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Abstract

Alongside decarbonising energy supply and greenhouse gas removal, energy demand reduction is
expectedt o contri bute significantly t oweam dimatetgbaks.
Many emission scenarios include ambitious improvements in energy efficiency, however, relying
largely upon energy efficiency to deliver the level of energy demand reduction required for a 1.5°C
future is considered a high risk strategy for demand-side mitigation.

The thesis has highlighted the role that local authorities can assume in the demand-side transition,
through subsidiarity, and framed analysis around the concept of energy service demands. Using this
broader framing of energy demand reduction, the current direct and embodied energy demand
associated with delivering Great Britaind fiousehold energy service demands was modelled. Four
universal energy demand reduction strategies which considered consumption-based policy options
for energy demand reduction were also modelled, and capacity index scores for each local authority
were calculated to assess whether universal energy demand reduction strategies would be
equitable, and effective at reducing GreatBritainbs | evel of energy cons

required for a 1.5°C future.

This project found that energy service demands vary across Great Britain, driven primarily by heating
and personal transport energy service demands, with households in London having the lowest
energy service demands per capita across the majority of energy service categories. The energy
demand reduction strategies demonstrate that energy consumption associated with household
energy service demands can be significantly reduced while maintaining service levels and therefore
not compromising wellbeing, however reduced service levels, and their associated energy demand
reduction, need to be considered if Great Britanbs ener gy consumption

which align with estimates of the energy demand reduction required for a 1.5°C future. Finally,
assessing the energy service demand and energy demand reduction results in the context of the
capacity index scores showed that universal approaches to energy demand reduction which do not
consider local context would not lead to an equitable demand-side transition, and that subsidiarity

must play a larger role in energy demand reduction going forward.
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corresponding LA. The graphs in the above are (a) heating, (b) other shelter, (c)
personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.16 Scatterplots of the number of vehicles per household in a LA and the ESDs
of the corresponding LA. The graphs in the above are (a) heating, (b) other shelter,
(c) personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.17 Scatterplots of the unemployment rate of a LA and the ESDs of the
corresponding LA. The graphs in the above are (a) heating, (b) other shelter, (c)
personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.18 Scatterplots of the Population density (per km?) of a LA and the ESDs of the
corresponding LA. The graphs in the above are (a) heating, (b) other shelter, (c)
personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.19 Scatterplots of the median age of the population of a LA and the ESDs of
the corresponding LA. The graphs in the above are (a) heating, (b) other shelter,
(c) personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.20 Scatterplots of the median household EPC rating of LA and the ESDs of the
corresponding LA. The graphs in the above are (a) heating, (b) other shelter, (c)
personal transport, (d) public transport, (e) aerial transport, (f) nutrition, (g)
recreation & communication, (h) consumer goods, (i) services and (j) the total ESD
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Figure 5.21 Scatterplots of the proportion of households not on the gas grid of aLA and
the ESDs of the corresponding LA. The graphs in the above are (a) heating, (b)
other shelter, (c) personal transport, (d) public transport, (e) aerial transport, (f)
nutrition, (g) recreation & communication, (h) consumer goods, (i) services and (j)
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1 Introduction

Human-induced climate change will affect every person on the planet throughout the 21 century
with differing degrees of severity (Masson-Delmotte et al., 2021). Reducing the impacts and
mitigating the extent of human-induced climate change in order to transition towards a net-zero
emission society, whereby greenhouse gas (GHG) emissions are balanced by GHG atmospheric
removals, by the mid-21% century has therefore become one of the most significant global challenges
of our time (Fankhauser et al., 2022).

Addressing the climate crisis is a significant challenge as reducing GHG emissions will require
technological change and improvement, as well as significant shifts in social practices, cultural norms
and behaviours. There have been positive shifts away from fossil fuels towards renewable energy
sources in the electricity sector of developed countries i which accounted for an average of 22.5%
of GHG emissions in the UK between 2000 and 2019 i and improvements in the efficiency of
conversion and end use (Eyre, 2021; BEIS, 2022b).

However, the transition towards a net-zero society is still in its early stages as countries are yet to
address the transformative change required across different sectors, institutions, infrastructure,
technologies and social practices to deliver net-zero (Grubler et al., 2018; Barrett et al., 2022). There
are also concerns, particularly on the demand-side of the energy system, that the net-zero transition
is not advancing at the pace necessary to avoid significant climate breakdown by meeting the global
long-term temperature goal of limiting global temperature rise to 1.5°C above pre-industrial levels by
2100, as set out in the Paris Agreement (Grubler et al., 2018; Barrett et al., 2022).

The demand-side transition needs to be accelerated as energy demand reduction (EDR) allows
future energy-related emissions to be avoided, while also reducing the burden of the energy system
to meet high levels of household energy demand and reducing the reliance upon negative emission
technologies to meet long-term climate targets (Anderson and Peters, 2016; Grubler et al., 2018;
Kriegler et al., 2018). EDR is therefore essential to successful emission reduction, climate change
mitigation and the realisation of the global long-term temperature goal for the 215 century in the Paris
Agreement (Masson-Delmotte et al., 2018; BEIS, 2021c).

This thesis will explore the demand-side energy transition, focusing upon energy services i i.e. the
benefits provided to households by energy consumption (Fouquet, 2010). Focus will be placed upon
framing energy demand from a services perspective at a Local Authority (LA) level in the UK as the
energy service demands (ESDs) of households vary across space, driven by differences in
socioeconomic indicators. The UK was chosen for this study because of its multi-level governance
structure and due to its position as the first major global economy to pass a net-zero emission target

into legislation. The LA-level is examined to consider household ESDs across space, the effect of
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nationally-led EDR strategies upon different areas of the UK, and to establish whether LAs where
households have the capacity to reduce their energy demand without compromising their wellbeing
align with the areas of high ESDs and EDR.

Section 1.1 will set out the underlying rationale of the PhD project, before the project aims and
research questions are set out in Section 1.2. Finally, Section 1.3 will outline the thesis structure.

1.1 Project Rationale

1.1.1 Status of Mitigation: A Global Perspective
Broadly speaking, when considering a shift towards a net-zero society, policymakers have three

main strategies available to them (Fawzy et al., 2020). The three strategies are: decarbonisation of
energy supply through fuel switching and electrification, EDR through energy efficiency
improvements and changes in social practices, and GHG removal through bio-energy carbon
capture and storage (BECCS) and direct air capture (DAC) (Fawzy et al., 2020; Barrett et al., 2022).

First, the primary method adopted thus far by governments around the world is decarbonisation
(Scott et al., 2022). One mechanism of decarbonisation involves fuel switching the present energy
generation mix to lower carbon alternatives sources of energy i i.e. switching to lower carbon fossil
fuels (e.g. coal to gas) or renewable energy sources (e.g. wind and solar power) (Figure 1.1) (Hache,
2015).
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Figure 1.1 COzreductions by time period in the IEA Net-Zero Energy Roadmap report. The key down the side of the figure

shows the three main strategies for the transition to net-zero energy in a sector and fuel specific format. (Source:
IEA, 2021).
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The other main mechanism of decarbonisation involves the electrification of different systems,
sectors and technologies. Electrification is another form of fuel switching, whereby carbon intensive
power sources are replaced by electricity T e.g. transport electrification by switching from internal
combustion powered vehicles to battery electric vehicles, or heating electrification by switching from
gas-powered central heating to heat pumps (Jing et al., 2022). Shifting to electrified technologies
and systems removes emissions from the energy system, meaning that electricity has the potential
to provide low carbon energy to households, especially when generated by low carbon energy

sources, such as renewable energy.

Decarbonisation of the energy system is an important aspect of the transition to a net-zero society
as energy system emissions make-up ~80% of the total global anthropogenic GHG emissions
(Hooker-Stroud et al., 2014; IEA, 2022a). Decarbonisation has proved popular thus far as the
technology to generate lower carbon energy is readily available and has become much cheaper in
recent years 1 particularly for wind and solar energy costs which dropped by 45% and 56% between
2015 and 2020 respectively (Clarke et al., 2021; IRENA, 2022).

However, focusing heavily on decarbonisation, and less on energy efficiency and GHG removal,
leads to a significant issue for governments. Renewable energy sources of energy are less reliable
than fossil-fuel power plants due to the intermittency of supply i for example, poor weather leads to
reduced output from solar sources of energy (Gowrisankaran et al., 2016; Mlilo et al., 2021). The
intermittency of supply means that energy storage solutions need to be integrated into the energy
system, and the energy system stresses caused by peaks of energy demand must be solved (Chen
et al., 2018; Rahman et al., 2020). Therefore, the shift towards a net-zero society will be expensive,
require significant land use change and would leave a significant amount of stranded infrastructure

assets if a decarbonisation-only strategy is adopted (Bos and Gupta, 2019).

Additionally, energy is not presently consumed at a sustainable level, as global final energy
consumption is rising faster than global renewable energy supply (Figure 1.2) (IEA, 2022b). Global
final energy consumption increased by 3.8 gigatonnes of oil equivalent (Gtoe) between 1990 and
2019, and global renewable energy supply increasing by 0.5Gtoe over the same time period (Figure
1.2) (IEA, 2022b). Therefore a renewables-led mitigation strategy is unlikely to be enough to

transition to a net-zero society alone (Hirschnitz-Garbers et al., 2016).
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Figure 1.2 Global renewable energy supply and global final energy consumption from 1990 to 2019. Graph produced from
data found in IEA (2022).

Second, alongside decarbonising energy supply, emission scenarios within the United Nations (UN)

I ntergovernment al Panel on Climate Change (1 PCC)
(SR15) place an emphasis upon the potential of global EDR to contribute significantly towards the
achievement of the Par itesmchupte goalfGrubler&tsal., 2018 MaSsor- o n g
Delmotte et al., 2018; Brockway et al., 2021; Kikstra et al., 2021; Knobloch, 2021; Nielsen et al.,

2021; Poblete-Cazenave et al., 2021; Barrett et al., 2022).

Energy efficiency is the form of EDR favoured by policymakers as it allows the same level of energy
service to be delivered to households for less energy demand, and provides multiple benefits, such
as energy security, increased productivity, cost reductions and health and wellbeing improvements
(Figure 1.3) (Sorrell, 2007; IEA, 2014; Shove, 2018). Energy efficiency measures aim to improve the
thermodynamic efficiency of the technical energy system and technologies which deliver energy to
households T e.g. reducing transformation losses when converting primary energy to final energy,
or shifting to less energy intensive, electrified, technologies, such as battery-electric vehicles, rather
than internal combustion engines (Sorrell, 2007; Creutzig et al., 2018). Other forms of EDR include
changes in social and behavioural practices, such as shifting to a plant-based diet or lowering heated

room temperatures (Creutzig et al., 2018; Shove, 2018).
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Figure 1.3 Multiple benefits of energy efficiency improvements across society. Image reproduced from |IEA (2014).

