon eosion factor

Units: Tonnes/Year

energy to carbon conversion |=
Lighting Energy Consumption*energy to carbon casian factor

Units: Tonnes/Year

external air temp:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets’ ,,/MB2")
Units: Deg Cent

frame factor=
0.7
Units: Dmnl [0.7,0.8,0.01]
frame factor for windows and doors (fraction of njg that is
glazed) (0.7-0.8)

great discomfort=
LOOKUP EXTRAPOLATE( great discomfort lookup , dwed int temp
)

Units: Dmnl

great discomfort lookup(

[(30,33)-
(40,43)],(31.1927,33.0877),(32.8746,33.7895),(342434.886),(35.9939
,36.2018),(37.5229,37.4298),(38.7156,38.5702), @E@BB9.7544))
Units: Dmnl

growth in occupants activity level=

1.25
Units: Dmnl [0,3,0.1]
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heat losses=
-40*average household size
Units: Watts

Hot Water Energy Consumption= INTEG (
(rate of hot water energy usage-energy to carborearsion hw),
initial hot water usage)
Units: MWh

hot water energy consumption for UK housing stock=
Hot Water Energy Consumption*households/10"6
Units: TWh

hot water usage demand=
Occupants Comfort

Units: Dmnl

hot water usage energy:.=
GET XLS DATA ( 'Datasets.xIsx', 'Datasets’ ,,'/A2")
Units: MWh/Year

households=
-3.436e+008+182058*Time+0.067*Population
Units: Households

humidex value=
IF THEN ELSE( dwelling int temp<25

:OR:
relative humidity<50,

MAX(dwelling int temp*2.35,dwelling internal temp),
no discomfort from heat stress
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)

Units: Dmnl

hw carbon depletion=
Carbon Emissions due to Hot Water Usage*carbotetiep factor

Units: Tonnes/Year

initial appliances usage=
1.07
Units: MWh

initial appliances usage carbon emissions=
0.375

Units: Tonnes

initial cooking carbon emissions=
0.55

Units: Tonnes

initial cooking energy=
1.36
Units: MWh

initial hot water usage=
6.64

Units: MWh

initial hot water usage carbon emissions=
2.7

Units: Tonnes

initial lighting usage=
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0.55
Units: MWh

initial lighting usage carbon emissions=
0.21

Units: Tonnes

initial occupants comfort=
10

Units: com

initial occupants metabolic buildup=
0.9

Units: met

initial population=
5.5632e+007
Units: People

initial space heating carbon emissions=
5.85

Units: Tonnes

initial space heating energy=
13.18

Units: MWh

insulation factor=
0

Units: Watts/Year/Deg Cent [0,100,25]

| carbon depletion=
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Carbon Emissions due to Lighting Energy*carbonletggn factor

Units: Tonnes/Year

lighting energy:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets' ,,/A'2")
Units: MWh/Year

Lighting Energy Consumption= INTEG (
(rate of lighting energy usage-energy to carbamvecsion |),
initial lighting usage)
Units: MWh

lighting energy consumption for UK housing stock=
Lighting Energy Consumption*households/10"6
Units: TWh

lighting energy demand=
2

Units: Dmnl

mortality=
mortality lookup(average life expectancy/one year)
Units: 1/Year

mortality lookup(

[(20,0)-
(80,0.006)],(20,0.00567),(30,0.00366),(40,0.00258)0.00155),(60
,0.00082),(70,0.00023),(80,0.0001))

Units: 1/Year

Natural heat transfer=

“discrepancy in int & ext temp™*(100-insulationdir)
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Units: Watts/Year

no discomfort=
LOOKUP EXTRAPOLATE(no discomfort lookup, dwellingt temp )

Units: Dmnl

no discomfort from heat stress=

IF THEN ELSE( dwelling int temp<30
:AND:

relative humidity>25,
no discomfort,

some discomfort heat stress)

Units: Dmnl

no discomfort lookup(

[(20,26)-
(25,30)],(0.202446,31.6009),(0.234251,29.2807)9P9%6,26.7588)
,(0.346789,25.2456),(0.449541,23.2281),(0.540061182),(0.657492,21.0088
),(0.784709,20.5044),(0.899694,20.4035),(0.9926563(26),(20.0153,26.0526
),(21.1009,26.3333),(22.0489,26.5439),(22.844,248Y,823.578,27.0351),(24.18
96
,27.3333),(25,27.8246))

Units: Dmnl

normal energy bills=
100

Units: Dmnl
normal insulation=

100

Units: Dmnl
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normal SAP value=
100

Units: Dmnl

Occupants activity level=
(Occupants Metabolic Buildup*growth in occupanttiaty level)
Units: act

occupants behaviour=
2
Units: Dmnl [1,3,1]

Occupants Comfort= INTEG (
Perceived dwelling temp*"discrepancy in int & satg temp”,
initial occupants comfort)

Units: Dmnl

Occupants Metabolic Buildup= INTEG (
((Perceived dwelling temp/30)/Occupants activitydl)*0.05,
initial occupants metabolic buildup)

Units: Dmnl

one year=
1

Units: Year

Perceived dwelling temp=

IF THEN ELSE(humidex value<=(Occupants Comfort+@Quants
Metabolic Buildup
)*probability of putting on clothing*probability ofvindow opening

, (Occupants Comfort+Occupants Metabolic Buildgpybability of
putting on clothing
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*probability of window opening , FORECAST
(humidex value,200,-100))
Units: Deg Cent

pi=
3.142

Units: Dmnl

Population= INTEG (
births-deaths,
initial population)
Units: People

population equilibrium time=
2500
Units: Year

probability of putting on clothing=

IF THEN ELSE(Occupants Metabolic Buildup>0
:AND:
some discomfort heat stress
>0,

LOOKUP EXTRAPOLATE (putting on clothing lookup,

Occupants Comfort/10), 0)
Units: Dmnl

probability of window opening=
IF THEN ELSE(Occupants Metabolic Buildup>0
:AND:
some discomfort heat stress
>0,
LOOKUP EXTRAPOLATE (window opening lookup,
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Occupants Comfort/100), 0)

