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Abstract

Understanding and reducing domestic energy usage is seen as key to achieving national
greenhouse gas emission targets, as well ensuring sustainable consumption at a domestic
level. Domestic buildings represent a welkéfined unit of space with numerous, easily
measurable characteristics. They can also be perceived as being the terminalseend
elements of a global resource distribution netwpds defined by Jarvis et al., (2015). Such
networks havedrawn comparisons to biabgical organisms how they acquire, transform,

use and dispose of resources from their surrounding environment through a metabolic
system of processing-his thesis aims to more deeply understand interrelations between,
people, energy and space at a dostie level, assessing the influence of building geometry
and social practice on scaling relationships relating tdomestic energy consumption
Scaling relationships relating to the ploai building propertieshave been studied
extensively, however none irgctly assess howotal energy usagescalesacross the
domestic building stockData is abstracted form the 2012 English Housing Qu(izHS)
housing stock datasetwhich contains physical and demographic data relating to ~14k
randomly sampled householdsicross England. Scaling relationships are established
between householdize and total energy usage, both across the entire housing atwthy
selected building characteristics, revealing scaling effects pertaining to specific domestic
properties.Acrosghe entire housing stock, scalingexponent 0f0.8032 + 0.013 observed

for the relationship between household total floor area and total energy consumption,
indicating a decrease in energy use per unit space with increased household size. This result
is set within acontext of buildinggeometric properties antheories ofsocietalmetabolism,
drawing extensively on current literature and this researches own findingdetdtandng

the origins ofsuch scaling could potentially hold important implicasoior how individuals
perceive their energy consumptipmoth in relation to physicaldomestic buildings and
wider society.
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Section lintroduction

Generalintroduction

It is widelyrecognised that globanergy consumption gdinuesto increase year on yeaa

trend that shows little sign of drastic changespite a consious effort, particularly from

more developed nations, to achievkis (hternational Energy Agency 2013. Thereis also
increasng evidence to suggesthat this incease isintrinsically linked with economic
growth, with an everincreasingdemand for energy from a growingpopulation (Stern,

2004), a link thatappearspractically unfeasibléo sever giversocietyQ & LJS Mefiahce i Sy (i
on material resourcesEconomic ggwth hasbeenshown to bead LINA YI NB X LISNBY Y
0 A LJ- NJi A &natosal gwalizi(Gzéch and Daly, 2P04s all strive to achieve
unprecedented levels of socicecanomic development This makesunderstandng the
relationships that linkgrowth in societal energy use tocapital accumulation human
behaviours and the use of space by societf ever increasing importancés yet, there is

no fundamenta] comprehensiveunderstanding of how these relationships manifest
themselves, linkingconomic growth andhe accunulation of capitalto the exmnsion and

growth of societyand the subsequent land use changes associated with fii& concepts
outlined throughout his thesis aim to breakew ground in this respect, helm to further
understand themore fundamental waysm which society consumes energhhis is required

not only to ensure the development of soeé@onomic sustainability, but also to ensure

that issues relating to environmental protection and conservation are properly addressed.

In the United Kigdom (UK).energy used in dmestic buildingscurrently accounst for

around 30% of totalconsumption, having risen from around a quarter since 1970
represening a significant portionof 'y A Y RA @A Rdzl f Q @noreStlyad Wd@he  LJ2 NI
industry andtranspat (Palmer and Cooper, 2013¥)espie this, a significant increase the

number of UK households and a decrease in average household size mean that energy
consumed per building has fallen over the same time frab@mestic energy consumption

is still however, seen as a key sector for @énissions reduction, gen the targets laid out

in the 2008 Climate Change Act.KS ! YQa ail (S B4% 2ai@HO ihA S a
Greenhouse Gas (GHG) emissibp2020, along with an 80% reduction by 2050 (based on
1990 kvels)will be difficult to achieve wihout further reductions irdomesticconsumption

and improved energy use efficien¢yCICG, 2012)nderstanding the nature by which
domestic buildings, and their inhabitantsgnsume energy jsherefore, of both poltical and
academic importance.

It can be argued that, aa unit of functional space, adomestic building igdesigned to
facilitate the energy consumption afidividuals within society, both directly tbugh power
and heating requirementsand indirectly #owing the use of products and resources
acquired from wider society. However, just like consumer habits our energy use
expectatons andideds of thermal comforthavechanged dramatically over recent decades,
with buildingsnow required to allow use danever expandingange of consumer electricals
and support central heating systems, with mamproperties built before the link between
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climate and energy use wasstablished (Palmer and Cooper, 201B)is expected that
three-quarters of domestic buildgs existing in the UK in 2050ave already been
constructed Morrell et al, 2010) making understanding how we inherently manipulate
existingdomestic space, awell as innovate imew design,critical to ensuring a more
sustainable futire in respect to his aspect of social living.

Themore fundamentakonceptsdiscussedn this thesisultimately extend beyonddomestic
buildings themselves, to assdisks between energy consumption and spaase within
society revolvingaroundthe three key intefrelated factors ofpeople, energy and space.
What is ultimately meant bW & LI OSQ g A t  budf& now & cah BettakeRimdlyl ( S NI
as a physicadpace within societynhabited by individualsAt any given moment in time, in
order to physically exist whin society, an individual must both be inhabiting a space and
consuming energy simultaneousiBoth energy and space are physigajuantifiable, yet
defining thescales andextents to which people use each is complExergy is constantly
consumed by anndividual internally in order to physically surviwget in contemporary
society, we extend our energy ufs beyond our physical bodies to include the heating and
lighting in our homes, and further still through the resour@esl products weconsume
from beyond these space$his naturally lead® fundamentalquestions about theextents

of space people inhabitvithin societythrough their energy use, and how this cadre
defined, quantified measuredand understood How do the variouscales and exterstof
energy use manifest themselves in the design of ourasurding space, and what implicit
motivations lie behind the forms and structures that result from this

Discussion of these idednave potentiallywide reaching albeit controversialmplications
for a diverse range dlisciplines across academia. This work therefin@wvs on ikerature
accordingly, across bothatural and social sciences ibugh to architecture and building
design It contributes directlyto a growing body of researchbuilding an increased
understandingof the fundamentalbiophysical constraints that govern the development of
directed distributionnetworks which have now been applied to bottatural (West et al.,
1997)and social system@®ettencourt, 2013)Work here continues tobroaden the scope of
applicationgo which they can be applied.