Large-scale, near-term EDR allows future energy-related emissions to be avoided, which has a large
impact upon maintaining global cumulative emissions below the estimated 1.5°C carbon budget
(Kriegler et al., 2018; Barrett et al., 2022; Scott et al., 2022). Declining trends in energy demand
could also reduce the pressure placed upon the supply-side of the energy system therefore allowing
energy supply to be decarbonised at a faster rate (Grubler et al., 2018). Additionally, 1.5°C emission
scenarios which include stabilised energy demand also suggest that our reliance upon negative
emission technologies, which are untested at a large-scale, to deliver a 1.5°C future, will be reduced,
as shown by Figure 1.4 (Anderson and Peters, 2016; Masson-Delmotte et al., 2018).

Fossil fuel and industry @ AFOLU BECCS

8iltion tonnes CO, per year (GICO2/yr) Billion tonnes CO, per year (GtCOa/yr) Biltion tonnes CO, per year (GICOz/yr) Billion tonnes CO, per year (GtCO3/yr)
P1 : P2 P3 P4

Global indicators P1 P2 P3 P4 Interquartile range

Pathwoy clessification No or limited overshoot  No or limited overshoot = Noor limited overshoot  Higher overshoot  No or limited overshoot
Final energy demand** in 2030 (% rel to 2010) -15 -5 17 39 {-12,7)
in 2050 {% rel to 2010) 2 2 21 2 {11,22)

Figure141. 5AC emi ssion scenarios within the | PCC6s SR15.
final energy demand respectively. Whereas within scenarios P3 and P4 global final energy demand continues to
rise which increases the need for negative emissions? to achieve the 1.5°C climate target (Source: (Masson-
Delmotte et al., 2018).

2 In the IPCC SR15 1.5°C scenarios, negative emissions are achieved through changes in Agriculture, Forestry and Other Land Use (AFOLU) and the

deployment of negative emission technologies, such as Bio-energy with carbon capture and storage (BECCS).
26

Scenar



However, despite the contribution that EDR could make towards achieving the 1.5°C climate target,
global final energy demand continues to increase (IEA, 2022b). Global final energy consumption
grew from 6.2 Gtoe in 1990 to 10.0 Gtoe in 2019 at an average rate of 1.3% per annum (Ayres et
al., 2019; IEA, 2022b).

The third lever for GHG emission reductions focuses upon removing already emitted GHG emissions
from the atmosphere to reduce anthropogenic-induced warming. GHG removal can be a natural
option, using techniques such as afforestation or a technological option, using DAC or BECCS
(Royal Society, 2009; Cox et al., 2018). GHG removals often play a large role in future emission
scenario, with GHG removal allowing for delayed climate action through removing any GHG
emissions in the long-term which cause carbon budgets to be exceeded in the short-term (Waller et
al., 2020).

However, relying upon GHG removal alone to transition to a net-zero society would be a flawed
decision by policymakers. GHG removal is expected to balance remaining CO, emissions in future
scenarios, rather than solve the climate crisis alone (Anderson and Peters, 2016; McLaren, 2020).
A large number of natural and technological GHG removal techniques, produced at a large-scale,
would be required to significantly reduce GHG levels in the atmosphere to safe levels before a
threshold for dangerous climate change is crossed (Anderson and Peters, 2016). Additionally, the
technological GHG removal strategies modelled in mitigation and emission pathways do not yet
remove GHG emissions at the scale required to avert dangerous climate change (Cox et al., 2018).
Therefore, while GHG removal may have a role to play in ensuring that goals are met closer to 2050,
it is likely to provide small-scale contributions to reducing the impact of the climate crisis at best
(Anderson and Peters, 2016; Cox et al., 2018).

In reality, all three of the main mitigation strategies will contribute to the transition towards a net-zero
society (Masson-Delmotte et al., 2018; Fawzy et al., 2020). At present, decarbonisation is utilised
most effectively by governments, while EDR focusing upon energy efficiency is yet to implement the
transformative societal changes required for net-zero across different sectors, institutions,
infrastructure, technologies and social practices, and GHG removal technology is relatively

undeveloped, and yet to be effective at a large-scale (Grubler et al., 2018; Barrett et al., 2022).

As the methods and mechanisms underlying decarbonisation are already well-utilised by
governments, and GHG removal technology unlikely to be deployed at scale before 2050, it is EDR
that both offers significant opportunities to exploit untapped potential to reduce GHG emissions to
meet the 1.5°C target (Creutzig et al., 2018; Grubler et al., 2018; Barrett et al., 2022).

27



As stated previously, however energy demand continues to rise globally despite the implementation
of energy efficiency measures designed to reduce energy demand, which is concerning for GHG
emission reduction efforts (IEA, 2022b). However, the trend in final energy consumption at different
spatial scales does not reflect the global trend (IEA, 2022b).

1.1.2 Energy consumption and demand reduction at different spatial

scales
The IEA (2022b) reported statistics which show an increase of 37.6% in global final energy

consumption between 1990 and 2019, which suggests that EDR through energy efficiency has been
unsuccessful at reducing energy consumption. However, at a smaller-scale, final energy
consumption and the effect of EDR efforts are more nuanced, with Figure 1.5 demonstrating that
final energy consumption has not risen at the same rate across the world as it has in the global
figures (IEA, 2022D).
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Figure 1.5 Final energy consumption at a continental-level from 1990 to 2019. Graph produced from data in IEA (2022).

As well as the IEA, individual countries also maintain national accounts of GHG emissions and
energy consumption (Figure 1.6), with some countries, such as the UK, keeping sub-national
accounts of direct energy consumption at a regional and LA-level (BEIS, 2021d). Figure 1.6 shows

that energy consumption at a national-level in the UK has remained relatively stable before 2008
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and since 2011, despite large reduction in GHG emissions, primarily due to the effect of offshoring
of high energy sectors, such as manufacturing, and energy efficiency (Hardt et al., 2017).
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Figure 1.6 UK GHG emissions and UK final energy consumption from 1990 to 2019 (Data sources: BEIS, 2022b; DUKES,
2022a).

Figure 1.5 and Figure 1.6 demonstrate that energy consumption varies at different levels and across
space (BEIS, 2022b; DUKES, 2022a; IEA, 2022b). Each individual nation is responsible for the
energy consumed within its territorial boundaries, meaning that the responsibility of reducing energy

demand falls upon national-level governments.

Currently, national-level policies designed to stabilise or reduce energy demand focus upon the
concept of energy efficiency, which has become synonymous with all types of demand-side action
(Shove, 2018). For example, within the UKG6s rec&@NBEGP),dr aft
improving energy efficiency is one of the five key objectives that will allow the UK to achieve its
climate targets (BEIS, 2019). Energy efficiency improvements utilise technological measures, such
as improving thermodynamic conversion efficiencies, and shifting energy consumption to more
efficient technologies, such as battery-electric vehicles (BEVs), to deliver EDR (Creutzig et al., 2018).
Energy efficiency measures are considered to be an EDR measure as they allow a reduced level of
energy input to meet the same level of household energy demand, therefore reducing energy use
without significantly affecting current lifestyle practices or requiring behavioural change (Mallaburn

and Eyre, 2014; Shove, 2018).
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However, energy efficiency policy alone cannot deliver the transformative change required across
social practices, behaviours and lifestyles for a 1.5°C future, such as the digitalisation of the energy
sector, the elimination of single occupancy car trips or an increase in the number of households
adopting plant-based diets (Barrett et al., 2022). Additionally, there is evidence to suggest that
i mproved energy efficiency drives t saingannewatiany

induce an increase in energy consumption that offsets the technology-d e r i v e d (Stem,\201h,g 0

p40). The rebound effect hinders the effectiveness of energy efficiency measures meaning that the
expected level of EDR delivered by energy efficiency paolicy is often not realised (Sorrell, 2007; Stern,
2011; Sorrell, 2015; Brockway et al., 2017, 2021). There is also evidence which suggests that the
rate of energy efficiency increases is slowing in developed countries, such as the UK and the US,
meaning that the uptake of energy efficiency improvements has not occurred at the rate projected in
1.5°C emission scenarios (Brockway et al., 2014).

An energy efficiency approach also encourages a focus upon technological solutions to rising energy
demand (Shove, 2018). This limits the scope of demand-side intervention strategies by neglecting
EDR options that exist beyond the boundaries of the technical energy system, such as improved
spatial planning for urban areas, and also misrepresents the underlying dynamics of energy demand
(Shove and Walker, 2014; Creutzig et al., 2016). National-level governments therefore need to go
beyond energy efficiency demand reduction measures to implement an effective transition to a low

energy demand society (Creutzig et al., 2018).

EDR however is not solely the responsibility of national-level governments. For example, regional
governments in France and Germany set out EDR policy (IEA, 2016, 2020b), while the devolved UK
governments of Wales and Scotland have the ability to set out their own energy efficiency policies
(Bridge et al., 2013). Additionally, countries such as Austria, Ireland, The Netherlands and Spain,
involve local-level government in their implementation of EDR policy (IEA, 2019b, 2020d, 2020a,
2021).

A more localised approach to EDR, through subsidiarity, is considered to be vital in achieving the
transition to a net-zero society, and the international-level climate targets set out in the Paris
Agreement (Bale et al., 2012; Wanzenbdtck and Frenken, 2018; LGA, 2019). Subsidiarity states that
all tasks of government should be undertaken at the most localised-level possible, with the central
government only performing tasks which cannot be performed at a lower level (Lenaerts, 1993;
Gagnon and Keil, 2017). Local government can draw together local partners and advocates for
climate action to decide the best direction for EDR in their respective localities (Wanzenbéck and
Frenken, 2018; LGA, 2019). This is important when considering the variation of household energy
consumption across space, and the need for EDR to be just as well as effective (Wanzenbdck and
Frenken, 2018).
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Variation in household energy consumption is driven by differences in socioeconomic factors such
as income, household size, population density and household age (Sorrell, 2015). Socioeconomic
factors vary across continents, countries, regions and localities, thereby affecting the level of
household energy consumption at different scales, which must be taken into account when
considering EDR to avoid compromising the wellbeing of households that EDR measures are being
implemented upon (Bhattacharjee and Reichard, 2011; Wiedenhofer et al., 2013; Azam et al., 2016;
Mr - wc z ye®Hd. k2820; Owen and Barrett, 2020; Ghofrani, Zaidan and Abulibdeh, 2022). For
example, a national-level policy banning petrol-powered vehicles to encourage households to shift
to BEVs, and therefore reduce their energy demand, would significantly compromise the ability of
less affluent households, who cannot afford to purchase a BEV, to achieve their transport needs.
Whereas, a locally led approach to increase the density of public transportation by buses in a LA,
and therefore encourage households to shift their transport needs to a low carbon option, would not

compromise the wellbeing of less affluent households.