Units: Dmnl

putting on clothing lookup(

[(0,0.6)-
(1,1)],(0,1),(0.058104,0.898246),(0.165138,0.813(§8584404,0.742105
),(0.425076,0.7),(0.593272,0.670175),(0.761468(1B83),(0.990826,0.635088
)

Units: Dmnl

rate of appliances energy usage=
appliances energy*effect of energy efficiency stddon lighting and appliances
energy
/effect of energy bills on energy consumption
/0.88-0.25*
FORECAST (appliances energy/0.88, 39, 507)

Units: MWh/Year

rate of hot water energy usage=

(hot water usage energy
*effect of energy efficiency on hot water energiget of energy bills on energy
consumption

/0.88-0.25*FORECAST (hot water usage energy

/1.88, 39, 175))*(0.6*setpoint temp)/dwellingenhal temp

Units: MWh
rate of lighting energy usage=

lighting energy*effect @nergy efficiency standard on

lighting and appliances energy
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/effect of energy bills on energy consumption
/0.88-0.25*
FORECAST (lighting energy/0.88, 39, 600)) ,

Units: MWh/Year

rate of space heating=
(spacetirepenergy
*effect of energy efficiency on space heating
/effect of energy bills on energy consumption
*1.14-0.15*FORECAST (space heating energy
*0.53, 39, 450))*(0.6*setpotemp)/dwelling internal temp

),
Units: MWh/Year

relative humidity:=
GET XLS DATA( 'Datasets.xlsx', 'Datasets’ , 'A2")
Units: per cent [0,100,1]

reproductive time=
90

Units: Year
SAP rating:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets' ,,M2")
Units: Dmnl [0,100,1]
setpoint temp=
20

Units: Deg Cent [10,30,0.5]

sh carbon depletion=
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Space Heating Carbon Emissions*carbon depleticiorfac

Units: Tonnes/Year

solar flux=
150
Units: Dmnl [0,500,1]
solar flux on the applicable surface (solar irrad®)

solar transmittance factor for glazing=
0.76
Units: Dmnl [0.5,0.9,0.01]

some discomfort=
LOOKUP EXTRAPOLATE(some discomfort lookup, dwetjimt temp )
Units: Dmnl

some discomfort heat stress=

IF THEN ELSE( dwelling int temp<36
:OR:

relative humidity>50,
some discomfort,

great discomfort)

Units: Dmnl

some discomfort lookup(

[(25,27)-
(30,33)],(25.2905,27.0263),(26.422,27.4211),(27%25.8684),(28.4557
,28.4737),(29.2355,29.0789),(29.9847,29.8947))

Units: Dmnl

Space Heating Carbon Emissions= INTEG (
(energy to carbon conversion-sh carbon deplet6p46,
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initial space heating carbon emissions)

Units: Tonnes

space heating demand=
Occupants Comfort/ one com

Units: Dmnl

space heating energy:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets’ ,,/A2")

Units: *undefined**

Space Heating Energy Consumption= INTEG (
(rate of space heating-energy to carbon conveysion
initial space heating energy)
Units: MWh

space heating energy consumption for UK housingksto
Space Heating Energy Consumption*households/10"6
Units: TWh

temperature conversion factor=
225
Units: Watts/Deg Cent [0,1000,1]

total annual household carbon emissions=
average annual carbon emissions per householdsholds/10"6

Units: Million tonnes
total annual household energy consumption=

average annual energy consumption per househald&hmwlds/10"6
Units: TWh
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"total dwelling heat gains (dhg)"=

(dhg due to appliances less cooking+dhg due ticat lighting+dhg due
to cooking
+dhg due to no of people+dhg due to water heatingreme effect of solar gains
+heat losses)
Units: Watts

total floor area=
85

Units: *undefined**

unfavourable climatic effects=
SMOOTH( (1-(1/average annual carbon emissionhpesehold)), 5)

Units: Dmnl

weighted average energy prices:=
GET XLS DATA ( 'Datasets.xlsx', 'Datasets' ,,/AQ2")

Units: *undefined**

window opening lookup(

[(0,0)-
(1,1)],(0,0),(0.0795107,0.258772),(0.198777,0.49580.40367,0.75
),(0.617737,0.890351),(0.801223,0.960526),(1,1))

Units: **undefined**
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Table B.1: Baseline Household Energy Consumption (TWh)

APPENDIX B
Baseline Scenario

Time
(Year) Space Heating Hot Water Cooking Lighting Aqpces
1970 247.54 124.71 25.54 10.33 20.10
1971 251.94 124.45 25,51 10.46 20.62
1972 244.24 124.89 25.37 10.66 21.61
1973 244.59 124.38 25.19 10.93 22.97
1974 252.12 123.99 25.06 11.22 24.67
1975 257.69 123.57 24.94 11.52 26.59
1976 254.39 122.74 24.79 11.83 28.40
1977 248.98 122.95 24,58 12.15 29.99
1978 253.92 122.98 24.36 12.46 31.37
1979 262.15 121.78 24.10 12.72 32.66
1980 284.08 120.88 23.84 13.02 33.84
1981 284.70 119.29 2351 13.32 34.97
1982 283.88 118.27 23.15 13.58 36.13
1983 280.52 117.06 22.77 13.85 37.32
1984 277.80 115.53 22.31 14.08 38.58
1985 269.80 113.66 21.78 14.29 39.98
1986 290.58 112.90 21.31 14.54 41.72
1987 309.69 112.73 20.74 14.76 43.46
1988 318.24 110.91 20.13 14.96 45.20
1989 315.37 109.53 19.51 15.15 46.66
1990 300.92 108.20 18.88 15.29 47.93
1991 297.64 106.92 18.12 15.40 48.89
1992 321.25 105.65 17.51 15.55 49.70
1993 328.89 104.29 17.03 15.68 50.50
1994 341.94 103.20 16.67 15.85 51.28
1995 338.86 101.95 16.36 16.00 51.96
1996 330.04 100.77 16.10 16.13 52.46
1997 360.09 99.78 15.90 16.30 53.00
1998 353.88 98.85 15.75 16.50 53.56
1999 359.33 98.25 15.62 16.65 54.18
2000 362.70 97.02 15.52 16.84 54.77
2001 368.84 96.26 15.42 17.04 55.29
2002 380.81 94.99 15.34 17.25 55.84
2003 379.56 94.23 15.43 17.45 56.74
2004 382.72 93.86 15.48 17.44 57.87
2005 389.48 93.54 15.52 17.37 59.32
2006 383.08 92.46 15.48 17.17 60.82
2007 372.20 91.32 15.46 17.18 62.55
2008 356.90 89.82 15.38 17.11 63.65
2009 356.29 87.65 15.08 16.91 63.90
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Table B.1: Continued.