At its most fundamatal level, this thesis helps to develop a unique, d&krnative

understanding for how our explicit decisions represented¢antemporarysociceconomic
activity translate fom implicit decisions, toregulate our ability to access eneygand

resources within societyDo sociececonomic processeand activity, thereforerepresent an
industrialised extension ahese implicit, energy orientated decisidhss there justification
to argue thatnatural, biophysicallygroundedlaws of growth and scalinigelp explain, or at
leastcontribute to understandingquantifiablerelationshigs betweenanthropogenicuse of
resources, energy and societal spate



Defining Societal Space anditsnensions

In order to provide answers to suchuestionsthere is a clear need for a deepened
understanding ofwhat is ultimately meant bya 2 OA S ( I, &s willdakJho® S/€ define,
YIEYyALdz FGS FyR dzZf GAYIlI GSf @& R Secdnmit requiteinéntsa LIF OS
They require answeri§ we are to fully comprehend theue Wy I (i dshidi®, tha inplicit
motivations that drive and explain its inherent characteristics and the explicit form it takes

as a result of numerous soegzonomic processe#n contemporary societyspace itself has

become a commodified and valued resource, with intense competitiooptimally located

spaces and langarticularly in urban environments

As a result, further questions therefore present themselves as to Wwevzcan characterise,

and even measure the space inhabited by society, botiiectively and from te
perspective of an individuaBince the development of standardised mathematical systems
society has sought to geographically characterise its surroundatggmmpting to measure

and break down its physical boundaries across numerous scales and extents. Practical
examples would include mapping changes in land use or urbanisation, measuring patterns
of energy efficiency between buildings or assessing vanatieeconomic land valueall of

which aremeasured across the spatial dimension. Each of these represents a particular
characterisation of associating a given application of secamomic activity and social
practice with a quantifiable unit of societgpace.

We ultimately live in bah personal and shared spaedthin society We consume energy
and resources as individuals, yet this consumption is facilitated bygatial practise and
our interactions with othersundertaken across societal spadénese social practices are an
inherently space filling activitywe transport ourselves through wider society on a daily
basis enhancing our abilityo maintain an extended a diverse rangeesfergy consuming
behaviours.Our directenergy useat a domesticdvel is relatively simple to guntify and
conceptualise,consumedin the relatively defined unit spaceof physical buildings a
principle underpinghis thesis.Yet, the material products accumulated within a single room
of domestic space can contain resoes and associated energy from a significantly wider
physical space than that occupied by the dwelling itself, artrepresent a globally diverse
origin ofaniy’ R A @ Arésdakrcé @rsumption.

Given this, ® what extent is the design of our domestipages built tofacilitate a wider
consumption of energy, and how is this design reflected in the size and form of the physical
structures themselvesPlow do individuals perceivihe relationship letween their energy

use andthe surroundingspace from whichhis is drawn?As yet here is nofundamental
definition of unit space upon which to base this perception, what forms it takes, and how it
manifests itself within societyDeepening knowledgef such perceptions could aid in
allowing people relate theireergy consumindpehavioursto surrounding societybuilding
greater understanding of their implications, and how individuals can alter the distribution of
their energy use through space and time.



This work aims tahallenge traditional, twalimensionalperceptions of spatial utilisation
drawing froma growing body of literature surroundinthe behaviour and laws governing
space filling directed networksAs alluded to previously, a theoretical understanding of
directednetworks has beengplied across vaous academic disciplines. These include both
natural systems, notably biological organisms (West et al.,, 1997), and river basins
(Rodriguedturbe and Rinaldo, 200,las well associal systems and infrastructure, notably
electricity power distribution (Dafjaard and Strulik, 2011)water and wastewater
distributions (Pauliuka et al., 2013nd urban road networks(Bettencourt, 2013).
GComparisons can be drawn between the metabolic processing of resources and energy in
biological organisms to similar processEurring in contemporary societgharacterising

and defining the space over which these processes maging bothdirected network
theory and theories of societal metabolisraould break new grounth understanding how
people, both individually and dectively, coname energy and resources across their living
space,and developa new aspect of measurability fovhich spatial utilisation can be
defined. The ideas presented throughout this wattkerefore aim to build towards an idea

of definng societalspace by the consumption of energy within @nd to deepen an
understanding of the intrinsic links that exist between space and energy use defined by

LIS2 L) SQa a20Alf LINIOGAOSa YR AYUSNYOlA2yao



Focus and Aims

A central motivation for theresearch undertaken in this thesis tis test the following
research hypotheses. Firstly, that a relationship between energy use and building size
should scale, and that this should be dutear with an increase in energy efficiency per unit
space with igreasing building size. Secondly, that this scaling is metabolic in origin, resulting
from an optimisation of energflow from abstractionand distribution through to points of
end-use Such ideas have been suggessel discussed qualitatively from varmacademic
perspectives, as will be seen beloowever, they havaever tested or speculated directly.
These ideas arise from recently published wiayklarvis et al., (2015)ho show that at the
global scalefinal energy use scales approximately ¥hwispect to primary energy usa,
result that begirs to question the space over which networked industrial processing
operates Through buildings, this thesis will test tikencept thatspaceis directly linked to
these points of energy end usattempting to characterise thevariation in energy use
acrosdocalised spatial scales.

More generally, a underpinning theme of discussion throughout this thesis is to deepen an
understanding of the wayenergy consumed by individuals fundamentally linked to
sodetal space, both diretly throughdomestic spaces, as well as that consumed from wider
societythrough a globalised distribution of resourcdisattempts to build towardsa method

of characterising the relationship betweesnergy use tied to a unit spacenergetically
characterising societal spabg quantitative, measurableslationshipsand parameters

Thesis Aims
Specific aims of this thesis are therefore broken down as follows:

1) To more deeply establish and further understand size related scaliagorships
across the UK domestic building stoaktably those relating to householénergy
use and efficiencyn line with current Department for Energy and Climate Change
(DECQ)esearch focuss and intentions

2) To establish underlying causes of any myerelated scaling relationstgppresent
across the UKuilding stock, and discuss the origin of such scaling within the context
of current literature. To also establish if any energetic scaling relationships can be
related to theoriesof metabolicscalirg identified inWestet al., (1997).

3) To discuss the wider implications of any scaling beyond domestic spaces up to a
societal scale in the context of spatial form, utilisation and design.

4) To reinforce the importance of developing an aspect of measutyldr energy use
across the spatial dimension and deepen an understanding of how spélm
society can be defined.



Section 2Background and Review

Analogies oMetabolismin Society

Before delving more deeply intthe technical aspects surroundingdbe hypothesesit is
important to set the context for metabolism as a biological process and previous studies
which have drawn comparisons betwedhese procesgs and contemporary society.
BiologyRSFTAY Sa WY %uil intéractioA &fdh€mical @rocesss occurringwithin a

living organism tomaintain life. Using this, discourse across seemnomic thinking has
longentertainedil KS ARSI (KIFG a20ASde Oy 6S @GASHSR |
to biological organisms in the way in which we acgutransform, distribute and dispose of

our planets natural resourcesischerKowalski, (1998) and Fischér2 g | € a1 A | Yy R |
(1998) discuss the historical development of this conceptualisation across a range of
academic perspective$rom its rootsin Marxist ideology to its contemporary application in
sustainability and socieconomic policy.

Industrial Ecology (IE), a term popularised by Frosch and Gallapoulos (1989), takes an
integrated approach towards natural and industrial systems with the afmmproving
sustainability of the latter. It focuses on the flow of resources through society, and views the
emergent, complex nature of industry holistically, as though it is itself an ecosystem
(Erkman, 2001). Industriakcologists therefore take the haracteristics of biological
ecosystems, inherently optimised throughatural selection, to aid understanding of
industrial systems, approaching consequential issues of sustainability, planning, pollution
and energy efficiency from a range of academic pecsives (Allenby2006). The academic
breath of IE therefore extends beyond those relevant to this thekiswever, it does
provide context for the idea that biological systems share many analogous characteristics
with the various aspects of human societyd the development of contemporary industry.