LAs are therefore well-placed to ensure EDR is conducted in an effective, just manner, while
implementing EDR measures at a local-level could also improve levels of social acceptance as local
politicians are more familiar with the needs of households (Wanzenbtck and Frenken, 2018).
However, at present, EDR policy across many countries is set out at a national-level, including the
UK, (IEA, 2018, 2019b, 2020c), thereby ignoring the potential benefits of implementing EDR at a
local-level, or in partnership with local-level government (Bale et al., 2012).

The UK is one such country that sets EDR policy at a national-level T e.g. the Green Homes Grant
T despite its multi-level governance structure (Bale et al., 2012; International Energy Agency, 2019c;
Paun et al., 2019). The UK will be considered as a case study for local-level EDR due to UK LAs
having significant control over various areas of policy, including housing and transport T two
important areas for EDR 7 and its position as the first major global economy to legislate a net-zero
emission target (Paun et al., 2019; BEIS, 2021b).

1.1.3 Status of energy demand reduction: UK
Figure 1.6 shows that despite a large reduction in GHG emissions, energy consumption has

remained relatively stable across the time periods 1990-2008 and 2011-2019. The drop in energy
consumption between 2008 and 2011 is due to the 2008 global financial crisis, and the effect of
reduced economic growth from this, rather than being an effect of policy (Sakai et al., 2018; Ayres
et al., 2019; Brockway et al., 2019; BEIS, 2022a; Defra, 2022).

An effective and just transition towards a low energy demand society is necessary if the UK is to
reach its long-term climate targets (Barrett et al., 2022; Scott et al., 2022). More effective demand-

side policy would reduce the burden of a decarbonised supply-side of the energy system to cope
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with current demand levels and also avoid emissions from energy use altogether (Creutzig et al.,
2018).

In the UK, energy policies are defined at a national level, with limited direct powers for LAs to set
energy policy (Smith, 2007; Ellis et al., 2013; Cowell et al., 2015, 2017). Despite Wales and Scotland
having the ability to set out their own energy efficiency policies, energy and climate governance is
broadly considered to be a national issue, while LAs control policy areas which could be utilised to
reduce energy demand i e.g. transport planning (Bridge et al., 2013; Paun et al., 2019).

At present, the primary focus of the Department of Business, Energy and Industrial Strategy (BEIS)

is to consider the energy trilemma of security, affordability and decarbonisation with a primary focus

on decarbonising energy supply through policies s
growthoflowcar bon hydrogend or AJet Zeroodo (BEI'S, 2020a;
policy documents, such as the Clean Growth Strategy and the Green Industrial Revolution, is

focused on fuel switching and increasing the capacity of renewables, as opposed to EDR (BEIS,

2020a, 2020b).

The most recent national-level flagship policy centred on EDR for households was the Green Homes
Grant, which aimed to encourage homeowners and landlords to improve the energy efficiency of
their homes using grants of up to £5000 (BEIS 2021c). The Green Homes Grant scheme can be
considered a failure due to a low uptake and a short policy lifetime3 (Kenyon, 2021). Another similar
national-level demand-side policy failure in the UK is the Green Deal which ran from 2012 to 2015
(Rosenow and Eyre, 2016). The Green Deal was an energy efficiency policy also focused upon
improving household efficiency, but only managed to retrofit 14,000 out of a projected 14 million
households, mainly due to the high rate of interest on the loans given to households, making them

an unattractive prospect (Rosenow and Eyre, 2016).

National-level EDR policies and strategies in the UK, often consider EDR using an efficiency framing.

For exampl e, in the Clean Growth Strategy, Al mp
fii mproving eff i cibetmmentioned as palicy aimd(Soadll,e2007; BEIS, 2017).

However, in the Green Industrial Revolution, EDR is not specifically mentioned, but instead pledges
tointroduce figreen public tr ans(@ES, 2020b)cThewoidinggn tre iGekenwa | K i
Industrial Revolution implies the strategy will aim to shift transport ESDs to less energy intensive

options, however this is not stated outright (BEIS, 2020b).

3 The policy was launched during the latter half of 2020 (30" September 2020 to March 31% 2021) after the beginning of the Coronavirus
pandemic and was unsuccessful due to the backlog of work from early 2020, and the November 2020 and early 2021 national

lockdowns which prevented work being undertaken.
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The Green Industrial Revolution therefore shows that the UK government is seeking to reduce

energy demand through measures which shift energy demand to less energy intensive practices.

0151 Mmeasdured can be considered alongside energy efficiency measures using the avoid-shift-
improve (ASI) framework (Table 1.1) (Creutzig et al., 2018; BEIS, 2020b). The ASI framework was

set out by Creutzig et al., (2018) and is used to consider the different measures associated with

EDR. Under the ASI framework, 6 av o i d 6 maegate sha needsfor energy demand altogether,
whereas 6 shi ft 8 measures focus wupon shifti npracteaser gy
without compromising service leve,and O6i mproved6 measures aim to red
changing consumer behaviour or societal practices through energy efficiency (Table 1.1) (Creutzig

et al., 2018). Avoidbéand &hifté measures designed to reduce household ESDs, and the energy
associated with ESDs can be implemented alongside dmprovebéoptions (Creutzig et al., 2018).

Table 1.1 Example of the Avoid-Shift-Improve framework (Source: Creutzig et al., 2018)

Table 1| lllustrative ‘avoid-shift-improve’ options in different sectors and services

Service Avoid Shift Improve
Transport Accessibility Integrate transport and land-use planning Mode shift from car to Electric two-, three- and
Mobility Smart logistics cycling, walking, or public four-wheelers
Teleworking transit Eco-driving
Compact cities Electric vehicles
Smaller, light weight vehicles
Buildings Shelter Passive house or retrofit (avoiding Heat pumps, district heating Condensing boilers
demand for heating/cooling) and cooling Incremental insulation options
Change temperature set-points Combined heat and power  Energy-efficient appliances
Invertor air conditioning
Manufactured Clothing Long-lasting fabric, appliances, Shift to recycled materials,  Use of low-carbon fabrics
products and Appliances sharing economy low-carbon materials for New manufacturing processes
services Eco-industrial parks, circular economy buildings and infrastructure  and equipment use
Food Nutrition Calories in line with daily needs Shift from ruminant meat to  Reuse food waste
Food waste reduction other protein sources where Smaller, efficient fridges
appropriate Healthy fresh food to replace

processed food

Many options, such as urban form and infrastructures, are systemic and influence several sectors simultaneously.

The UKdéds national transport and heating strategi es
too, through the planned phase-out of fossil fuel powered vehicles for BEVs, and the increase of

heat pumps to deliver heating ESDs to households . However, measures from t
the ASI framework are generally neglected, with the exception of reducing personal transport and
undertaking shorter journeys by foot (Creutzig et al., 2018; BEIS, 2020b).

At a national-level, UK energy demand policy has thus far offered a narrow perspective for EDR,
favouring technical efficiency improvements in the past, and more through technological shifts.

Different levels of government in the UK do not possess powers to enact energy policy. There is no

funding for set aside for UK sub-national governments to devise and implement energy policies,
therefore ensuring large-scale, wel-f unded energy policies remakn in
level government (Muinzer and Ellis, 2017; LGA, 2019; Kenyon, 2021).
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However, LAs have significant control of policy areas which can be used to reduce energy demand
in their local area i e.g. transport planning and landlord regulation (Figure 2.5) (Paun et al., 2019).
For example, local councils run and maintain public car parks in their locality (Paun et al., 2019). By
closing the car parks, and converting them into green space, they are discouraging car use in the
town centre and therefore encouraging EDR through an attempt to shift household habits to lower
carbon options such as walking or cycling (Creutzig et al., 2018).

The climate plans set out by LAs in the UK are often more ambitious in their climate goals than
national governments (Figure 1.7) (Climate Emergency UK, 2022; mySociety, 2022). For example,
Leeds City Council is aiming to reach net-zero emissions by 2030, 20 years sooner than the national

target of net-zero by 2050 (Figure 1.7) (Leeds Climate Commission, 2021a).

A disparity therefore exists between the levels of mitigation ambition at different levels of the UK
multi-level governance structure (BEIS, 2021c; Climate Emergency UK, 2022; mySociety, 2022).
High ambition, coupled with the ability of LAs to work alongside residents, local business leaders
and other stakeholders to implement a just, effective and accepted EDR strategy offers a space
which could be exploited to accelerate EDR, and therefore GHG emission reduction in the UK
(Wanzenbock and Frenken, 2018; Climate Emergency UK, 2022; mySociety, 2022).

However, at present, LAs in the UK lack the finances to effectively implement EDR and their climate
plans (Sugar et al., 2022). Additionally, the energy consumption data published at a LA-level in the
UK focuses upon the quantity of fuels used to provide energy demand, rather than the underlying
reasons energy is demanded by households in each LA (BEIS, 2021d). Focusing upon fuel
consumption in each LA perpetuates the current framing of EDR through an efficiency lens i e.g.
through fuel switching, electrification or thermodynamic conversion efficiency improvements i rather
than allowing LAs to address high energy consumption and bring about the transformative change
in societal practices and household behaviour required for a low energy demand future and net-zero
(Morley, 2018). An alternative approach to considering LA energy consumption must be adopted to

unlock the full potential of EDR at a local-level.
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Figure 1.7 Map showing the UK local authorities which have declared climate emergency as of October 2020, and the
year which each LAG6s ear |l i &€hnate EnsergeneytUK (2022);sngSociefy (2022)( Dat a s oL

1.1.4 Energy Service Demands
AEnergy is not consumed for itself, but (hesGalic me an

et al., 2017, p2619) to households . These O6usef ul servicesd are kn
include examples such as space heating, transport and illumination (Haas et al., 2008; Fouquet,
2014; Geels et al., 2018). Energy services are used by all households on a day-to-day basis and are
important for meeting human needs to achieve wellbeing (Modi et al., 2005; Brand-Correa et al.,
2018). Therefore, energy services are often considered from a top-down perspective, as the end

goal for the energy system (Kalt et al., 2019).