Time (Year) Space Heating Hot Water Cooking Lightin Appliances

2010 339.89 84.85 14.02 16.10 64.57
2011 367.04 82.69 13.48 15.77 65.14
2012 320.58 81.25 11.95 15.67 65.65
2013 299.39 80.86 11.22 15.68 66.15
2014 290.28 80.97 10.86 14.81 67.28
2015 286.96 81.33 10.69 14.35 67.45
2016 285.51 81.40 10.61 14.09 67.17
2017 283.53 81.08 10.56 13.92 66.68
2018 281.35 80.58 10.54 13.80 66.10
2019 279.11 80.01 10.53 13.71 65.49
2020 276.88 79.41 10.52 13.62 64.87
2021 274.69 78.81 10.52 13.54 64.25
2022 272.54 78.21 10.51 13.46 63.64
2023 270.44 77.62 10.51 13.39 63.05
2024 268.39 77.04 10.50 13.31 62.46
2025 266.38 76.46 10.50 13.24 61.89
2026 264.41 75.90 10.50 13.16 61.33
2027 262.47 75.34 10.49 13.09 60.78
2028 260.57 74.78 10.49 13.01 60.24
2029 258.70 74.24 10.49 12.94 59.71
2030 256.86 73.70 10.48 12.86 59.19
2031 255.05 73.16 10.48 12.79 58.69
2032 253.26 72.63 10.47 12.72 58.19
2033 251.50 72.10 10.47 12.64 57.70
2034 249.76 71.58 10.47 12.57 57.21
2035 248.04 71.06 10.46 12.50 56.74
2036 246.34 70.55 10.46 12.43 56.28
2037 244.66 70.04 10.46 12.35 55.82
2038 243.01 69.53 10.45 12.28 55.37
2039 241.37 69.03 10.45 12.21 54.92
2040 239.75 68.53 10.44 12.14 54.49
2041 238.15 68.03 10.44 12.07 54.05
2042 236.57 67.54 10.44 12.00 53.63
2043 235.01 67.05 10.43 11.93 53.21
2044 233.46 66.56 10.43 11.86 52.80
2045 231.93 66.08 10.42 11.79 52.39
2046 230.42 65.60 10.42 11.72 51.99
2047 228.93 65.13 10.42 11.65 51.59
2048 227.45 64.66 10.41 11.58 51.20
2049 225.99 64.19 10.41 11.51 50.81
2050 224.55 63.73 10.40 11.44 50.43
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Table B.2: Baseline Household Carbon Emissions (Million TanoeCO2)

Time (Year) Space Heating Hot Water Cooking Lightin Appliances
1970 109.87 3.94 10.33 3.94 7.04
1971 102.66 4.09 10.28 4.09 7.76
1972 100.65 417 10.26 417 8.12
1973 96.85 4.25 10.21 4.25 8.51
1974 94.72 4.35 10.14 4.35 9.00
1975 95.09 4.46 10.09 4.46 9.63
1976 95.65 457 10.04 4,57 10.35
1977 93.79 4.70 9.98 4.70 11.08
1978 90.59 4.82 9.90 4.82 11.74
1979 89.81 4.95 9.81 4.95 12.33
1980 90.69 5.06 9.71 5.06 12.87
1981 95.85 5.17 9.61 5.17 13.36
1982 96.40 5.29 9.49 5.29 13.82
1983 95.10 5.40 9.35 5.40 14.29
1984 92.52 5.51 9.20 5.51 14.76
1985 89.69 5.61 9.02 5.61 15.25
1986 85.30 5.69 8.82 5.69 15.79
1987 88.41 5.79 8.63 5.79 16.44
1988 93.33 5.88 8.41 5.88 17.12
1989 95.86 5.96 8.17 5.96 17.81
1990 94.47 6.04 7.93 6.04 18.43
1991 88.63 6.10 7.68 6.10 18.97
1992 84.51 6.15 7.39 6.15 19.40
1993 88.36 6.20 7.13 6.20 19.76
1994 90.21 6.26 6.92 6.26 20.09
1995 92.92 6.32 6.75 6.32 20.40
1996 91.40 6.38 6.61 6.38 20.69
1997 86.97 6.44 6.50 6.44 20.91
1998 92.41 6.50 6.41 6.50 21.13
1999 90.80 6.57 6.34 6.57 21.35
2000 90.24 6.64 6.28 6.64 21.59
2001 89.41 6.71 6.23 6.71 21.82
2002 89.24 6.79 6.19 6.79 22.04
2003 90.87 6.87 6.16 6.87 22.26
2004 89.36 6.95 6.17 6.95 22.57
2005 88.10 6.97 6.19 6.97 22.98
2006 87.88 6.96 6.20 6.96 23.51
2007 84.32 6.90 6.20 6.90 24.08
2008 78.48 6.88 6.19 6.88 24.74
2009 70.68 6.86 6.17 6.86 25.25
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Table B.2: Continued.