Narrowing down from IE, the idea of Industrial Metaboligidl), first conceived by Ayres
(1988), focuses increasingly on the quantification of resource and energy flows through
society, and the directmplicatons of these on the environment. By characterising the
entire flow of all material resources through the industrial process, loss and waste is
identified, improving processing efficiency and reducing environmental emission
(Anderburg, 1998). More theoretal approaches presented in Ayraad Simonig1994)
introduce the idea that human behaviours act to stabilise a thermodynamic metabolising
industrial system, when it is considered as a simple flow of free energy. Despite operating in
high thermodynamic deequilibrium, the developmendf a monetary economic systeacts

as a stabilising metabolic mechanism in the industrial prqcesth competitive, market
driven supply and demand maintainiagelative steady state. At a functional level, physical
guantification of material mass balance through society can be undertaken using Materials
Flow Analysis (MFA) arMaterials and Energy Flow Accounting (MEFA) methods (Brunner
and Rechberger,2D05; Haberl et al., [2004]). This gives practical application to the
resource flow concept, and has allowed societal metabolism to be modelled over wide
spatial scales, from entire national economies (Matthews et al., 2000) downdividual

-6-



households (Carlsseillanyama and Karlsson, 2002), a concept that should later ey
the scope of this thesis.

FischefKowalski and Haberl, (1998htroduce several key conceptualisations linking

societies metabolism tdand use change anéunction. Described asa WO2f 2y A &l G A2y
Y6 GdzNEQX RSt A0SNI (S Y4 nyaikthivziedosystenysenids atyallelietzN
that would otherwise be unsustainable without human intervention, optimising eccébgi

functions to maximiseutput. Agriculture and agrarian ecosystems are therg example

of this, where land use productivitysimaximised through human alteration to ensure
biomassproduction meets the requirements o&nthropogenicdemand Also described is

the way in which industrialised socidiasextende its metabolism beyondhanipulation of
ecosystemdo access geological aterials and resources outside thieaditional biological

system, allowing societal growth beyond what biological limitations would allow.

The flows of materialgpeople andenergy through society havgeen subject to a variety of
qualitative perspectiveand interpretations in sociologysummarised in Rapoport (2011
contemporary academic thinking, urban political ecology characterises this artificial
distinction between nature and societywith built environments representing a
WdzND I YA & (SR yo &2 Fawyigadsdiishnd Kaik008). Given this, cities,
buildingsand urban environmentgenerallyare perhaps the most fascinating and easily
conceivable representations of nadiolism operating in societyociologically a city as a
functional unt can beviewed as a complex accumulatiof social, cultural, economic and
SO2ft23A0Ff LINRPOSaaSaszx O2yaidtlyiGte AYyaGSNI OlGAyS3
societal metabolism at a given point in space (Swyngedouw, 2006), each unihduHill

similar socieeconomic function. Ultimately, they embody a physical manifestation of
multiple integrated socics O2 Yy 2 YA O ySGg2N]l a @GAraroftsS 2y GKS
most complex of systems created by humanity (Brunner, 2007).

When drawirg comparisons between cities, each could be perceived as beingekpticitly
diverse in culture and character, yemplicitly similar in structural design and soe€io
economic functionFrom anindividud perspective citiesappeardisordered and chaoti@
seemingly random accumulation of social interactiansl socieeconomic activityallowing
individualsto develop uniqueperceptionsof their surrounding spacéNhen vieved more
holistically, supeimposed on this apparent disorder is a growing bodyesearch detailing
cities asnetworks ofselfsimilar fractal patterngacilitating growth and development. They
represent an epitome of complex systems in that they are emergent, operatkigh
disequilibrium and host to significant flows of energy in erdo maintain their socio
economicfunctionality (Batty, 2008) They draw natural comprisons to biological systems
through the inherent shift toward optimisation of theseenergiesacross space and time
with the development of structured, hierarchical tmorks ordered in accordance witiiles
of spatial competitionBatty et al., 2008)

Based on this, recent developments in understandimg scientific basis for the complex
nature of cities have been put forward in a series of papers by Bettencourt, éhafably
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Bettencourt et al.[200§ and Bettencourt et al., [201Q]Bettencourt 2013 These describe
the way in which various definingeatures of sociceconomic functionalityscale with
measures of city size, such as crime, innovation and wealth oreawith scaling laws
shown to be present in the distribution of material infrastructure and in returns on socio
economic productivity across citieBettencourt (2013) takes this idea furthetiscussing
the origins of urban scaling lawssing biologicabnalogies and allometryo define the
functionality of urban environments in adddn to their geometry and form.

All of theaboveliterature drawsheavilyon biological analogies for inspiration in applying
scaling theories to the functionality of urbamwronments (notably Bettencourt et al.,
[2008]), andthe way in which their characteristic features scale with increasing Griganal
theories of allometric scaling agrounded in biological sciences, describing the relationship
between metabolismand 2 Ré &AAT S 2F 2 NBHI y A & Yitawds odghalyr S R
believed that scaling between metabolism and body size was puetdyed to geometric
constraints and theway in which a &limensonal organism loses heat through a 2
dimensional skin wit increasing sizgKleiber 1932) Modern theories ¢ biological
allometric scalindpegan withKleiber(1947)who first noted that this relationship did not
follow the 2/3 power law predicted by geometric constraint®ut was closer to % scaling
Known asKleibers Lawthis 3/4 power law remainedunexplained until West, Brown and
Enquist (WBEYeveloped theiruniversaltheory for this and many other physiological
characteristics of organisms, all shown totheoreticalfunctions of quarter power scaling
(West et al., 1997; West et al., 199%/hile the matlematics surrounding theirtheory is
complex, general conceptualisations of the WBE model are simpler to understand. Viewing
organisms as complexaterial distributionsystemssurface areas and volumesmain key
concepts, yet these are focused on the internal geometry of linear transport networks,
branching to supply the entire organismWhile debate still exists surrounding the
consistencyof quarter power scaling laws in explaining different aspectsbiofogical
systems(Agutter and Wheatley, 2004), it is becoming increasingly accequesh accurate
characterisation for describirg the functionality of organismgSavage et gl 2004)
Additionally, many of the fundamental assumptions that underlie theory of the WBE
model hold true when characterising the form and functioh resource distribution
networks in socieeconomic systems, giving the model a wider reaching application to
contemporary society

The WBE model has later beeengralisedoy Bana&ar et al.(2010, whodemonstrated that

the property of quarter power scaling is not restricted to an underlying fractal dimension
alone, opening up itgotential application to any directed networkincluding those
observed in human societyike WBE, Baavar et al., illustrate their theory using a model of
resourcedistribution in animals from which the associated scaling laws are derived.
contrast to the WBE model howeveguarter power scaling is shown to arisenply when

the velocity offlow through the network is matched to the linear dimensiofithe service
volume atpoints ofresourceend-use such as cellsand not as a result of a fractal network

Wi



itself. They also relate this finding to engineered networks such as globalised electricity
distribution and transportation systems.