Energy service demands (ESDs) can also be considered from a bottom-up perspective, by relating
them to human wants and needs (Brand-Correa et al., 2018). From this perspective, ESDs are key
component of achieving wellbeing throughout a population and have been previously referred to as

t heolfidgen t hreado | i nking huma n(Brand-Ealreaetaln 2018.fhere gy c o
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is therefore an implication that reducing ESDs has the potential to compromise the ability of
households to meet their needs, however, this argument ignores issues of overconsumption and
less energy intensive alternatives which maintain service levels to households (Rockstrom et al.,
2009; Raworth, 2012; Steffen et al., 2015; Creutzig et al., 2018; Hickel, 2019; Rockstrém et al.,
2021). Studies have previously identified that energy consumption rises with income (Oswald et al.,
2020; Owen and Barrett, 2020), while other studies have also identified that wellbeing directly
increases with energy consumption, only up to a certain point, at which point, energy consumption
continues to rise, but wellbeing increases stagnate, and can even decrease (Steinberger and
Roberts, 2010; Brand-Correa and Steinberger, 2017; Rao et al., 2017; Grubler et al., 2018; Rao et
al., 2019; Vita et al., 2019; Millward-Hopkins et al., 2020).

Understanding that excessive consumption does not continue to bring about continuous wellbeing
increases for both essential and non-essential services, and that household ESD levels can be
reduced without reducing wellbeing, offers greater opportunities for EDR in countries, such as the
UK, in which demand for energy services continues to rise, but wellbeing is no longer increasing
(Raworth, 2012; Brand-Correa et al., 2018; Morley, 2018). ESDs can therefore be reduced, without

compromi sing wellbeing, by using methods from the
set out by Creutzig et al., (2018), as wel |l as O6i mprovebd measlabtees su
1.1).

For example, switching an individual 6és primary mo
privately owned motor vehicle to public transport, shifts a householddb s ESD f or mobi | it
carbon alternative (Creutzig etal.,2018). Al t ernati vely, al ter itopgrma ¢ o mp

an employee to work from home if they desire, can lead to the ESD for mobility being avoided

altogether (Creutzig et al.,, 2018). At t hi s point, t hide. $hae mdviddpemasd 6 i s

able to attend work T however, the energy associated with mobility ESDs is less energy intensive or
avoided completely. Despite no energy demand for mobility occurring, avoided energy use can still
lead to a rebound effect through higher energy use at home (Brockway et al., 2021). Improve
measures, such as stricter internal combustion engine standards to improve the energy efficiency of
the public transport modeds engine can be i

further reduce the energy associated with this ESD (Creutzig et al., 2018).

Considering the ESDs, rather than energy demand, of households is important when examining
energy consumption in LAs. ESDs are directly related to consumption i being the service demanded
by households from the energy system (Le Gallic et al., 2017) i which is the stage of the energy
chain that takes place in LAs. LAs can therefore directly address the ESDs of households i i.e.

consumption i rather than the systems delivering demanded from the energy system to households
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T i.e. production i which is important when considering subsidiarity (Wanzenbtck and Frenken,
2018).

The concept of ESDs allows energy system analyses of energy demand to go beyond calculating
the amount of energy supplied to meet household demand, towards examining the actual services
(6ends6) Homdeholseby thedenergy system and allows the full range of options for EDR
to be considered (Creutzig et al., 2018; Morley, 2018). For demand-side studies to fully exploit the
services concept, a consistent framing of energy services at a LA-level, which recognises the true
dynamics of ESDs and energy demand, needs to be applied.

However, at present, the energy service categories, accounting methods and framings of energy
services are inconsistent across different papers (Modi et al., 2005; Sorrell, 2007; Fouquet, 2014;
Fell, 2017; Rao and Min, 2018; Hardt et al., 2019; Owen and Barrett, 2020). Additionally, the UK
government produces data on the end-use proportions of each fuel on different energy services such
as space heating, cooking and lighting, but, as stated in Section 1.1.3, the UK government only
maintains LA-level data on final energy consumption by sector and fuel type, not household ESDs
(BEIS, 2021d; ECUK, 2022).

1.1.5 Energy Service Accounting
As stated in Section 1.1.4, the UK government keeps detailed records of energy consumption

throughout the UK at different levels, for different sectors and for different fuels, but only produces
data on the end use proportions of each fuel on different energy services such as space heating,
cooking and lighting at a national-level (BEIS, 2021d; ECUK, 2022). National-level records of ESDs
miss the nuance of variations in ESDs across space and do not show whether energy consumption

is disproportionate in different areas of the country (Minx et al., 2013).

Additionally, the data only considers services related to direct energy consumption i direct energy 1
thus neglecting the energy embodied within goods and services bought by households i indirect
energy (Vringer and Blok, 1995; Haas et al., 2008; Barrett et al., 2013). Therefore a significant
proportion of energy consumptionisabs e nt f r o m t h develUakdigy consanption figards
(BEIS, 2022a; ECUK, 2022).

The energy requirements of households across LAs, throughout the UK, are more nuanced than the
direct energy demanded from the energy system (Vringer and Blok, 1995; Haas et al., 2008). Indirect
energy, generated in the supply chain, in the production and transport of goods to households, as
well as direct energy, demanded from the energy system itself by households, is required to provide
the services households require to meet their needs and achieve wellbeing (Vringer and Blok, 1995;
Haas et al., 2008). Modelling the indirect energy associated with LA-level household ESD footprints

ties together the consumption and production aspects of the energy system, thus allowing EDR
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measures, implemented within LAs to affect the globalised energy system and also broadens the
scope of potential interventions for EDR available to LAs, which may not be taken into account when
only considering EDR of direct energy (Miller and Blair, 2009; Wood et al., 2018).

Current UK energy consumption accounts therefore neglect a significant proportion of energy
demanded by households to achieve wellbeing, which means that EDR opportunities may be missed
by both the national-level government and LAs, while only providing direct energy consumption data
may misappropriate the onus to reduce energy demand elsewhere in the world (Barrett et al., 2013;
BEIS, 2022a). Without a LA-level database of ESDs, which includes householdd s di r ect

energy requirements for different ESDs, the full ESD footprints of LA-level household ESD footprints,
and the full scope of options for EDR from the ASI framework cannot be utilised by LAs (Barrett et
al., 2013; Creutzig et al., 2018). However, the focus on international climate targets and national
EDR strategies in the past has led to subsidiarity, and local-level ESD variation, being given less

attention by researchers and policymakers (Morris et al., 2017).

1.1.6 The need for further research
Further research is needed as EDR needs to be fully exploited for the UK to reach its climate targets,

and subsidiarity may be the key to unlocking the potential of EDR in the UK (Creutzig et al., 2018;
Wanzenbdck and Frenken, 2018; BEIS, 2021c). However, energy policy remains the prerogative of
the UK national-level government, while household energy demand in the UK is yet to be significantly

reduced despite the implementation of energy efficiency improvements (Figure 1.6).

Household energy consumption is driven by demand for energy services to achieve human needs,
wants and wellbeing (Brand-Correa et al., 2018). EDR, must therefore be delivered in such a way

that does not compromise the ability of households to meet these ends.

Energy consumption, and therefore wellbeing, is affected by socioeconomic factors, such as income,
household size and population density (Sorrell, 2015). Therefore, household ESDs, and the level of
household capacity to adopt EDR strategies, is likely to vary significantly across different LAs as
socioeconomic factors vary (Minx et al., 2013; Naumann and Rudolph, 2020). Variation in
consumption, and environmental footprints, across different population segments is well researched
across nations, including the UK (Minx et al., 2013) and Spain (Arce et al., 2017); between cities all
over the world (Moran, et al., 2018), across the rural-urban divide in Germany (Gill & Moeller, 2018)
and between social groups in the UK (Druckman and Jackson, 2009; Abdallah et al., 2011; Biichs
and Schnepf, 2013; Owen and Barrett, 2020). Beyond footprint studies across space, other studies
which focus on energy consumption in specific local areas of developed countries tend to focus on
instances of fuel poverty and energy justice (Love and Garwood, 2011; Mccauley et al., 2013;
Jenkins et al., 2016; Bailey and Darkal, 2018).
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However, the quantification of a consumption-based account of household ESDs at a LA-level in the
UK would allow a deeper insight into how energy is used in different areas of the country, allowing
the identification of areas of overconsumption and low consumption (Minx et al., 2013). Framing
EDR through an energy service lens at a LA-level will also offer a method of linking household
consumption at a LA-level to the globalised energy system, and allow an examination of whether
universal EDR strategies have the same effect upon different segments of the UK population without
compromising the wellbeing of households. Analysing ESD data and EDR data in the context of
capacity index (Cl) scores of households would also offer an insight into whether universal EDR

strategies could compromise the wellbeing of households.

Combining the ESD, EDR and CI elements of LAs into an overarching analysis of universal EDR
strategies would allow an insight into whether universal EDR strategies reduce energy consumption
in LAs exhibiting higher levels of ESDs, and also reduce energy consumption to a greater extent in
LAs where households have a greater capacity to adopt EDR strategies. If these elements do not
align, then the concept of subsidiarity, and localised demand-side action, needs to be utilised more

in the demand-side transition in the UK.

Embodied energy must be included in ESD calculations to ensure the full scope of energy required
to fulfil household wellbeing is considered in an EDR modelling study. Actively considering embodied
energy would broaden the scope of EDR to energy services which are not demanded directly from
the energy system, and offer a greater number of opportunities for households to reduce energy
demand associated directly with UK energy consumption, and indirectly, with the supply chain

providing households with products and services (lvanova et al., 2020).

The aims and research questions in Section 1.2 will address these research gaps to establish
whet her adopting an energy services approac

mitigation goals. The aim and research questions of the thesis will be set out in the next section.

1.2 Aims and Research Questions
Based upon the scale of the task facing the UK government to implement large-scale reductions in

energy demand to meetitsnet-zer o obl i gations towards the Paris

goal, this thesis aims to assess the variation in energy service demands of households at a
local authority level across Great Britain, and the potential of a nationally-led approach to
energy demand reduction to establish whether a disaggregated approach to energy demand
reduction could benefit demand-side action for different energy service demands in Great

Britain. The thesis will achieve this aim by examining the following research questions.
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1.2.1 Research Question #1
How can the full energy system be framed from a local authority level using an energy

services perspective?