Time (Year) Space Heating Hot Water Cooking Liggtin Appliances
2010 66.34 6.79 6.07 6.79 25.47
2011 58.66 6.55 5.75 6.55 25.72
2012 78.69 6.38 5.50 6.38 25.95
2013 57.58 6.30 5.00 6.30 26.17
2014 59.64 6.28 4.65 6.28 26.37
2015 55.94 6.03 4.44 6.03 26.75
2016 56.10 5.83 4.33 5.83 26.91
2017 55.26 5.69 4.27 5.69 26.88
2018 54.66 5.61 4.24 5.61 26.73
2019 53.90 5.55 4.22 5.55 26.53
2020 53.19 5.50 4.21 5.50 26.29
2021 52.45 5.46 4.21 5.46 26.05
2022 51.73 5.43 4.21 5.43 25.80
2023 51.01 5.40 4.20 5.40 25.55
2024 50.30 5.37 4.20 5.37 25.31
2025 49.59 5.33 4.20 5.33 25.07
2026 48.89 5.30 4.20 5.30 24.84
2027 48.19 5.27 4.20 5.27 24.61
2028 47.49 5.24 4.19 5.24 24.39
2029 46.80 5.21 4.19 5.21 24.17
2030 46.11 5.18 4.19 5.18 23.96
2031 45.42 5.15 4.19 5.15 23.75
2032 44.74 5.12 4.19 5.12 23.54
2033 44.05 5.09 4.19 5.09 23.34
2034 43.37 5.06 4.18 5.06 23.14
2035 42.68 5.04 4.18 5.04 22.94
2036 42.00 5.01 4.18 5.01 22.75
2037 41.32 4.98 4.18 4.98 22.56
2038 40.64 4.95 4.18 4.95 22.38
2039 39.96 4.92 4.18 4.92 22.20
2040 39.28 4.89 4.17 4.89 22.02
2041 38.59 4.86 4.17 4.86 21.84
2042 37.91 4.83 4.17 4.83 21.67
2043 37.23 4.80 4.17 4.80 21.49
2044 36.55 4.78 4.17 4.78 21.32
2045 35.87 4.75 4.17 4.75 21.16
2046 35.19 4,72 4.16 4.72 20.99
2047 34.51 4.69 4.16 4.69 20.83
2048 33.82 4.66 4.16 4.66 20.67
2049 33.14 4.63 4.16 4.63 20.51
2050 32.46 4.61 4.16 4.61 20.35
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APPENDIX C

lllustrative Scenarios

C1: Household Energy Consumption by End-Use for théBaseline’ and
‘Efficiency’ Scenarios
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Figure C.1: Space heating energy consumption for the ‘baselara ‘efficiency’

scenarios
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Figure C.2: Hot water energy consumption for the ‘baseline’ afficiency’ scenarios
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Figure C.3: Cooking energy consumption for the ‘baseline’ agfficiency’ scenarios
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Figure C.4: Lighting energy consumption for the ‘baseline’ aefficiency’ scenarios
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Figure C.5: Appliances energy consumption for the ‘baselinel @&fficiency’ scenarios
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C2: Household Carbon Emissions by End-Use for theéBaseline’ and

‘Efficiency’ Scenarios
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Figure C.6: Carbon emissions due to space heating for the lihasend ‘efficiency’

scenarios
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Figure C.7: Carbon emissions due to hot water for the ‘baselara ‘efficiency’

scenarios
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Figure C.8: Carbon emissions due to cooking for the ‘baseliagd ‘efficiency’

scenarios
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Figure C.9: Carbon emissions due to lighting for the ‘baselimeid ‘efficiency’

scenarios
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Figure C.10: Carbon emissions due to appliances for the ‘baselmd ‘efficiency’

scenarios
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C3: Household Energy Consumption by End-Use for théBaseline’ and

‘Behavioural Change’ Scenarios

400
300
£ 200
100
0
1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)
space heating energy consumption for UK housingk line % + + T + T s T
space heating energy consumption for UK housingkst@ehavioural Change Scenark

Figure C.11: Space heating energy consumption for the ‘baselamsl ‘behavioural

change’ scenarios
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Figure C.12: Hot water energy consumption for the ‘baseline’ @havioural change’

scenarios
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Figure C.13: Cooking energy consumption for the ‘baseline’ abehavioural change’

scenarios
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Figure C.14: Lighting energy consumption for the ‘baseline’ dhdhavioural change’

scenarios
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Figure C.15: Appliances energy consumption for the ‘baselined @hehavioural

change’ scenarios
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C4: Household Carbon Emissions by End-Use for theéBaseline’ and

‘Behavioural Change’ Scenarios
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Figure C.16: Carbon emissions due to space heating for the libasand ‘behavioural

change’ scenarios
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Figure C.17: Carbon emissions due to hot water for the ‘baselamel ‘behavioural

change’ scenarios
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Figure C.18: Carbon emissions due to cooking for the ‘baseliaed ‘behavioural

change’ scenarios
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Figure C.19: Carbon emissions due to lighting for the ‘baseliaed ‘behavioural

change’ scenarios
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Figure C.20: Carbon emissions due to appliances for the ‘baseand ‘behavioural

change’ scenarios
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C5: Household Energy Consumption by End-Use for théBaseline’ and

‘Economic’ Scenarios
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Figure C.21: Space heating energy consumption for the ‘baselarel ‘economic’

scenarios
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Figure C.22: Hot water energy consumption for the ‘baseline’ @wmbnomic’ scenarios
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Figure C.23: Cooking energy consumption for the ‘baseline’ amtbhomic’ scenarios
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Figure C.24:Lighting energy consumption for the ‘baseline’ aacbnomic’ scenarios
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Figure C.25: Appliances energy consumption for the ‘baselined aeconomic’

scenarios
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C6: Household Carbon Emissions by End-Use for theéBaseline’ and