As alluded to earlierthe key conceptsand underpinning networktheory behind the
development of the WBE modéls beenextrapolatedand broadly appliedo numerous
natural and socialsystems whichsimilarly facilitate the acquisition, distribution and
consumption of resources in a directed distribution network. Brown et al., (2004), outline a
WaShlkoz2ft A0 ¢ K SwidhBexpahds the @pblicaticheof) WBEaling beyond
individual organisms across entire biologiqaopulations, and sets the precedent for
describing metabolic rate as a fundamental biological rate defining the growth
characteristics of population dynamics. It is upon this basis which application of the WBE
model to social systems, the design and gtbvef resource distributing infrastructuras
founded. Brown et al., (201 discussthe metabolic theory shown across biological
populations in relation to human societyand its associated SocEconomic process,
observing the scaling relationship betwegver capita GDP andgber capita energy
consumption.The exponent given of 0.76 is noted as being akin to exponents giVBE
distributions models. They also draw what should now be familiar comparisetvgebn
oA2f 23A O f melabbiIRm&inZe@doistd thd prodéssing and distribution of energy
and material resourcesMost recently Jarvis et al., (2015jake this further, more
sophisticatedly characterising Resource Acquisition, Bstribution and Enduse (RADE)
networks across society, as well as thenherent optimisationwhich underpirs the %
scaling theory in the WBE mod@&lhey observe a scaling exponent of approximately ()5
between final energy end use in relation to primary energy atséhe global scaleThey also
introduce the notion of dimensionality of space over which RADE networks occur and
inherently occupywhich isimportant given the aimensional nature over whichiological
networks are shown to operate, ancontrastingthe prevailing2-dimensionalCartesian
perceptionof sociely.



Buildings: A measure of societal space

Buildings providean abundant source of clearly definedspaces, uniquely suited for
assessing energysa and its relation to spatial sizBuildings are static, occupy a physical
space and have numeroukefinitive, easily measurable characteristics. They are inherently
designed to facilitate the interaction between people and their energy use, and in urban
settings can be seen as a physical manifestation of social practices undertaken in a given
space. Wile it is ultimately individuals who use energy, people are inherently mobile during
social practice. Given that a fundamental componesquired forsocial practice is energy

use space can be linked to energy flows through the diversity of social peadinat take

place in urban environments, specifically buildings and the fixed spaces they occupy.

The flows of energy into buildings all its formsare therefore a critical element of soeio
economic metabolismrepresenting the terminal, endse elenents of the resource
distribution system where people, space and energy use coinfidmestic buildings are
designed to facilitate both direct energy consumption from power distribution systems, as
well as indirectly through use of material products aicgd from wider society which
makes them ideal foexploring the wg humansWY S G I 6 2 f & diXedunivspateA y
societal RADE netwaskoutlined in Jarvis et al., (2015)nnovations maintaining an
optimised networkcan occur during acquisition, tliution or enduse with improvements

in the processing efficiency at each stage. Buildirgggecifically energy consumptian
domestic buildings, represerkey points of energy endise ina RADE networlpoints at
which Jarvis et al., shofinal energyuse is shown to scale approximately % in relation to
primary energy use. It would therefore be insightful to assess how the final energy use in
domestic buildings scales in relation to its physical sizeticularly given thatoted by
Banavar et al., (210) on the importance of cells for an optimised biological distribution
network, cells being biological equivalent of buildings in this context adifumad units of
energy eneuse.

Considerations for &ith direct and indiect use of energyt®ould therefae beexpressed to

the structuraldesign of domestic buildings, and the manner in which they use energy over
various spatial scales, forming a physical representation of the energy related space
inhabited by individuals in societyhe theory discussed heimpliesthat any link or scaling
relationshipbetween the spatial dimensions of society and asdediznergy use shoulde
present in the measurable charactgtics of domestic buildings. Thislationship could also

be generalised tdorm ametric forinferring energyspacescalingrelationships acroswider
societal space, in both built environments and beyond.

Linking allometric scaling relations to thaysical properties of buildings, both domestic and
non-domestic, is by no means a new conceptttydaet al., (2008)assess patterns of
allometry and scaling in building geometry across London, deschbiwgpatial patterns of
geometric scalingra distributed across a cityThey make important observations relating
to scaling in building geometryhawing how buildings changéeir physical shape as they
scale, highlighting a less than expected increases in buijglengarea and volume for a
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given geometric relation to its perimetefThis is plausiblggiven that buildings have
requirements for ventation, access and natural light which may not to conform to standard
geometric relationsThis studymakes no indicatiorhoweverof how energy consumption or
efficiency may scale with building size, or how such scaling may be affected by non
geometric buding attributes, such as building type or age.

Steadman et al.,, (2009) also detail relationships between the physical properties and
dimensions of domestic buildings and how these scale to accommodate physical habitation
and the energyassociated with tts. Theynote how the shape of buildings limited by its
requirementto maximise surface area exposure from a need for natural INgketabolisn is

also mentioned in the context of domestic buildinggowever this is from theperspective

of an individu&building, relating its need for heat and light to an organism andtaatider
societal metabolisnthat would set it in the context of this thesi8Vhile they also make
noteworthy observations of urban built fon and its effects on energy use, there gaa no
mertion of any potential scaling betweesnergy consumption in relation to building size. In
contrast, Salat (2009places a greater focus on energy consumption and efficiency in
relation to building size and forjras well as other factors influeimng total consumption

from buildings This however, has similar limitations to the above studies, and issrbdin

the context of scaling at an individual building level, focusing on aggregated consumption
across a city, with no metabolic context forwas of energy consumption given.

There havebeen some attempts to link the concept of metabolisto domestic buildings
and householdenergy consumption. CarlssorKanyama and Karlsson (200&)entify
household units and domestic spaces as important figctm a wider soci@conomic
system, accounting for both direct and indirect use of energy by a given household unit.
They use the metabolism metaphor to characterise tlyelical flow of materialbetween a
household and its environmentrelating this tonatural biological systems. While this
particular study is highly descriptivejth a focus on energy policy, the underlying concept
of household metabolism is one which is central to this work, considering both the direct
and indirect energy consumptiorf @ domestic building in a metabolic context. It gives clear
theoretical justification to apply widely observed metabolic scaling to domestic buildings at
an individual level, having beepreviously utilisedextensively across broader built
environments ad cities to explain urban phenometiBettencourt, 2013).

Recent research conducted by DECC also gives political justification to a neeelater g
understandingof the manner in which energy is consumed at a domdstiel. Fell and King
(2012) show that this can vary significantly, even across households deemnsdatively
comparable emphasisinghe role of individualperceptions ofenergyusageand the effect

this can have on total consumptio8ignificantly, they also note that slight differences in the
physical properties of buildings can Jea a substantial effect on itgotal energy
consumption, with buildings being continually alteredpanipulated and improved. This
makesunderstandirg the inherent design of domestic spaces of critical importanceyedis

as emphasising the need to improve the measurability of our total energy consumption,
both directly at a domestic level and that taken from wider semsonomic space.
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Section 3Dataset Specificationsand Analysisviethodology