The first research question addresses the framing of the energy system at a LA-level. Chapter 4 of
the thesis sets out a framework designed to have both theoretical and practical application when
considering EDR at a LA-level. Establishing an LA-level perspective is fundamentally important for
the subsequent chapters of the thesis. If the energy system and EDR cannot be examined from a
LA perspective, then undertaking further analyses using this approach would not be productive.

Research question #1 is answered in Chapter 4 of thesis.

Chapter 2

Literature Review

} } } }

Research Question #4

Research Question #1 Research Question #2 Research Question #3

How can the full energy system be
framed from a Local Authority-level

using an energy services perspective?

What are Great Britain’s energy
service demands, and how do they
vary across Great Britain at a Local

Authority-level?

What is the energy demand reduction
potential of four service-oriented
strategies at a national-level, and how
does the potential vary across Great
Britain?

What is the capacity of households to
adopt each EDR strategy in Great
Britain at Local Authority-level, and do
high feasibility scores align with areas
of high energy service demand and

energy demand reduction potential?
Chapter 3
Methodology
Chapter 4 Chapter 5 ‘I Chapter 7
The Service-driven Energy Demand Great Britain's energy service 1| H capacity to adopt energy
Chain Framework demands at a Local Authority-level demand reduction strategies at a Local
Authority-level
Chapter 6
Energy demand reduction strategy
potentials at a Local Authority-level

Figure 1.8 Diagram showing the linkages between the research questions set out in Section 1.2 and the different sections
of the thesis.

1.2.2 Research Question #2

What are GreatBrit ai n6s ener gy s,amdhiowade thel &anaaanrdss Great Britain
at a local authority level?

Research guestion #2 addresses the scarcity of LA-level ESD data available for Great Britain (GB).
The disaggregation of the national-level energy footprint to examine LA variation has been limited to
GB, rather than the UK, as LAs in Northern Ireland are purely administrative, and do not possess
any power to define and implement policies which could reduce household energy demand, therefore
considering policy at a LA-level in Northern Ireland is redundant. The term GB rather than the UK
will therefore be used to refer to results from across England, Scotland and Wales, as the term is
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synonymous with these countries. In reality, the region of GB also includes the crown dependencies
of Guernsey, Jersey and the Isle of Man, however, as the crown dependencies are self-governing,
and not located within the territorial boundaries of the England, Scotland or Wales, the term GB will

not include these islands within this study?.

At present, BEIS produces LA-level data on direct energy consumption by fuel at a LA-level, but
does not set out how the energy from each fuel is utilised from different energy services across each
LA (BEIS, 2021d). Without data on energy service consumption across GB, a LA-level approach to
EDR focusing upon EDR for different ESDs cannot be considered. Additionally, neglecting indirect
energy embodied in products and services at the LA-level reduces the potential number of EDR

options that can be considered in this thesis.

Research Question #2 aims to generate and examine a LA-level, consumption-based energy service
dataset for GB, using the Living Costs and Food survey (LCFS) from 2015/16, 2016/17 and 2017/18,
to better understand GBO6s EStivs#2asanswesed in Chamec ® of

thesis and is used as a baseline in Chapter 6 of the thesis.

1.2.3 Research Question #3
What is the energy demand reduction potential of four service-oriented strategies at a

national-level, and how does the energy demand reduction potential vary across Great
Britain?

Research question #3 assesses the potential of four different EDRs t r at egi es u p ©he
four EDR strategies are an energy efficiency strategy, a maintained service level (MSL) strategy, a
reduced service level (RSL) strategy and a full consideration (FC) strategy. Considering the EDR
potential of the energy services approach is important as effective EDR is necessary if the UK is to
meet its net-zero targets for a 1.5°C future. The results from the energy efficiency, MSL, RSL and
FC strategies will be compared at a national-level initially to establish the EDR potential of going

beyond energy efficiency measures in GB.

The variation in EDR potential of each strategy at a LA-level across GB will subsequently be
considered alongside the average EDR potential of the respective strategy being analysed.

Considering the variation of the potential of each EDR strategy is important to understand whether

4 Despite referring to GB in the results chapters of the thesis (Chapters 4 to 7), the national-level policies discussed in Chapter 2 will still
be discussed in the context of the UK and the UK government as the national-level energy policy, which applies to England, Scotland
and Wales is set out by the UK Parliament in Westminster in London.

5 As the results generated for Research Question #2 focus upon GB, the results used to answer Research Question #3 will also focus

upon GB.
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a disaggregated, localised approach would be beneficial for different ESDs and accelerating the
transition to a low energy demand society.

Research question #3 will be answered in Chapter 6 using a modelling approach devised by Wood
et al., (2018). The ESD values generated and examined in Chapter 5 will be used as a present-day

baseline from which the strategies will be modelled upon.

1.2.4 Research Question #4
What is the capacity of households to adopt each energy demand reduction strategy in Great

Britain at local authority level, and do high capacity index scores align with local authorities
exhibiting high levels of energy service demands and energy demand reduction potential?

Research question #4 will consider the capacity of each LA to adopt the four EDR strategies
modelled in Chapter 6, and analyse whether LAs with high levels of capacity to adopt EDR measures
align with areas of high ESDs and large EDR potential, modelled in Chapter 5 and Chapter 6
respectively®. Considering the capacity of households within LAs to adopt EDR strategies is
important to ensure that the demand-side transition is just and does not compromise wellbeing of

households.

EDR requires a broad range of actors to devise and deliver EDR strategies (Sorrell, 2015). Placing
too much onus on a single actor or set of actors may lead to the EDR potential of different strategies
not being realised (Geels et al., 2018). The demand-side transition will therefore require actors
beyond households to bring about significant levels of EDR in the future. However, the capacity of
households is only considered in Chapter 7 to assess whether a single, national-level approach to

EDR could compromise the wellbeing of households in different LAs throughout GB.

Research question #4 will be considered in Chapter 7 of the thesis. Research question #4 draws the
final elements of the thesis together to provide final analyses of the potential of a disaggregated

approach to EDR from a LA-level services perspective.

1.3 Thesis Structure

The remainder of the thesis comprises of Chapter 2 to 9, with appendices. Chapter 2 forms a
literature review which examines EDR and its importance in climate change mitigation. Chapter 2
will also examine the framing of ESDs in frameworks, models and the categories utilised by these
two areas. Following this, different footprinting methodologies will be set out and the best method

identified before finally examining UK EDR policy and EDR at a LA-level.

6 As with Research Question #2 and Research Question #3, Research Question #4 will focus upon GB.
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Chapter 3 focuses on the data and methodological aspects of the thesis. The core method
underpinning the generation of consumption-based ESD accounts for the UK, input-output (I0)
modelling and multi-regional input-output modelling (MRIO), are set out in Chapter 3. In addition to
IO and MRIO, Chapter 3 will also explore how a UK-based social survey, the LCFS, will be utilised
to generate consumption-based ESD accounts for LAs throughout GB. Finally, the equations
underlying the modelling methodology in Chapter 6 will be set out, as will the method underpinning
the Cl analysis in Chapter 7.

Chapters 4 to 7 focus upon the results of the project. Chapter 4 sets out a framework for examining
EDR options at different stages of the energy system from an energy services perspective at a LA-
level. Following this, Chapter 5 quantifies different ten different ESD categories using 10 modelling.
The first section of Chapter 5 examines the aggregated national-level ESD footprints for GB, before
examining each energy service category across space at a LA-level for GB. Finally, the last section
of Chapter 5 use correlation and regression analyses to examine whether the underlying
socioeconomic factors identified as drivers of energy consumption by previous studies, also exhibit

the same relationship with the aggregated LA-level ESD footprints.

In Chapter 6, four EDR strategies are modelled. Section 6.1 examines the EDR potential of each
strategy at a national-level to assess whether each strategy is capable of delivering the level of EDR
required to meet the global 1.5°C target. Following this, Section 6.2 examines the LA-level variation
of each EDR strategy to understand the expected levels of EDR across different areas of GB under
a nationally-led approach. Chapter 7 will subsequently examine the capacity of households within
each LA to adopt the EDR strategies modelled in Chapter 6 (Section 7.1). Following this, the VI
scores will be analysed alongside the ESD data generated in Chapter 5 and the EDR data modelled
in Chapter 6 to establish whether areas scoring highly in household capacity are also modelled to

have high, present-day, ESD levels and high levels of EDR potential.

Chapter 8 assesses the research undertaken in this thesis in the context of other studies, and
identifies how the research in Chapters 4 to 7 differs from, and builds upon existing research. Chapter
9 draws the thesis together to assess whether the aim of this project has been achieved and identifies
the contribution this work has made to the knowledge base in the ESD and EDR spheres through
recommendations for further research. Additionally, Chapter 9 will highlight the limitations of the

project.

1.4 Thesis Novelty

The thesis aim and research questions have been devised to address four research gaps, identified
in Chapter 1 and Chapter 2, and contribute towards knowledge in the ESD and EDR space in the

UK and beyond. Firstly, research question #1 addresses a theoretical research gap by setting out a
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services-oriented framework of the energy system from a LA perspective. Presently, energy system
frameworks, models, EDR studies and energy policies recognise that energy services are the reason
that energy is demanded from the energy system by households. However, a framework which
places ESDs at the forefront of an energy system framework, and demonstrates the effect local-level
actions could have upon the energy system has yet to be set out. Designing a service-oriented
framework from a LA perspective will offer an alternative perspective of the energy system, and aim
to reframe EDR away from energy efficiency by focusing less upon the stages of delivering direct
energy to households.

Secondly, research question #2 addresses two research gaps: a knowledge gap, whereby the
research findings did not previously exist, and a population gap, whereby the data generated in
Chapter 5 is under-represented in prior research and statistics. At present, government-produced
LA data for household ESDs is limited, and while previous studies have examined per capita
environmental footprints across space (Minx et al., 2013), and household ESDs for different income
deciles (Owen and Barrett, 2020), a comprehensive dataset of household ESDs for each LA has yet
to be modelled for GB. Modelling the ESDs of different LAs throughout GB provide greater
information on household ESDs i n GB, and wil|l all ow an ex

per capita ESDs to identify areas of high and low energy consumption throughout GB.

Thirdly, two research gaps are also addressed by research question #3, with a methodological gap
and a knowledge gap addressed in Chapter 6. The methodological gap focuses upon the
methodology set out by Wood et al., (2018). The methodology is not new to this thesis, having
previously been used in a demonstrative example by Wood et al., (2018), however, to my knowledge,
the 10 methodology has not yet been used to model EDR at a local-level, or across space, thereby
demonstrating the ability of the IO methodology to be used by LAs. Additionally, the results
generated using the |0 methodology from Wood et al., (2018) will demonstrate the variation in EDR
potential at a LA-level. Understanding whether the potential of different EDR strategies varies across
different areas of GB, will establish whether a disaggregated, locally specific policy approach to EDR

may be more beneficial than a nationally-led approach for different household ESDs.