‘Economic’ Scenarios
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Figure C.26: Carbon emissions due to space heating for thelibasand ‘economic’

scenarios
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Figure C.27: Carbon emissions due to hot water for the ‘basetind ‘economic’

scenarios
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Figure C.28: Carbon emissions due to cooking for the ‘baselama ‘economic’

scenarios
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Figure C.29: Carbon emissions due to lighting for the ‘baseli@ad ‘economic’

scenarios
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Figure C.30: Carbon emissions due to appliances for the ‘basedind ‘economic’

scenarios
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C7: Household Energy Consumption by End-Use for théBaseline’ and

‘Integrated’ Scenarios
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Figure C.31: Space heating energy consumption for the ‘baselam ‘integrated’

scenarios
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Figure C.32: Hot water energy consumption for the ‘baseline’ ankgrated’ scenarios
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Figure C.33: Cooking energy consumption for the ‘baseline’ antegrated’ scenarios
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Figure C.34:Lighting energy consumption for the ‘baseline’ aimtiegrated’ scenarios
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Figure C.35: Appliances energy consumption for the ‘baselined @mtegrated’

scenarios
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C8: Household Carbon Emissions by End-Use for theéBaseline’ and

‘Integrated’ Scenarios
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Figure C.36: Carbon emissions due to space heating for thelibasand ‘integrated’

scenarios
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Figure C.37: Carbon emissions due to hot water for the ‘basedind ‘integrated’

scenarios
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Figure C.38: Carbon emissions due to cooking for the ‘baselamal ‘integrated’

50

scenarios
8
6
c 4
g
2
0
1970 1978 1986 1994 2002 2010 2018 2026 2034 2042 2050
Time (Year)
carbon emissions due to lighting energy of UK hngsitock : Baseline—4%- e e e 4 4 4
carbon emissions due to lighting energy of UK hngsitock : Integrated Scenari = = =

Figure C.39: Carbon emissions due to lighting for the ‘baseli@rad ‘integrated

scenarios
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APPENDIX D

Validation

HERIOT
WAT'T

w UNIVERSITY

D1: Instrument for Model Validation

Dynamic Modelling of the Socio-Technical Systems ¢iousehold Energy and
CO; Emissions in the UK

Dear Sir/Madam

The above research is usisgstem dynamics approach to model the social-
technical variables influencing household energysconption and CQemissions
(HECCE) in the UK. The study intends to contribicdehe body of knowledge by
improving the understanding of the complex naturdedBCCE by providing a
tool capable of studying the behaviour of policiegarding energy and carbon
emissions issues in the UK.

As part of the system dynamics processes, modaldesnd validation by experts
in the subject is of paramount importance. Theefare seek your assistance in
sparing us approximately one hour of your timedseas the model as guided by
this protocol.

Please be assured that any information given welltieated in the strictest

confidence and used for research purposes only.

Thanks in anticipation.

Yours Sincerely,

Michael G. Oladokunv Dr Ibrahimv I. Motowar
Postgraduate Research Student Supervisor

Institute for Building and Urban Design, Institute for Building and Urban Design,

School of the Built Environment School of the Built Environment

Edinburgh EH14 4AS Edinburgh EH14 4AS

t: +44 (0) 131 451 4434 | e: mgo5@hw.ac.uk t: +44 (0) 131 451 4620 | e: LA.Motawa@hw.ac.uk
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Background Information
Name of organisation (optional).............cooiiiiiiii

Organisation type
I. Public
. Private

Academic

I. Diploma

ii. Bachelor’s degree

ii. Master’'s degree

2 PhD

V. Others (SPECITY).....o it e

Experience in household energy related issues
I. Yes
il. No

Years of experience in household energy relatecsss

I 1-5

ii. 6-10

iii. 11-15

iv. 16 — 20

V. 21-25

Vi. Oothers........ccoevvvne..

Experience in system dynamics modelling
i. Yes
ii. No

Years of experience in system dynamics modelling

I 1-5

il 6-—10

iii. 11-15

iv. 16 — 20

V. 21-25

vi. Others.........ccoeen....
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B. Model Validation

8. Based on the system dynamics model reviewed, plessess the model
according to the following criteria (with 5 — Exlmit, 4 — Above average,
3 — Average, 2 — Below average, 1 — Poor)

Rating

Criteria

Logical structure

Clarity

Comprehensiveness

Practical relevance

Applicability

Intelligibility

9. Kindly comment on the model’'s point of strength
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10. Kindly comment on the model’s point of weakness

11. Please give your general comment regarding the mode

*****T h an k yo u*****
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D2: Time Step Changes for Euler Integration Method
Table D.1: Energy Consumption per Household - Time Step =1

Time (Year) Space Heating Hot Water CookingLighting Appliances
1970 13.18 6.64 1.36 0.55 1.07
1971 13.28 6.56 1.34 0.55 1.09
1972 12.74 6.52 1.32 0.56 1.13
1973 12.64 6.43 1.30 0.56 1.19
1974 12.90 6.34 1.28 0.57 1.26
1975 13.05 6.26 1.26 0.58 1.35
1976 12.76 6.16 1.24 0.59 1.42
1977 12.37 6.11 1.22 0.60 1.49
1978 12.50 6.05 1.20 0.61 1.54
1979 12.78 5.94 1.18 0.62 1.59
1980 13.72 5.84 1.15 0.63 1.63
1981 13.63 5.71 1.13 0.64 1.67
1982 13.47 5.61 1.10 0.64 1.71
1983 13.19 5.50 1.07 0.65 1.75
1984 12.94 5.38 1.04 0.66 1.80
1985 12.46 5.25 1.01 0.66 1.85
1986 13.30 5.17 0.98 0.67 1.91
1987 14.05 5.11 0.94 0.67 1.97
1988 14.31 4.99 0.91 0.67 2.03
1989 14.06 4.88 0.87 0.68 2.08
1990 13.30 4.78 0.83 0.68 2.12
1991 13.05 4.69 0.79 0.67 2.14
1992 13.97 4.59 0.76 0.68 2.16
1993 14.18 450 0.73 0.68 2.18
1994 14.62 4.41 0.71 0.68 2.19
1995 14.37 4.32 0.69 0.68 2.20
1996 13.88 4.24 0.68 0.68 2.21
1997 15.03 4.16 0.66 0.68 2.21
1998 14.65 4.09 0.65 0.68 2.22
1999 14.76 4.04 0.64 0.68 2.23
2000 14.78 3.95 0.63 0.69 2.23
2001 14.91 3.89 0.62 0.69 2.24
2002 15.28 3.81 0.62 0.69 2.24
2003 15.11 3.75 0.61 0.69 2.26
2004 15.12 3.71 0.61 0.69 2.29
2005 15.27 3.67 0.61 0.68 2.33
2006 14.91 3.60 0.60 0.67 2.37
2007 14.38 3.53 0.60 0.66 2.42
2008 13.69 3.44 0.59 0.66 2.44
2009 13.56 3.34 0.57 0.64 2.43
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Table D.1: Continued.