Dataset Identificatiorand Specification

Analysis conducted throughout this thesis will therefore foptimarily on the relationships
between domestic buildings ad their associated energy usé order to complete this
effectively, an ideal dataset would contain energy use dptaferably directly measured or
metered, for a given unit householals well as a detailed measure of unit space for each of
these given householdQbtainingsuch data over aignificant scale and in sufficient detail is
challenging, given the physicahpracticality of measuring doestic buildings and their
energy consumptiorat this scale as well as the regtted access to such datgiven its
sensitive nature Numerous datasetscurrently exist containng measured building
characteristics and their agsiated energy use although few contain sufficielyt detailed
data. The Homes Energy Efficiency Database (HEED) collates address level energy efficiency
characteristics of domestic buildings across much of theHdivever, itfocuses ormphysical
efficieney measures installed on buildings, rather than their total energy consumption
(Energy Saving TrysR010). The National Energy Efficiency D&t@amework (NEED)
provides more applicable data, collating metered energy consumption data with a defined
unit siz2 provided by the Valuations Office Agen¥get,reports from this framework focus
heavily onstatistical analysis of collatedariables relating energy and building size, offering
only a descriptive narrative of results with littidiscussion nor accesgo the raw data
required for this thesifDECQ012b). Similar research byortimer et al., (1999, 2000)
analyse energy andouildingsize over a small sample of UK ralmmestic buildingsAgain,
however, any wider discussiasf results is limited. The sancan be said ahhe American
Commercial Buildings Energy Consumption Survey (CBEC®)gddierilar analysis with
little discussiorand readily available raw data

None of theabove datasets provideadequate enough detail oreadily accessible data
avalable to test the ains of this thesis effectively. This highliglessentiallywhat is novel
about this study in particularaiming todirectly compae household energy consumption
against building size for evidence of scaling relationships and the wigaications of
these rather than anarrow focus on measuring and improving energy efficiency per unit
space Physical surveys of domestic buildingdlected as part of the Englistousing Survey
(EHSPprovide more definitive measurementstyingenergy us to a welldefined unit space
and was the only sizeable datasetentified that containsadequate enough detail to
comprehersively assess ththesisaims The EHS isonductedby the Office for National
Statistics(ONS)on behalf of the UKGovernment, Dpartment for Communities andokcal
Government (DCLG) and pubkhed by DCLG(2013). Data was accessedhrough the
membership of the UK Data ServigdKDS)n November 2013Data is collated to form the
English Housing Survey, 2011: Housing StockDat#sét @hysical survey data for 14,951
dwellings across Englamdas collected by professional surveydrstween April 2010 and
March 2012, recorded in a mustage random stratified sampl&ach dwelling is coded,
and therefore no information about its plsjcal location is giverA randomly sampled
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dataset on this scale should remove anyalaed variation in energy useas well as
removing external factorsvhich may affect either the size or energy use of eduafelling
such as climatic variatiolThe sampng error associated with this data should therefore be
minimal given its size, and represent a strong reflection of the total population of
households across Englanil.more recent EHPublished inDCLGE2014) doesnot contain

the required variables foenergy usagen each household to supplemerihe energy
performance data recorded for the survey, and could not therefore be used.

Of the 14,951 dwellings surveyed, 14,386 of thesere Of | 3 & A FA SR , Where WK 2 dza ¢
energyusage data is givefMhe sirplus 565 recordsvith no recorded energy usare filtered
andremoved from analysidt isassumned that these 14,386 households, as close as possible,
cover the entire spectrum of size and energy scales a¢hest/K domestic buildingtock,

as well as @road range of construction datestotal household incammes and inhabitant
demographics. &lues for each of thesean be found elsewhere within the EHSusing

stock data ard will be expanded upon in latanalysisin each of the 14,386 households],

energy usage typesre listed detailing modelled energy consumption figures for various
aspects of energy consumption in domestic buildjngsluding space and water heatiby
various fuels, as well as direct electricity consumption by the houseffiotda full list of

these variableseerelevantappendices) The values for edicof these are derived from the
Buildings Research Establishment Domestic Energy Model (BREDEM), which requires
measurement of various physical household characteristics such asrgrineating fuel,

boiler efficiency and household insulation provision etc. The measured variables needed to
run the model are collectedsing Standard Assessment Procedure (SAP) guidelines used for
assessingpuilding€energy performanceSpecifics of SA&nd the BREDEM are detailed by

the Buildings Research Establishment (BRE) in BRE (BQdther pecifics of the BREDEM
variables collected as part of the EHSultimately form the givenenergy consumption
values are outlined iiEHS (2011 Crucially havever, the physical measured size of a given
householdis not usedas acore variablewithin the BREDEM, which legitimises its fze
investigating a scaling relationship between a modelled energy use variable and a measure
of spatial sizeWhile using mdelled energy data is not ideal, as it withcur error in
estimating the energy use for a given unit spacteloes allow datao be collected on the
scales seen ithe EHSwhich would not be practical using physically metered data. Total
energy consumpon for each given household is taken from the sum of each of the 11
energy use types modellegiven in kilowathours per annumkWhyr?), the standard unit

of measurement used for recording energy consumption in buildibdggng annuaénergy

totals abo removes any potential seasonality in energy us&ge tay arise fronclimatic
variation
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Deriving Building Geometric Properties

Physical household sizanbe defined by a number of spatialeasuressuch as plan area

or buildingvolume. For thecontext of this thesis, an ideal measure for unit space would be
volumetric, as this captures the full threkmensional physical space of a given household
over which energy is consumed. While the EHS does contain three dimensions of external
building mesurements, these do not necessarily match the spatial scale over which energy
consumption of a given household is measyred will be detailed belowA measure of
Total Floor Area (A is, howeverlisted within the EHS datasetorrespondingdirectly to

the spatial scaledwelling itself and therefore to the spatial scale over which energy
consumption is recorded. Given that will extend itself through the entire dwelling, this
measure will to a large extend be directly related to its three dimengivolume, given this
measure of space will extend over a number of floors as dwelling height increases.

Geometric scaling relationships between physical building properties such as height, wall
area and volume are widely discussed in work mentioned irvipus sections, notably
Steadman et al.,, (2009), Batty et al., (2008) and Salat (2009). They are important
considerations when assessing household energy consumption given the significant
proportion of domestic consumption expended on space heating, estidhat around 796
(Palmer and Cooper, 2011), which can be significantly influenced by the nature and
geometry of a buildin@ Exposed Surface Are®d.

In relation toscaling between energy use and household size, a geometric argument would
attempt to acount for anyobserved scalig exponents through consideration dfow
volume scales with exposed surface area, gives this area through which head lost. A
domestic building relates to a welefined threedimensional structure. When its form is
idealised into standardised shapes, which mdmyidingsare engineered to takeit should
therefore be subject to established laws of geometry in the way each building scales with
size. One such scaling relation states that surface area scales 2/3 witloliisiev
Specifically, a growth in surface area should occur at a rate of approximately 2/3 the rate of
growth in volume for a given increase in unit size, representing the relative dimensionality
of each variable. Assuming heat Idssm a buildin@® interral volumeis through theentire
exposed surface areathen we should expect scaling between domestic energy
consumption and a measure of space should approach a value of 2/3, given the
predominance of space heating in the domestic energy profile.

2/3 scaing between surface area and volume can be easily derived mathematically, and has
been previously done so in Batty et al., (2008), who discuss several notable scaling relations
for building geometric properties. If we assume a building to be shaped as witiva given
length, L, then the 2/3 scaling relation between exposed surface argan(Rquations (1)

and (2) below) and volume, V, can be derived as follows:

Aes= 5 1)

v=_E )
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Therefore L = (AJ5)Y? and V = (&/5)*?.