Finally, research question #4 addresses an empirical research gap associated with the results
generated in Chapter 5 and Chapter 6. Assessing the capacity of localities has been undertaken
upon different segments of the population in the past (Robinson and Mattioli, 2020). However,
specifically considering the capacity of households in GB will allow an insight into whether areas of
high ESDs, high EDR and high capacity correlate. Conducting the CI analysis will allow a deeper
insight into the variation of ESDs and EDR potential across space in GB, and help to assess whether

a disaggregated, locally-specific approach to EDR would be appropriate for different ESDs in GB.
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2 Literature Review: An energy demand framing review

This review will build upon the initial project rationale set out in Chapter 1. Chapter 2 will explore
existing literature on energy demand, energy demand reduction (EDR) at national and local-levels
and energy service demands (ESDs) to analyse the framing of the demand-side of the energy
system by researchers in academic literature, and policymakers, in the UK. Alongside the framing of
energy demand, the calculation and modelling methods used on the demand-side of the energy
system in the UK will also be examined. Examining each of these aspects will give a complete
overview of current thinking on the demand-side of the energy system, and allow research gaps to
be identified which build upon current demand-side research, and facilitate effective EDR for the

transition towards a net-zero society.

To undertake a full analysis of energy demand and EDR, Chapter 2 will be split down into four
sections focusing on different aspects of the issues raised in the thesis introduction. Section 2.1
focuses upon the framing of energy demand within academic literature and UK policy to identify the
dominant demand-side discourse. The governance of the UK energy demand will subsequently be
analysed in Section 2.2. Section 2.2 wi | | comment muybtiderel goveraandd Ktidicture
before analysing the energy governance. The vari ation in ambition

governance structure will also be considered, with reference to the concept of subsidiarity.

Section 2.3 will undertake an analysis of ESDs and their representation in academic literature and
policy. The review in Section 2.3 will focus upon the framing of ESDs by examining their definitions,
their representation in energy system frameworks, and the categorisation of ESDs across different

studies, papers and policy.

Subsequently, Section 2.4 builds upon Section 2.1 and Section 2.3 by examining the methodologies
used to generate ESD figures. The models used to design UK policy will be examined, as will energy
footprinting. The UK uses a mix of model types 1 e.g. econometric models, energy system models,
policy models, etc. i while energy footprints have become a common method to calculate energy
consumption at different scales. The benefits and disadvantages of each accounting method will

also be considered in Section 2.4.

Finally, at the end of the literature review, there will be a short section which draws together the main
points of the literature and re-establishes any research gaps. From this the remaining roadmap of
the thesis will be set-out. Table 2.1 shows how each section of the literature review maps to the

research chapters of the PhD thesis.
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Table 2.1 Mapping table of literature review sections to PhD thesis chapters.

Literature review section

PhD chapter mapping

Section 2.1: Energy demand framing review

Section 2.2: UK energy policy and governance

Section 2.3: Energy service demand framing

Section 2.4: Modelling energy service demands

Chapter 4: The service-driven energy demand chain
framework

Chapter5:Gr eat Britainds energ
Local Authority-level

Chapter 6: Energy demand reduction strategies at a
Local Authority-level

Chapter 7: Household capacity to adopt energy demand
reduction strategies at a Local Authority-Level

Chapter 4: The service-driven energy demand chain
framework

Chapter5:Gr eat Britainds energ
Local Authority-level

Chapter 6: Energy demand reduction strategies at a
Local Authority-level

Chapter 7: Household capacity to adopt energy demand
reduction strategies at a Local Authority-Level

Chapter 4: The service-driven energy demand chain
framework

Chapter5:Gr eat Britainds energ
Local Authority-level

Chapter 6: Energy demand reduction strategies at a
Local Authority-level

Chapter5:Gr eat Britainds energ
Local Authority-level

Chapter 6: Energy demand reduction strategies at a
Local Authority-level

2.1 Energy demand framing review
Section 2.1 examines the framing of energy demand in different contexts (Figure 2.1). Energy is

demanded for a wide variety of services across different sectors, however, for households, energy

is demanded predominantly to achieve wellbeing (Le Gallic et al., 2017; Brand-Correa et al., 2018;

Kalt et al., 2019). Current levels of energy demand are however unsustainable if the UK wishes to
transition to a net-zero society (BEIS, 2021c; IEA, 2022b).

The relationship between EDR and climate change mitigation will therefore be considered (Section

2.1.1), before analysing the dominant framing of the relationship (Section 2.1.1) T energy efficiency

i alongside the relationship between energy demand and wellbeing (Section 2.1.2), after which the

link between energy demand and wellbeing will be

examined i ESDs. The limitations of the current

energy discourses will then be summarised (Section 2.1.3).
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Section 2.1.2.2: Energy

i ) Section 2.1.1.2; Energy Section 2'1'2'.1: sufficiency and the co-
Section 2_'1"1'1' demand reduction beyond Overconsumption benefits of energy demand
Energy efficiency energy efficiency of energy reduction

Section 2.1.1: Energy demand
reduction and climate change
mitigation

Section 2.1: Energy

demand framing review

Section 2.1.3: Energy demand and
a limiting focus on energy efficiency

Figure 2.1 Section 2.1 sub-sections bubble diagram.

2.1.1 Energy demand reduction and climate change mitigation
EDR is essential to successful emission reduction, climate change mitigation and the realisation of

the Paris Agrtem eepetatire godlsofor ghe 21° century (Grubler et al., 2018;
Masson-Delmotte et al., 2018; Fawzy et al., 2020; BEIS, 2021c; Barrett et al., 2022; Scott et al.,
2022). As stated in Section 1.1.1, EDR allows future energy-related emissions to be avoided, while
also reducing the burden of the energy system to meet high levels of household demand and
reducing the reliance upon negative emission technologies to meet long-term climate targets
(Anderson and Peters, 2016; Grubler et al., 2018; Kriegler et al., 2018). A transition towards a net-

zero society is therefore difficult without EDR (Masson-Delmotte et al., 2018).

Future net-zero scenarios examining the energy transition which do not simulate reduced or
stabilised energy demand assume some level of fossil fuel generated energy supply remains, but
this is counteracted through the increase of greenhouse gas (GHG) removal to offset the remaining
carbon emissions from high energy demand (Anderson and Peters, 2016; Cox et al., 2018; McGlade
etal., 2018). The current rates of GHG removal however means that it is unlikely to be able to negate
continually rising demand before the 1.5°C climate target is breached (McGlade et al., 2018; Waller
et al., 2020).

Mitigation efforts in developed countries, such as the UK, have predominantly focused on supply-
side fuel switching from fossil fuels to renewable energy resources and the implementation of energy
efficiency options to reduce energy demand (Lees and Eyre, 2021). UK supply-side decarbonisation
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has been successful thus far with territorial GHG emissions dropping by 44.4% between 1990 and
2019 (Figure 1.6), and renewable energy generation increasing 23-fold from 5,812GWh to
134,741GWh in the same time period (BEIS, 2022b; DUKES, 2022b). However, Figure 1.6 shows
that UK final energy consumption has not been reduced over the same time period despite
improvements in energy efficiency (Hardt et al., 2017; ECUK, 2022).

2.1.1.1 Energy efficiency
Energy efficiency has been popularised as the demand-side strategy that will reduce energy demand

to a level at which it can be produced by renewable energy technologies (Sorrell, 2015; Shove,
2018). Energy efficiency remains a popular EDR policy option due to its limited effect upon each
householdd s | i f est y | lkeehapious (Malialum and Byned2014; Shove, 2018). However,
as stated in Section 1.1.2, there are concerns that the rebound effect and technical potential of
energy efficiency may not provide the EDR necessary for a 1.5°C future (Brockway et al., 2017;
Shove, 2018).

The term 6efficiency6é6 is no | ongecessesantisusgdaaosss oci a't
political, managerial, economic and engineering spheres, and is interpreted in different ways across

each sphere (Sorrell, 2007; Shove, 2018). In some aspects, definitions of efficiency can be precise,

for example, when considering the conversion rates of boilers and heat pumps, whereas, in a

business context, the definition of efficient practice can vary from business to business (Sorrell, 2007;

Shove, 2018).

Energy efficiency as a form of EDR can be seen as simplistic and inherently unequipped to deal with
issues such as excess consumption as it plays into preconceived notions that EDR can be solved
through technological solutions without the need for any form of lifestyle changes (Shove, 2018).
Energy efficiency has dominated understandings of EDR since the 1970s and bypasses questions
regarding why energy is demanded, what energy is demanded for, and how we live our lives (Shove,
2018; Lees and Eyre, 2021). For example, in the energy sector, energy efficiency policy is closely
associated with improvements in the systems and devices that deliver ESDs to households, such as
shifting to battery-electric vehicles (BEVS) or insulating houses, but this does not address excessive

heating and transport demand by households (Creutzig et al., 2018).

Energy efficiency improvements are expected to bring benefits to households and are expected to
out-perform previous iterations of the same systems and devices (Sorrell, 2007; IEA, 2014; Shove,
2018). These benefits are quantifiable and can be modelled which therefore sets the boundary of
the energy efficiency discourse at the boundary of the quantifiable energy system (Sorrell, 2007). It

is mostly accepted that energy efficiency refers to the technical gains that will contribute towards
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EDR, therefore energy efficiency policy is limited to technical solutions either through thermodynamic
efficiency improvements of technology switching (Sorrell, 2015).

Fawcett and Rosenow (2017) wrote a response to Shove (2018) arguing that by criticising energy
efficiency and examining the limits of the discourse is damaging as the policy option, and the
demand-side of the energy system, is not mainstream in the policy sector. However, energy
efficiency policies form a core part of the UKOGs
two of the governmentdos recent flagship energy pol
Grant (Rosenow and Eyre, 2016; BEIS, 2021a). The Green Deal and the Green Homes Grant

focused heavily on EDR through energy efficiency, but werenot p a(Maliabmm | ar |y
and Eyre, 2014; Rosenow and Eyre, 2016; BEIS, 2021a). Additionally, the Clean Growth Strategy

and the Green Industrial Revolution policy papers both refer heavily to energy efficiency, while the

UKG6s 2019 National E n éNEQP) comtaind theCdoal wfadnprovirg lemergy
efficiencydas one of its five core aims (BEIS, 2019, 2020b, 2021a).