Time (Year) Space Heating Hot Water Cooking httilgg Appliances
2010 12.84 3.21 0.53 0.61 2.44
2011 13.77 3.10 0.51 0.59 2.44
2012 11.94 3.03 0.45 0.58 2.45
2013 11.07 2.99 0.41 0.58 2.45
2014 10.66 2.97 0.40 0.54 2.47
2015 10.46 2.96 0.39 0.52 2.46
2016 10.33 2.95 0.38 0.51 2.43
2017 10.19 2.91 0.38 0.50 2.40
2018 10.04 2.88 0.38 0.49 2.36
2019 9.89 2.84 0.37 0.49 2.32
2020 9.75 2.80 0.37 0.48 2.28
2021 9.60 2.76 0.37 0.47 2.25
2022 9.46 2.72 0.37 0.47 2.21
2023 9.33 2.68 0.36 0.46 2.17
2024 9.19 2.64 0.36 0.46 2.14
2025 9.07 2.60 0.36 0.45 2.11
2026 8.94 2.57 0.35 0.44 2.07
2027 8.82 2.53 0.35 0.44 2.04
2028 8.69 2.50 0.35 0.43 2.01
2029 8.58 2.46 0.35 0.43 1.98
2030 8.46 2.43 0.35 0.42 1.95
2031 8.35 2.39 0.34 0.42 1.92
2032 8.23 2.36 0.34 0.41 1.89
2033 8.13 2.33 0.34 0.41 1.86
2034 8.02 2.30 0.34 0.40 1.84
2035 7.91 2.27 0.33 0.40 181
2036 7.81 2.24 0.33 0.39 1.78
2037 7.71 2.21 0.33 0.39 1.76
2038 7.61 2.18 0.33 0.38 1.73
2039 7.51 2.15 0.33 0.38 1.71
2040 7.42 2.12 0.32 0.38 1.69
2041 7.32 2.09 0.32 0.37 1.66
2042 7.23 2.06 0.32 0.37 1.64
2043 7.14 2.04 0.32 0.36 1.62
2044 7.05 2.01 0.31 0.36 1.59
2045 6.96 1.98 0.31 0.35 1.57
2046 6.88 1.96 0.31 0.35 1.55
2047 6.79 1.93 0.31 0.35 1.53
2048 6.71 1.91 0.31 0.34 151
2049 6.63 1.88 0.31 0.34 1.49
2050 6.55 1.86 0.30 0.33 1.47
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Table D.2: Carbon Emissions per Household - Time Step = 1

Time (Year) Space Heating Hot Water Cooking Enerdyighting Energy  Appliances

1970 5.85 2.70 0.55 0.21 0.38
1971 5.41 2.65 0.54 0.22 0.41
1972 5.25 2.61 0.54 0.22 0.42
1973 5.00 2.59 0.53 0.22 0.44
1974 4.85 2.56 0.52 0.22 0.46
1975 4.82 2.53 0.51 0.23 0.49
1976 4.80 2.49 0.50 0.23 0.52
1977 4.66 2.45 0.50 0.23 0.55
1978 4.46 2.43 0.49 0.24 0.58
1979 4.38 241 0.48 0.24 0.60
1980 4.38 2.37 0.47 0.24 0.62
1981 4.59 2.33 0.46 0.25 0.64
1982 4.57 2.28 0.45 0.25 0.66
1983 4.47 2.24 0.44 0.25 0.67
1984 4.31 2.20 0.43 0.26 0.69
1985 414 2.15 0.42 0.26 0.70
1986 3.90 2.10 0.40 0.26 0.72
1987 4.01 2.06 0.39 0.26 0.75
1988 4.20 2.04 0.38 0.26 0.77
1989 4.27 1.99 0.36 0.27 0.79
1990 4.18 1.95 0.35 0.27 0.81
1991 3.89 191 0.34 0.27 0.83
1992 3.67 1.87 0.32 0.27 0.84
1993 3.81 1.84 0.31 0.27 0.85
1994 3.86 1.80 0.30 0.27 0.86
1995 3.94 1.76 0.29 0.27 0.87
1996 3.85 1.73 0.28 0.27 0.87
1997 3.63 1.69 0.27 0.27 0.87
1998 3.83 1.66 0.27 0.27 0.87
1999 3.73 1.63 0.26 0.27 0.88
2000 3.68 1.61 0.26 0.27 0.88
2001 3.62 1.58 0.25 0.27 0.88
2002 3.58 1.55 0.25 0.27 0.88
2003 3.62 1.52 0.25 0.27 0.89
2004 3.53 1.50 0.24 0.27 0.89
2005 3.45 1.48 0.24 0.27 0.90
2006 3.42 1.46 0.24 0.27 0.91
2007 3.26 1.44 0.24 0.27 0.93
2008 3.01 1.41 0.24 0.26 0.95
2009 2.69 1.38 0.23 0.26 0.96
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Table D.2: Continued.