An estimatefor both exposed surface area and building volume can be derived directly from
the measure of total floor area if assumptions are made about the bu@lifagm. Both
require a measure of a given build@gertical heightUnfortunately, data collectedotform

the EHS housing stock for building height and its number of floors relates to the external
geometry of surveyed buildings, and do not necessarily correspond to the dwelling over
which total floor area and energy consumption are measured. For exaraféock of flats

may represent the external structure of a measured building, yet a dwelling may only be
one flat within the main blockSuch data can still be useful however. For buildings across
the entire housingstock of 14,591 households, informatioon the number of floors of a
given building, as well as its main eve height are recorded, which can be used to give an
estimate for the average height of a given floor. These relate to the external dimensions of a
dwellings outer building, and thereforeannot be used directly to estimate H. When eve
height is plotted against the number @ibors (Figure ), linear regression be&teen these
gives a value of 2.54 per floor, which seems reasonable as an estimate of average floor
height in a typical domestiguilding
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y = 2.5391x + 0.1732
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Main eve height (m)
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Fgure I Linear regressiobetween the number of floors of a given building
against the measure of the buildigmain eve height (the vertical distance
between the ground and the point at which the roof begins to slope). Data
plotted for all 14,951 households surveyed to form the EHS housing stock.
Linear regressiogives a trend line slope of 2.53%10.009(for full analysis

see relevant appendices).
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With an established value for the height of a given floor, accounting fariable house

height is now possible, allowing estimates of exposed surface area and volume to be
derived. While data for the number of floors again relates to external building
YSIFadz2NBYSyias RgStftAy3da RSTFAYSR | dextdnal WA AY 3f
dimensions of the physical building match the dwelling itself. Of the original 14,951
households, 11,293 of these classify as single ulvitestimate for exposed surface area for
eachsingle unitbuilding can be @racted from itstotal floor area, as well as values given for

the number of floors in a given household and the main eve height of the household. The
exposed surface aread#\can be characterised using equation (3), whieie the Roof Area,

W is the Width of a given side, arktis the height of the building.

Aes= R + 4WH 3)

Taking the number of floors in the single unit households as N, the total floor Afeaan

now be distributed over a number of storeys to represent true building form as accurately
as possible. The roafrea, R, is taken to be equal to the value of one floor (equation 4). The
building width, W, can therefore be redefined as the square root of R (equation 5). Given
the individual floor height derived ifigure 1 the overall building height, H, can now be
estimated using the number of floors, N, given only single unit dwellings are being
considered (equation 6). These can be applied to Equation 1 to gain an estimate of exposed
surface area.

R =A¢/N (4)
W =KR (5)
H =2.54N (6)

The volume, V, can also be estimated from similar values, taking the ground floor plan area
(R, given that roof area covers the spatial area as any given floor) and building height, H, as
defined by equation 7.

V = RH )

When equation 7 is applied across all single unit dwellings, Bgénd V will scale linearly
with one another (Figure) given that, V = 2.9d(As/N) and hence, V = 2.3¢. While
building height is variable by the number of floors, N, theatdtoor area is divided equally
over each floor, mitigating this variability in height. This estimate of building volume
assumes that the height of any given flptaken as 2.5 from Figure lis conserved, and
does not itself scale with building si2&hile this may be true for most domestic spaces and
rooms within a building, it may not account for noonventional spaces such has stairwells,
access corridors and utilised attic spae®wever, hese generally form a low proportion of
the total space ocupied by a given building, meaning the effects of any-imogarity in
floor height from such spaces should be minimal.
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Figure2: Linear regression between log transformiedal floor area

(Ar) (m?) and \lume (V)(m°) plotted for all singleunit households

a scaling exponent of 1.0 is observed, indicating linear scaling
between each

Hence if we assume this estimate of V is representative of the true volume of the dwelling,
then for the purposes of analysfs and V can therefore be usedterchangeably given one

is shown to bea direct relation of the otherGiven this, applying equations 4, 5 and 6
together into equation 3, the scaling in FiguBebetween total floor area As) and the
estimated exposed surface area.fAgives an expone of 0.656 + 0.001This value lies
close to the theorised 0.67 (2/3gxpected given this method of derividgth A and V
idealises building form. As noted in Batty et al., (2008) there may be issues with inferring
building form and surface area in shivay, and may scale differently to thexpectedby
standard allomé&ic theory. Buildings are inherently designed to both minimise exposed
surface area to reduce heat loss, but also maximise this area in relation to ventilation and
natural lightinwhat{ I €t & ownndpv GSN¥Ya GKS WwWakl LIS T Odz2
methodology reduces any influence or consideration of this also impdant to note that

these estimates of exposed area and volume are only taken from single unit households,
and not from the entire EHS housing stock. These are most likely constitute detached, semi
detached and terrace housing, with the exclusion of tower block flats aneconomentional
dwellings, which are those most likely to deviate from a conventionals2&ing between
volume and surface area.
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Figure 3: Linear regression between log transforméatal floor area
(A) (m?) andestimated exposed surface are.d (m?) for all single unit
households Observed scalingxponentof 0.656 + (01 indicated by
the maintrend line

Considering thistotal household floor areqT:.) given in metres (ff) will be takenas the
spatial measure for eablishing scaling relationships between energy and spa&cess the
EHS housing stock, given thisidaze applied most accurately across all households where
energy usage is recordedhe first of these is applied across the entire dataset in Figure 4.
AnyFurther analysis methodologies will be explained when appropriate.
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Section 4Analysis and Bsults

ScalingAcross theUKHousing Stock

First, energy consumption for eaclof the 14,386household is plottedagainstthe total

floor space areassociated with this consumptioallowing an initial insight into the way in
which domestic energy use viaés with increasingspatial scale This, like each scaling
exponentto follow, isestablishedusing linear regression of log transformed data of each
given variableThe margin of error surrounding each exponent is based on 95% Confidence
intervals (CI), wh full statistical analysis of each exponent listed in AppendicesFigure 4
indicates a positivescaling relationship between energy consumption and household size.
This trend is unsurprising, as it would be expégcipotentially even assumed, thatgeneral
positive trend between increasing spatial area and energy use would be obs&ietid
log-log, this relationshipis shownto hold overapproximately2 orders of magnitudevith
respectto household sizeas defined by its floagpace areaandl1.5 orders of magnitude in
relation to energy useThe relationship is shown to be stiinear, with anobservedscaling
exponent 0f0.803 + 0.013Thisindicatesa scale related energy efficienaycreasewith
increasing spatiakize The 0.803 scaling egonent from Figure 4will henceforth be
referred to as exponenX

Before the causes and wider reaching implications of this scaling are discussed, further
detail within the EHS allows households to be classified more diversely. Other attributes
relating to the physical household type or the demographic of its inhabitants may have a
significant influence over the nature and extent of energetic scaling relations across UK
domestic buildings. The dataset can be reclassified and broken down by these aftribute
allowing energyspace scaling exponents to be estimated for each of the factors within a
given attribute. This should give a more detailed insight into patterns of scaling across the
UK domestic building stock.