Despite the limits of the energy efficiency discourse, energy efficiency should not be discounted
completely (Fawcett et al., 2019). Energy efficiency is now synonymous with EDR which limits
progress on reducing the demand-side of the energy system in line with the levels necessary for a
1.5°C future, however, it will be an essential part of the policy mix during the transition towards a low
energy society (Creutzig et al., 2018; Grubler et al., 2018). The limits of energy efficiency to reduce
emissions and energy demand to the level required for a 1.5°C future means that implementing
effective EDR policies which go beyond technology improvements are vital for the future
achievement of t he Reamdlirate apls €reumuigrettabd, 2016, 20b8gBarrett
et al., 2022).

2.1.1.2 Energy demand reduction beyond energy efficiency
The Avoid-Shift-Improve (ASI) framework, set out by Creutzig et al., (2018) is built on three pillars of

avoiding energy demand, shifting energy demand to a less energy intensive alternative method of
meeting needs, and improving the systems that deliver energy to households to make them more
efficient (Table 1.1). Energy efficiency is commonly associated with the improve pillar of the ASI
framework 7 despite arguments that the discourse can refer to every area of the ASI framework 1
(Creutzig et al., 2018). The energy efficiency discourse can therefore not be used to identify options
which avoid energy demand or shift energy demand to a less energy intensive alternative and also

reinforces narratives of technological solutions to reducing energy demand (Shove, 2018).

The UK government understands that demand-side mitigation must go beyond energy efficiency.
For exampl e, -zetorrergysifalegy maked reference to increasing cycling and walking

as part of its plan to transition to a net-zero transport system (BEIS, 2021c). Cycling would shift
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transport ESDs to a less intensive form of transport, while walking would avoid emissions and energy
demand for transport entirely (Creutzig et al., 2018).

However, the Climate Change Committeeds (-2@C06s)
strategy states that addressing household behaviour and encouraging shifting or avoiding demand

for ESDs is not considered enough in the net-zero strategy (CCC, 2021). This is particularly evident

when considering shifts in household dietary habits (CCC, 2021). There is therefore definitely scope

for more demand-side action in the UK which will allow decarbonisation to happen faster (CCC,

2021).

Policymakers are often less keen to promote EDR strategies which go beyond technological
solutions, despite their cost-effectiveness, as such policies involve lifestyle shifts and are perceived
to be unpopular amongst voters (Shove and Walker, 2014). However, the sustained increase in
commuters cycling to work i rather than driving 1 and working from home 1 rather than commuting
atall i since the COVID-19 pandemic, demonstrate that lifestyle shifts which reduce energy demand

are not necessarily unpopular.

2.1.2 Energy demand and human wellbeing
Political hesitancy surrounding EDR beyond energy efficiency can also be attributed to the tight

coupling between household ESDs and wellbeing (Brand Correa et al., 2018). ESDs are vital to
achieve the basic human needs, and therefore the wellbeing, of households, meaning that EDR
options which reduce the level (avoid), or change the nature of the service (shift), received by
households ar e someti mes viewed as havi ng (Brand-Eqgreat i v e
et al., 2018). However, numerous studies have demonstrated that ESDs and wellbeing are not
directly coupled, particularly in developed countries, such as the UK, meaning that a reduction in
household ESD levels does not necessarily lead to a reduction in household wellbeing (Steinberger

and Roberts, 2010).

Energy demand also drives economic growth which increases the wealth of households, therefore,
in theory, allowing them to spend more on ESDs, increasing wellbeing, and allowing further
economic growth (Brand-Correa et al., 2018; Sakai et al., 2018). The concerns that a reduction in
ESDs will result in a reduction in wellbeing therefore comes from the theory that reduced ESDs lead
to slowed economic growth which causes a reduction in the quality of life of households (Jackson,
2019). Such concerns have popularised the energy efficiency discourse and, alongside global
capitalism, have perpetuated the idea of limitless economic growth and ever-increasing ESDs as
essential for human wellbeing (Brand Correa and Steinberger, 2016; Brand-Correa and Steinberger,
2017; Johnsen et al., 2017).
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However, as stated previously, ESDs and wellbeing are not directly coupled after a certain level of
ESDs are received by households, with diminishing increases in wellbeing for the increased level of
consumed ESDs (Steinberger and Roberts, 2010; Millward-Hopkins et al., 2020). Attempting to
achieve ever-increasing energy demand and perpetual economic growth therefore leads to
overconsumption of resources, and is not in line with the concepts of sustainability and the 1.5°C
long-term climate target set out in the Paris Agreement (Foxon and Steinberger, 2013; Jackson,
2019; Hickel et al., 2021).

2.1.2.1 Overconsumption of energy and wellbeing
Infinite growth in energy demand on a planet with finite resources is considered impossible (Jackson,

2019). The limits to growth and energy consumption are highlighted by the concept of planetary
boundaries (Figure 2.2) (Raworth, 2012). The concept of planetary boundaries defines quantifiable
sustainable thresholds for the tipping points of different biochemical and physical processes which

are required to fulfii human needs and achieve wellbeing ( Rawor t h, 26thI2 2018D6 Ne i |
Planetary boundaries were set out by Rockstrom et al., (2009) and further developed by Raworth

(2012) and Steffen et al., (2015) (Figure 2.2).

The planetary boundaries theory ensures that basic needs are met (the inner boundary) without
exceeding the I imits of the planetds bi ol Biguiecal a
2.2) (Rockstrom et al., 2009; Raworth, 2012; Steffenetal.,, 2 0 1 5 ; et aD,&2008; HitkEl, 2019).
Exceeding the limits of the outer boundary is considered overconsumption (Rockstrém et al., 2009;

Raworth, 2012; Hickel, 2019). Energy consumption is not one of the planetary boundaries set out in
Rockstrom et al., (2009), or used in subsequent papers, such as Steffen et al., (2015), Hickel, (2019)

and Rockstrém et al., 2021), however it is one of the eleven social foundations required for
sustainable development, and contributes towards the climate change planetary boundary (Figure

2.2).

The concept of planetary boundaries can be used to demonstrate the relationship between energy
consumption and wellbeing, and the issue of overconsumption of energy. Consumption of energy is
a social foundation required for households to exist in the safe operating space for humanity (Figure
2.2) (Raworth, 2012). The energy consumption required for households to exist in this space is
important for wellbeing (Rockstrém et al., 2009; Raworth, 2012; Steffen et al., 2015). However,
continued energy consumption leads to an overconsumption of energy, which breaches the
@nvironmental ceilingd o fclimatd éhange boundary in Figure 2.2, which can lead to ecological
breakdown of the planet (Rockstrém et al., 2009; Steffen et al., 2015).
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Figure 2.2 The nine planetary boundaries and the eleven dimensions needed for social foundation (Source: Raworth,

2012).

In developed countries, such as the UK, excess energy consumption is causing the @nvironmental
ceilingbof climate change planetary boundary to be breached’ (Figure 2.2) (Sorrell et al., 2020).
Energy consumption can therefore be reduced without compromising one of the core social
foundations of the UK. It is this space that the UK government needs to exploit, alongside shifting
energy demand to less energy intensive behaviours and practices (Creutzig et al., 2018; CCC, 2021).

7 Energy demand varies across society with the most affluent households having the highest, unsustainable, levels of energy consumption.
The level of average UK energy consumption is therefore being considered here as, while the UK, on average, has high levels of
energy consumption, there are areas of the UK which are in fuel poverty, whereby increasing energy consumption may improve

wellbeing. The nuances of energy consumption across space will be discussed in Section 2.4.
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However, two of the UKOGs core aims are incompatib
the UK for economic growth and climate change assume that economic growth has no limits, while

the climate change di scour s e cionsummidntofenatydl iesogcest o r e
through decarbonisation (Raworth, 2012; Jackson, 2019; BEIS, 2021c).

Acknowledging the limits of achieving wellbeing through economic growth is therefore important in
addressing overconsumption of energy (Jackson, 2019). Moving beyond this discourse allows EDR
options which avoid energy consumption, and the concept of energy sufficiency, to be considered
by policymakers (Toulouse et al., 2017; Johnsenetal., 20 1 7 ;etdD,&MN8).i | |

2.1.2.2 Energy sufficiency and the co-benefits of energy demand reduction
Energy sufficiency is a concept which aligns with the planetary boundaries theory (Daly, 1991;

Rockstrom et al., 2009). Energy sufficiency defines a level of energy consumption that allows
households to operate in the safe operating space for humanity (Daly, 1991; Sachs, 1993; Princen,
2005). Energy consumption at a sufficient level maximises wellbeing i before overconsumption
leads to diminishing increases of wellbeing with increased energy consumption i and equity without
exceeding environmental limits (Sorrell et al.,, 2020). The concept of energy sufficiency is not
universally defined but is being increasingly explored since being set out by Daly (1991) and Sachs
(1993), and expanded upon by Princen (2005).

Energy sufficiency runs contrary to theories of capitalism which places emphasis on increased
wellbeing through increased consumption (Toulouse et al., 2017; Sorrell et al., 2020). However, it
promotes a method of thinking that promotes shifts towards new social norms that use less energy
as opposed to implementing efficiency measures (Toulouse et al., 2017). It is estimated that
promoting energy sufficiency and building policy around such a concept could reduce energy
demand in France by between 14% and 39% by 2050 (Toulouse et al., 2017). The upper limit of the
Toulouse et al., (2017) estimate is comparable to the level of EDR required globally without the need

for GHG removal (Masson-Delmotte et al., 2018).

However, as with energy efficiency, energy sufficiency can also suffer from rebound effects (Sorrell
et al., 2020). Firstly, from households spending money saved through energy sufficiency on other
products and services (Sorrell etal.,, 2020). Second|l yo vierrosnd Owshigeihdldisthglieve
they have 6édone their bitd for the environment S
energy-intensive activities 1 e.g. It may be used to justify an additional holiday abroad per year
(Sorrell et al., 2020). Finally, time-use rebounds can occur, whereby households spend more time

on activities that are energy intensive (Sorrell et al., 2020).
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Sorrell et al., (2020) conclude that EDR made through actions which promote energy sufficient
behaviours have a limited effect on national-level accounts of energy use and emissions due to the
rebound effect. However, sufficiency is yet to be considered as a realistic macro policy option at
present and is instead largely discussed at a micro-level with regards to individual consumption,
therefore shifting and avoiding energy demand should not be discounted (Zell-Ziegler et al., 2021).