Time (Year) Space Heating Hot Water Cooking Lighting Appliances
2010 2.51 1.34 0.23 0.26 0.96
2011 2.20 1.29 0.22 0.25 0.96
2012 2.93 1.25 0.20 0.24 0.97
2013 2.13 1.21 0.18 0.23 0.97
2014 2.19 1.19 0.17 0.23 0.97
2015 2.04 1.18 0.16 0.22 0.98
2016 2.03 1.18 0.16 0.21 0.97
2017 1.99 1.17 0.15 0.20 0.97
2018 1.95 1.16 0.15 0.20 0.95
2019 1.91 1.14 0.15 0.20 0.94
2020 1.87 1.13 0.15 0.19 0.93
2021 1.83 1.11 0.15 0.19 0.91
2022 1.80 1.10 0.15 0.19 0.90
2023 1.76 1.08 0.14 0.19 0.88
2024 1.72 1.07 0.14 0.18 0.87
2025 1.69 1.05 0.14 0.18 0.85
2026 1.65 1.04 0.14 0.18 0.84
2027 1.62 1.02 0.14 0.18 0.83
2028 1.58 1.01 0.14 0.17 0.81
2029 1.55 0.99 0.14 0.17 0.80
2030 1.52 0.98 0.14 0.17 0.79
2031 1.49 0.97 0.14 0.17 0.78
2032 1.45 0.95 0.14 0.17 0.77
2033 1.42 0.94 0.14 0.16 0.75
2034 1.39 0.93 0.13 0.16 0.74
2035 1.36 0.92 0.13 0.16 0.73
2036 1.33 0.90 0.13 0.16 0.72
2037 1.30 0.89 0.13 0.16 0.71
2038 1.27 0.88 0.13 0.15 0.70
2039 1.24 0.87 0.13 0.15 0.69
2040 1.22 0.86 0.13 0.15 0.68
2041 1.19 0.84 0.13 0.15 0.67
2042 1.16 0.83 0.13 0.15 0.66
2043 1.13 0.82 0.13 0.15 0.65
2044 1.10 0.81 0.13 0.14 0.64
2045 1.08 0.80 0.13 0.14 0.64
2046 1.05 0.79 0.12 0.14 0.63
2047 1.02 0.78 0.12 0.14 0.62
2048 1.00 0.77 0.12 0.14 0.61
2049 0.97 0.76 0.12 0.14 0.60
2050 0.95 0.75 0.12 0.13 0.59
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Table D.3: Energy Consumption per Household - Time Step = 0.5

Time (Year) Space Heating Hot Water Cooking Lighti  Appliances
1970 13.18 6.64 1.36 0.55 1.07
1971 13.12 6.57 1.34 0.55 1.09
1972 12.76 6.51 1.32 0.56 1.14
1973 12.74 6.42 1.30 0.57 1.19
1974 12.93 6.34 1.28 0.57 1.27
1975 12.96 6.25 1.26 0.58 1.35
1976 12.69 6.17 1.24 0.59 1.42
1977 12.46 6.11 1.22 0.60 1.49
1978 12.59 6.04 1.20 0.61 1.54
1979 13.00 5.94 1.17 0.62 1.59
1980 13.58 5.83 1.15 0.63 1.63
1981 13.53 5.71 1.12 0.64 1.67
1982 13.38 5.61 1.10 0.64 1.71
1983 13.15 5.50 1.07 0.65 1.75
1984 12.86 5.38 1.04 0.66 1.80
1985 12.75 5.26 1.01 0.66 1.85
1986 13.43 5.18 0.97 0.67 1.91
1987 14.00 5.10 0.94 0.67 1.97
1988 14.16 4.99 0.90 0.67 2.03
1989 13.85 4.88 0.87 0.67 2.08
1990 13.32 4.79 0.83 0.68 2.11
1991 13.35 4.69 0.80 0.68 2.14
1992 13.95 4.59 0.76 0.68 2.16
1993 14.23 450 0.74 0.68 2.18
1994 14.48 4.41 0.71 0.68 2.19
1995 14.23 4.33 0.70 0.68 2.20
1996 14.22 4.24 0.68 0.68 2.21
1997 14.83 417 0.67 0.68 2.21
1998 14.66 4.10 0.65 0.68 2.22
1999 14.74 4.03 0.64 0.68 2.23
2000 14.80 3.96 0.63 0.69 2.23
2001 14.98 3.89 0.62 0.69 2.24
2002 15.18 3.81 0.62 0.69 2.24
2003 15.10 3.76 0.62 0.69 2.26
2004 15.15 3.71 0.61 0.69 2.29
2005 15.16 3.66 0.61 0.68 2.33
2006 14.81 3.60 0.60 0.67 2.37
2007 14.28 3.52 0.60 0.66 2.41
2008 13.78 3.44 0.59 0.65 2.43
2009 13.46 3.33 0.57 0.64 2.43
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Table D.3: Continued.

Time (Year) Space Heating Hot Water Cooking Lighti  Appliances
2010 13.20 3.21 0.53 0.61 2.44
2011 13.27 3.11 0.51 0.59 2.44
2012 11.91 3.04 0.45 0.59 2.44
2013 11.17 3.00 0.42 0.58 2.45
2014 10.76 2.98 0.41 0.55 2.46
2015 10.54 2.97 0.39 0.53 2.45
2016 10.34 2.94 0.39 0.51 2.42
2017 10.16 2.90 0.38 0.50 2.39
2018 10.00 2.86 0.38 0.49 2.36
2019 9.85 2.82 0.37 0.49 2.32
2020 9.70 2.78 0.37 0.48 2.28
2021 9.56 2.75 0.37 0.47 2.25
2022 9.43 2.71 0.37 0.47 2.21
2023 9.30 2.67 0.36 0.46 2.17
2024 9.17 2.63 0.36 0.46 2.14
2025 9.04 2.60 0.36 0.45 2.11
2026 8.92 2.56 0.35 0.44 2.07
2027 8.80 2.53 0.35 0.44 2.04
2028 8.68 2.49 0.35 0.43 2.01
2029 8.56 2.46 0.35 0.43 1.98
2030 8.45 2.43 0.35 0.42 1.95
2031 8.33 2.39 0.34 0.42 1.92
2032 8.22 2.36 0.34 0.41 1.89
2033 8.12 2.33 0.34 0.41 1.86
2034 8.01 2.30 0.34 0.40 1.84
2035 7.91 2.27 0.33 0.40 181
2036 7.80 2.24 0.33 0.39 1.79
2037 7.70 2.21 0.33 0.39 1.76
2038 7.61 2.18 0.33 0.38 1.73
2039 7.51 2.15 0.33 0.38 1.71
2040 7.41 2.12 0.32 0.38 1.69
2041 7.32 2.09 0.32 0.37 1.66
2042 7.23 2.06 0.32 0.37 1.64
2043 7.14 2.04 0.32 0.36 1.62
2044 7.05 2.01 0.31 0.36 1.60
2045 6.96 1.98 0.31 0.35 1.57
2046 6.88 1.96 0.31 0.35 1.55
2047 6.79 1.93 0.31 0.35 1.53
2048 6.71 1.91 0.31 0.34 151
2049 6.63 1.88 0.31 0.34 1.49
2050 6.55 1.86 0.30 0.33 1.47
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Table D.4: Carbon Emissions per Household - Time Step = 0.5