Initially, the housing ®ck can be suldivided to assess the different components and
structure types that aggregateogether to produce X. As is also shown in Figureafd
coloured accordinglyvariation can be observed between individwsdalingexponents of
differing householdypes.When the scaling exponent of each household tyiseconsidered
individually, all trenddwer than X As would be expeed, purpose builtflats (blue) are
genemrlly both lowerenergy use an@gmaller intotal floor areg scaling with an exponent of
0.6 (x0.035) Smilarly, single units(green) which form the najority of households
surveyed,scale with a 0.589 (+x0.015 exponent yet extend up to larger floor areas and
energy use totals expected of large detached buildihdsre in depth dataclassifications
explored below.
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Figure 4:Linear regression between logatisformedtotal floor area £) (m°) and
estimated energy use (kWh rfor all 14,386 households where energy usage \
recorded. Data has also been reclassified and scaled as folingle units(green)
representbuildingsidentified as a sekcontained single unit household, such as terra
semidetached or detached building$0.5% +0.015). Flats and apartments ai
represented as purpose built (blue) units, where original construction of the buil
was for domestic habitation (026 £0.035). Converted units (red) represent househo
where a building was originally built for nalomestic use, but later converted (0.67
+0.045). Scaling across all 14,386 households is given by the black linear trend line
scalina exponen®.803 + 0.013.

SubUnity ScalingBetweenHouseholddassifications

Further detail within the EHS allows single unit households to be classified more diversely,
distinguishing between terrace, semétached and detached buildings, helping teess

Y2NB AYRADARdZ € RATFSNBYyOSa Ay &aoFfAy3aQa
exponents for each of these are given in Table 1, withe detailed statisticsound in the

Appendces With the exception of 26 household®f I a8 A FA SR Whigre 860 S Y L2 N
correlation was observed between spatial area and energy use, all but detached households
scale between 0.62 and 0.68. In contrabi scaling exponent foetached households

0.449 (+0.028) distinctly different to all other household typesndicating a more
pronounced declinen energy use per unit space with increasing .sikkis difference is
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interesting given that detached buildings represent a more physically independent space of
consumption sharing no physical attachment mher poirts of energy end usdt is also
interesting in itself that no indidual household type scales comparatively wKH{~0.9,
indicatingthat any laws governing scaling of energy use with building size behave differently
at an individual building scale ocrss a given household type, than they do when all
domestic spaces are considered collectively.

Table 1:EHS housing stock data classified by household, tgoerded as part of
building physical surveyurposes built flats contain households where orddjiuse

of housing block was for domestic use. Converted flats contain households where
the original use was nedomestic, but later converted. Netlomestic plus flat
contain households where wider building has both domestic anddwnestic use.
Scaling rponent is basea linear regressioetweenlog transformedhousehold

total energy consumption and total floor space ar&gnificance based on 95% CI.

Household Type Scaling Exponen 95% ClI Total Number

End Terrace 0.645 +0.051 1645

Mid Terrae 0.64% +0.035 2793

SemiDetached 0.63 +0.028 3989

Detached 0.449 +0.028 2551
Temporary 0.1%* +0.322 26

Purpose Built Iat 0.624 +0.035 2867
Converted Flat 0.678 +0.050 499
Non-domesticPlus Fat 0.650 +0.206 16

Total ) 0.803 +0.013 14386

*no correlation observed between energy somption and floor space area.

Severablemographic influences ortaling can also be identified from the EHS dataset. Table
2 showsthe housing stoclbroken downby the number of inhabitants occupying a given
household, reclassifiedin a similar manor to above. For households with one to four
inhabitants, asignificant pattern ofscaling can be identified, with a decreasiwvaue of
scaling exponet with increasing ihabitants. Thisvould indicate that the amount of eneyg
consumed per unit space decreases with increasing household sizeawitimcreased
number of inhabitants with relatively less eneygconsumed in a household with four
inhabitants than one with a single inhabitant for a given unit.slzes result is usurprising
given that individuals in a shared household will naturally shiae& energy consumption
and undertake certain practices simultaneousty, examplethe use ofheating and lighting.
Exponents for households with five, six and seven plnabtants show a much less distinct
pattern in scaling variation, even showing exponents tending back towards 1.0. This may
suggest an additional factor or social practise having an increasingly dominant effaay on
scaling, more prominent than the influenoé shareddirect consumption. The significance

of these values j:10wever, more questionable, given the lower number of such households
present in the housing stock.
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Table 2 EHS housing stock datassified by the number of people occupying a
given tousehold recorded as part ahe EHSScaling exponent is basedinear
regressionbetween log transformedhousehold total energy consumption and
total floor space areaSignificance based on 95% CI.

Number of People | Scaling Exponent 95% ClI Total Number
1 0.849 +0.026 4105
2 0.7 +0.023 4984
3 0.718 +0.039 2279
4 0.6 +0.037 1927
5 0.701 +0.059 692
6 0.805 +0.088 266
7+ 0.771 +0.113 133
Total ) 0.803 +0.013 14386

Next Table 3showsscaling exponent®r data reclassified by thtal housérold incomeof

their inhabitants,classified into income bands from individual valeéscome listed in the
EHS datasetdigher incomes generally seelarger decrease in energy consumed per unit
spacewith increasing household sizand hencea more praounced increase innergy
efficiency with increasetiousehold sizeSo while all households across all levels of income
show a decrease in energy consumed per unit space with increased household size, this
effect is shown to be more pronounced in houset®With higher total incomeslhere is a
slight increase in the exponent back towards 1.0 in the66R bracket which contradicts
trend across the rest of theacomeclassification. This, however, could be attributed to the
increased uncertainty that surumds each of the exponents at this end of the scale, with a
lower total number of households from which each scaling exponent is derived.

Table 3 EHS housing stock datassified by bands of recorded total household
income recorded as part of househbburvey Scaling exponent is basadinear
regressionbetween log transformedhousehold total energy consumption and
total floor space are&Significance &sed on 95% CI.

Total Household Incom¢ Scaling Exponen 95% CI Total Number
£0-10k 0.8 +0.046 1370
£10-15k 0.88 +0.035 2765
£1520k 0.8% +0.038 2543
£20-25k 0.831 +0.043 1955
£25-30k 0.738 +0.044 1537
£30-35k 0.744 +0.055 1070
£3540k 0.726 +0.059 785
£40-50k 0.647 +0.047 1059
£50-60k 0.715 +0.069 539
£60k+ 0.657 +0.051 763
Total ) 0.8 +0.013 14386
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Data can also be reclassified based on its period of construction. This may influence the
nature of any scaling relationship between energy ahdusehold size given that
developmens in energy efficiency technologyccur through time,and are ultimately
incorporated into newly designed structures. Exact dates of construction for each individual
household are not given, with each classified into a construction period given in the first
column of Table 4. The scaling exponents listed in Talded towards linearity as dates of
construction become more recent, with a significant difference between exponents of the
oldest and newest householdSimilar to each othe tables above, mergy consumption
scales sulinearly across all constructiatates, with adecrease in the energy used per unit
spacewith increased household siz&his decreasks, however, less pronouncedh thoseof
newer construction While Error bounds around each scaling exponent draw each value
closer together than they itially appear, a statistically significant difference betwebe
oldest and newest househaddremains. Thiscontrasts what would intiively be expected,
which would have the newest andrgest households having the greatest efficiency, using
the least eergy per unit spaceAn explanation fothis could lie irthe effect of geometrics

on the scaling relationship between energy and building size, with the overall shape and
form of the buildin@ structure influencing the way a given building consumes ggneiith
changing size. This effect may also help in explaining several othemngtybscaling
exponents listed across Tablesgl Jland will be expanded upon in the following section.

Table 4 EHS housing stock data classified by date of constructionrdedas
part of household surveyscaling exponent is basedlinear regressiobetween

log transformed household total energy consumption and total floor space. area
Significance based on 95% ClI

Date of Construction| Scaling Exponen; 95% ClI Total Number
prel850 0.6 +0.046 399
18501899 0.6 +0.033 1200
19001918 0.696 +0.039 1051
19191944 0.631 +0.031 2259
19451964 0.7 +0.028 3182
19651974 0.822 +0.033 2192
19751980 0.822 +0.038 1030
1981-1990 0.848 +0.033 1209
19911995 0.875 +0.046 480
19962002 0.7% +0.039 643
post2002 0.835 +0.035 741
Total ) 0.803 +0.013 14386

Finally, data across all 14,386 Isa@holds can be reclassified by spec#mergy usage
characteristics, reflecting potential differences in scalingelation o specific modes of
energy consumptionAs described in Section 3,1 energy usage types asstimated for
household acrosshe EHS, which are summeddoean estimated total energy usage for a
given household. A full list of energy usages types cafobed in Appendices Table 1A.

-23-



These 11 usage types can be broken into three distinct categories, definmtkegy used
for space heating, energy used for water heatargl energy used for cooking, lighting and
appliancesScaling relationships for eachtegory are applied over all 14,386 households,
exponents of which can be found in Table 5.

Table 5 EHS housing stock data reclassified by specific modes of energy
consumption. Scaling exponentare based a linear regression between log
transformed housebld energy consumption and total floor space area.
Significance based on 95% CI.

Energy Wage Type | Scaling Exponen|  95% Cl | Total Number

Space Heating 0.965 +0.019 14386
Water Heating 0.419 +0.017 14386
Cooking and Appliance 0.595 +0.009 14386

Energyused for space heating is shown to scale near linearly, with almost no decrease in the
energy used for space heating per unit space with increasing building size. In contrast,
exponents for water heating and domestic social activities show a significargate in the
energy used per unit space for each of these practices.
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Section 5Discussion and Widdmplications

Origins andnterpretation of Scaling Exponents
Geometric Influences on Scaling

The influence of building geometry and otherogeetric properties could help texplain
patterns insub-unity scaling detailed across Tables 15tcas well as influence the unifle
scaling exponenfX) from Figure 4n relation to energyiseand household size.

Both Figure 4and Tables b highlight notable differences betweemxponentX and sub-
unity scaling exponents based on specific household characterifigmnentX gives a
value of ~0.8differing fromsingle unit households (generatigtached, semdetached and
terrace)scalingwith a ~0.6exponent, androm detached houses alone (Tablevihich scale
with a ~0.45 exponent.

Eachclassification in Tablé is based on @pecifichousehold type, with distinct geometric
propertiesand ranges of spatial scalkearger and dtached buildings wilhave arelatively
high initialmarginal sensitivity to changes in energy consumption for increases in lguildin
size, with a greater proportion of exposed wall area generating heat EpgsonentX in
Figure 4represens a function ofall offsets generatedby different spatial and geometric
properties across atlousehold typesvisible when data is reclassified by specific building
characteristics ExponentX forms an empirical mix of all sulmity scaling relationships,
across a broad range of spatial domg from the smallest flats to the largest detached
buildings. This may help to explain the differences in offset between expokentd the
sub-unity exponents in Figure 4 and Table 1.

This wouldalso suggest building geometric properties play an impaotteole in governing
patterns of scaling between energy consumption and spatial 8ty subunity scaling
exponents through Tablestd 4 show patterns of exponents which trend eithewards or
away from 2/3 exponent suggesting geometric influenceon scalingwhen the datasets
redefined by certain household characteristics

As listed in Table 1, with the exception of detached buildings, scaling exponents for all other
household types lie in the region e2/3, which, contrary to igure 4, suggesta strong
influence of geometrywhen each household type is consideraldne. Both types of flats
also scale as suchyhich is surprising given these are those least likely to lose energy
through heat loss through an exposed wall ar@he difference in sting observedn
detached buildingg0.449+ 0.028 could relate to abnormal external geometryindicating
energy is conserved per unit space at a much faster rate than an idealised ge@ioetey
would suggestThis could result fronan increasing use afomplex geometric shapes used

in the structural design of these buildings, formed to maintain optimal plan depths that
allow open air ventilation and natural light, as well as adequate access corridors between
individual rooms(Steadman et al., 20095em-detached anderrace buildings, as well as
flats are more commonly associated with more densely populated urban settings, where
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competition for space is intense, with buildings increasingly suligeekternal influences a
linked networked architecturea other buildings, as well as aggregating effects of the wider
urban environment influencing their form and geometry (Batty et al., 2008, Salat, 2009).

Table 3 is somewhat different, in that it beg to consider the role social and demographic
factors mg have in relation to scaling between energy and sp@sehousehold income
increases, scaling exponents trend from being near linear for the lowest income brackets
(~0.85), becoming increasingly sublinear down to a limit v@#i&n income exceeds DA.

Ths makes sense given households with larger incomes will typically be able to afford
measures to improve the physical structure of the building, with more free capital to invest
in energy saving measures, ensuring losses from the property are minintisechotable

that exponents appear to become increasingly sublinggin increased incomeyet limited

to a value ~2/3 which could denote the point at which individuals ability to influence
physical energy losses from their household are limited by buildegmetry It is also
notable that exponents begin to decrease suddenly between incomes of-£28K, before
which exponentsgenerally remain around ~0.8Fhis could relate to the point at which
K2YS 26ySNBKALI 0S3IAya {2ncetheF GodésticlsiBraundingsQa | 0
with a heightened sense of permanence about their surroundings. It may also relate to the
point additional capital becomes available as disposable income, giving individuals a greater
marginalpropensity to invest in energyaving measures. Thisiigeresting given the clear
social implicationsbut alsogiven suchnvestments in energy efficienayill generatefuture
sociceconomic returns andavealth dividendslt is noteworthy however that Table 3 gives

no indication of he range of scales over which each exponent is based. This may be
important, given households used to derive an exponent for lower income brackets are
likely to be taken from those of smaller spatial size and from a much narrower range of
spatial scale.

Like Table 3, the trend in exponents listed in Table 4 appear to be roughly bounded by
values ~2/3Those which are considered oldebtased on their date of constructioappear

to be more significantly influenced by geometric heat losses than those ofemew
construction, with exponents tending towards linearity with decreasing ages may
indicate how innovation in relation to building energy efficiency over timas gradually
decoupled the energy use characteristics of domestic space from its physwalegic
constraints, with newer households more readily adaptable to such technologies. While
many innovations such as double glazed windows and roof insulation can be retrofitted to
older buildings, incorporating such innovations into a buil@nigitid design will naturally
produce more significant efficiency gains. As such, newer buildings are more likely to have
modern levels of material consumption, use of electricals and central heating systems
considered in their design, allowing each of theséeautilised most efficiently.

Table 5 gives an indication that a reduction in energy usage per unit space with increased
household size comes predominantly from energy used for water heating and domestic
social activities, such as cooking and the use lettacal appliances, rather than from
energy used for space heating. This relates directly to expoXemthich considers total
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