Time (Year) Space Heating Hot Water  Cooking Lightin Appliances

1970 5.85 2.70 0.55 0.21 0.38
1971 5.48 2.65 0.54 0.21 0.40
1972 5.23 2.62 0.53 0.22 0.42
1973 5.02 2.59 0.53 0.22 0.44
1974 4.90 2.56 0.52 0.22 0.46
1975 4.85 2.53 0.51 0.23 0.49
1976 4.77 2.49 0.50 0.23 0.52
1977 4.62 2.46 0.50 0.23 0.55
1978 4.49 2.43 0.49 0.24 0.58
1979 4.43 2.40 0.48 0.24 0.60
1980 4.49 2.37 0.47 0.24 0.62
1981 4.55 2.32 0.46 0.25 0.64
1982 4.52 2.28 0.45 0.25 0.65
1983 4.42 2.24 0.44 0.25 0.67
1984 4.28 2.20 0.43 0.26 0.69
1985 4.10 2.15 0.42 0.26 0.71
1986 4.03 2.10 0.40 0.26 0.73
1987 4.11 2.07 0.39 0.26 0.75
1988 4.20 2.03 0.38 0.26 0.77
1989 4.20 1.99 0.36 0.27 0.79
1990 4.06 1.95 0.35 0.27 0.81
1991 3.86 1.91 0.34 0.27 0.83
1992 3.81 1.87 0.32 0.27 0.84
1993 3.84 1.84 0.31 0.27 0.85
1994 3.89 1.80 0.30 0.27 0.86
1995 3.88 1.76 0.29 0.27 0.86
1996 3.76 1.73 0.28 0.27 0.87
1997 3.76 1.70 0.27 0.27 0.87
1998 3.77 1.66 0.27 0.27 0.87
1999 3.72 1.64 0.26 0.27 0.88
2000 3.67 1.61 0.26 0.27 0.88
2001 3.62 1.58 0.25 0.27 0.88
2002 3.61 1.55 0.25 0.27 0.88
2003 3.58 1.52 0.25 0.27 0.89
2004 3.52 1.50 0.24 0.27 0.89
2005 3.47 1.48 0.24 0.27 0.90
2006 3.37 1.46 0.24 0.27 0.92
2007 3.20 1.43 0.24 0.27 0.93
2008 2.95 1.41 0.24 0.26 0.95
2009 2.71 1.37 0.23 0.26 0.96
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Table D.4: Continued.

Time (Year) Space Heating Hot Water  Cooking Lightin Appliances

2010 2.47 1.33 0.23 0.25 0.96
2011 2.36 1.29 0.21 0.25 0.96
2012 2.49 1.25 0.20 0.24 0.97
2013 2.30 1.22 0.19 0.23 0.97
2014 2.17 1.20 0.17 0.23 0.97
2015 2.09 1.19 0.17 0.22 0.97
2016 2.04 1.18 0.16 0.21 0.97
2017 1.99 1.17 0.16 0.21 0.96
2018 1.94 1.15 0.15 0.20 0.95
2019 1.90 1.14 0.15 0.20 0.94
2020 1.86 1.12 0.15 0.19 0.92
2021 1.83 1.11 0.15 0.19 0.91
2022 1.79 1.09 0.15 0.19 0.90
2023 1.75 1.08 0.15 0.19 0.88
2024 1.72 1.06 0.14 0.18 0.87
2025 1.68 1.05 0.14 0.18 0.85
2026 1.65 1.03 0.14 0.18 0.84
2027 1.61 1.02 0.14 0.18 0.83
2028 1.58 1.01 0.14 0.17 0.81
2029 1.55 0.99 0.14 0.17 0.80
2030 1.52 0.98 0.14 0.17 0.79
2031 1.48 0.97 0.14 0.17 0.78
2032 1.45 0.95 0.14 0.17 0.77
2033 1.42 0.94 0.14 0.16 0.75
2034 1.39 0.93 0.13 0.16 0.74
2035 1.36 0.92 0.13 0.16 0.73
2036 1.33 0.90 0.13 0.16 0.72
2037 1.30 0.89 0.13 0.16 0.71
2038 1.27 0.88 0.13 0.15 0.70
2039 1.24 0.87 0.13 0.15 0.69
2040 1.21 0.86 0.13 0.15 0.68
2041 1.19 0.84 0.13 0.15 0.67
2042 1.16 0.83 0.13 0.15 0.66
2043 1.13 0.82 0.13 0.15 0.65
2044 1.10 0.81 0.13 0.14 0.64
2045 1.08 0.80 0.13 0.14 0.64
2046 1.05 0.79 0.12 0.14 0.63
2047 1.02 0.78 0.12 0.14 0.62
2048 1.00 0.77 0.12 0.14 0.61
2049 0.97 0.76 0.12 0.14 0.60
2050 0.95 0.75 0.12 0.13 0.59
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