Energy sufficiency and reducing energy consumption can also have benefits beyond EDR in the
form of co-benefits (Urge-Vorsatz et al., 2014). Co-benefits improve the wellbeing of households as
a result of lifestyle changes from shifting energy consumption to less energy intensive practices or
avoiding energy consumption altogether (Creutzig et al., 2018). For example, shifting transport habits
from car transport to cycling can have health benefits through increased exercise, and air pollution
reduction, as well as financial benefits from less expenditure on vehicle fuel. Similarly, avoiding food
consumption through a food sufficiency diet can also lead to health and financial benefits. Through
co-benefits from reducing or shifting energy service consumption, wellbeing of households can

therefore actually be raised (Urge-Vorsatz et al., 2014).

Increased household ESDs bring about diminishing returns on wellbeing increases, whereas
maintaining or reducing energy service levels using different EDR options can actually raise
wellbeing, while also reducing environmental and energy system pressures (Toulouse et al., 2017;
Brand-Correa et al., 2018; Jackson, 2019). Although there are limits to the co-benefits associated
with EDRforESDsasre duci ng a [E8Ds®a levelwlki sousehold needs are no longer
met, would be detrimental to household wellbeing (Brand-Correa et al., 2018).

However, despite the potential benefits of maintaining or reducing energy service levels using EDR
options which do not focus upon energy efficiency, the current political discourse on EDR remains
focused upon energy efficiency (BEIS, 2019, 2020b; CCC, 2021). The continued focus upon energy
efficiency perpetuates current attitudes towards ever-increasing levels of household ESDs
demanded from the energy system to improve wellbeing, and therefore ignores the potential
individual and societal benefits that can be gained from reducing energy service consumption, such
as health and financial benefits (Urge-Vorsatz et al., 2014). However, important consideration must

be given to household capital when reducing ESDs without compromising wellbeing.

2.1.2.3 Households and the five type of capital model
The five capital model is a framework for examining the wellbeing of households through a capital

lens, and is important for a sustainable society (Tinch et al., 2015). The five capital model is used by
researchers to assess societal vulnerability through determining capacity to act upon the threat of
climate change (Tinch et al., 2015). Capital and wellbeing are therefore tied closely together as an
inability to adapt to climate change will reduce wellbeing over time (Mohanty and Tanton, 2012; Tinch
etal., 2015).
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As stated previously, wellbeing is often assumed to rise with income, and therefore ESD increases,
but is more complicated due to the number of factors which affect wellbeing other than income
(Maack and Davidsdottir, 2015; Toulouse et al., 2017; Brand-Correa et al., 2018; Jackson, 2019).
Human wellbeing depends upon five different capital types 71 financial, human, physical
(manufactured), natural and social capital (Maack and Davidsdottir, 2015). The five capital types are
complementary, meaning that one is not a greater indicator, or driver, of wellbeing than the other
types (Maack and Davidsdottir, 2015). Energy demand reduction must therefore be taken in the
context of the five types of capital to avoid compromising wellbeing (Maack and Davidsdottir, 2015;
Tinch et al., 2015).

However, household capital, and each individual capital type, is complex (Pasteur and McQuistan,
2016). Many different underlying factors affect each capital type, and therefore how capital
contributes to wellbeing (Pasteur and McQuistan, 2016). Additionally, capital contributions to
wellbeing vary in different contexts, while, across different household contexts, different capital types
are more sought after by consumers, and would be more beneficial to immediate wellbeing increases
than others (Pasteur and McQuistan, 2016). For example, considering two households that have
similar financial capital, but are located two different geographic contexts i e.g. dense urban vs.
spare rural i an increase in physical capital through a new bus service would have a greater
wellbeing effect upon the rural household, where public transport infrastructure is poor, than the

urban household where public transport infrastructure is denser.

The five capitals models provides a useful lens through which to consider EDR alongside wellbeing,
despite the five capital model often being used in a climate change adaptation context, rather than
a climate change mitigation context (Tinch et al., 2015). Households must be able to adapt to new
technologies, behaviours and lifestyle practices when adopting EDR measures under the ASI
framework (Creutzig et al., 2018). Lower levels of household capital could therefore lead to
household wellbeing being compromised when implementing EDR strategies (Mohanty and Tanton,
2012; Maack and Davidsdottir, 2015; Tinch et al., 2015; Pasteur and McQuistan, 2016). For example,
enforcing owners of owner-occupied housing to implement better thermal insulation to improve the
level of energy consumption associated with heating ESDs could widely reduce household energy
consumption, despite the potential rebound effect (Creutzig et al., 2018; Ivanova et al., 2020).
However, if this policy is only enforced upon owner-occupied housing, tenants in rented
accommodation may not benefit from the scheme, therefore consumers with less physical capital
are not gaining the wellbeing improvements, or EDR benefits, that those with larger physical capital

are from the policy.
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The five types of capital model allows EDR studies to draw different dimensions of wellbeing into
EDR studies, and examine both the wellbeing impacts of policies, as well as the underlying factors
which affect variations in the ability of households to adopt EDR measures across different contexts
(Mohanty and Tanton, 2012; Tinch et al., 2015). Understanding that different levels of the five
different types of capital both affects, and is affected by, the implementation of EDR strategies is an
important consideration when planning an effective, just demand-side transition that goes beyond
energy efficiency using measures from the ASI framework (Tinch et al., 2015; Creutzig et al., 2018).

2.1.3 Energy demand and a limiting focus on energy efficiency
Energy efficiency reinforces current narratives surrounding EDR, continued economic growth and

energy consumption (Brockway et al., 2017; Shove, 2018). Alternatively, considering a decrease in
energy service consumption highlights the wellbeing co-benefits of reducing household ESDs,
therefore offering the potential for EDR through avoiding energy use, safe in the knowledge that
wellbeing has not been compromised (Brand-Correa et al., 2018; Zell-Ziegler et al., 2021).

Energy efficiency alone is unlikely to deliver the level f EDRneeded f or -telostrategf 0 s

(Grubler et al., 2018; Shove, 2018; Barrett et al., 2022). However, considering ESDs may offer
opportunities for increasing the level and scope of EDR in the UK by overcoming overconsumption
of energy services, and shifting ESDs to less intensive practices which provide the same level of
service (Creutzig et al., 2018). Demonstrating that energy consumption can be reduced through
technological shifts and behavioural changes without reducing the level of service received by
households i and therefore wellbeing i may encourage and allow governments to explore a wider
range of measures for EDR. The continued focus of academia and policy work upon energy

efficiency may therefore be limiting the scope of EDR (Shove, 2018).
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scope, whereas the number of energy efficiency publications make-up an average of 95%/year.

The annual number of publications shown in Figure 2.3 has increased partly due to an increasing
number of academic papers being published in general. However, the focus on climate change

mitigation since 1990 has likely been a driver of the high rate of growth for papers on energy-related
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topics. Despite the increase in climate change
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8The literature search undertaken here was not a full systematic literature review, as Fell (2017) under t ook a systematic review of

The analysis presented here simply demonstrates that energy efficiency papers dominate academic literature.
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2010-2019). This is likely partly to do with energy efficiency being the dominant framing of EDR over

this time period, and shows the continued dominance of this framing in the 2010s. The rate of growth

of O6energy serviceb6 papers s e e maredtodhe b980s dnd 20008 a s i n g
(14.4%lyear vs. 23.2%lyear), however the high percentage changes over this time period are due to

the low number of papers being published (Figure 2.3).
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mentioned in the 368 page document (BEIS, 2021c). Wher eas only 3 instances
were mentioned in the same strategy, with only one of the instances being mentioned in a context

unrelated to the strategy methodology (BEIS, 2021c). Si mi | ar | y izero répbrethe@CCO s
are 54 instances of energy efficiency mentioned versus 2 mentions of energy service (CCC, 2019).
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The analysis in this chapter demonstrates that energy efficiency dominates both academic literature
and policy documents compared to considerations of energy services. The dominance of energy

efficiency demonstrates the continued popularity of the concept, but more papers are beginning to

9The search parameters for this were chosen to cover all the categoriesonWebof Sci ence wi t h @ e®earchdPygameters: t he titl e.
Topics Searched: AEnergy Servicesd and fAEnergy Efficiencyo,;yFescEovimamentalType: Ar
Sciences, Environmental Studies, Engineering Environmental and Public Environmental Occupational Health; Search Range: 1990-2020 (Inclusive).
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be published upon energy services with increases in energy services publications at the same rate
as increases in energy efficiency publications across the 1990-2020 time period (Figure 2.3).

However, while the national discourse of EDR remains focused upon energy efficiency, at a Local
Authority (LA) level in the UK, EDR measures which shift and avoid energy use are actively being
considered by local-l e v e | pol i cy mak er policy af differenuUl&véls of goveementy
and the governance structure of the UK itself will be considered in Section 2.2.

2.2 UK energy policy and governance
The governance of the UK is undertaken using a multi-level approach (Figure 2.4) (ONS, 2020).

Multi-level governance is a concept first introduced in the 1990s to explain the inherent complexity
of political decision making and policymaking across local, regional, national and international space
(Stephenson, 2013). The concept suggests a distinction between different levels of government and
the policy areas which they control, however, most importantly, it identifies the links between the
different governance levels in order to better understand how these areas of government interact

highlighting the dependence of different governance levels upon one another (Stephenson, 2013).

Countries England Wales Scotland
‘ } \ \

Regions North-East, North West, Yorkshire and The Humber, East London Unitary Council Areas

Midlands, West Midlands, East, South East and South West Authorities
\ Y \ j

Counties Metropolitan Counties Unitary London

Counties Authorities Boroughs
Local l
Authority A 4
Districts Metropolitan Non-Metropolitan

Districts Districts

Figure 2.4 The structure of UK government (excluding Northern Ireland) (ONS, 2020).

National-level policy is set out within the UK Parliament and affects all four countries of the UK 1
England, Scotland, Wales and Northern Ireland (Bache and Flinders, 2004; ONS, 2020). However,
the countries of UK also retain some level of autonomy and the ability to set their own policies which
set them apart from the other UK nations (Bache and Flinders, 2004). These powers were devolved
to Scotland and Wales after the 1997 devolution referendums (Bache and Flinders, 2004). At a
regional level, the UK is divided into twelve different regions i nine in England, plus Scotland, Wales
and Northern Ireland (Musson et al., 2005). The regions of England do not hold any power to set
individual policies, with the exception of London, which has a directly elected mayor, as do nine other

combined authorities, such as the Greater Manchester Authority.
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LA districts are the lowest level of the UK governance structure (Paun et al., 2019). UK LAs have
significant control over various areas of policy involving housing and transport, as well as local tax
collection and many other issues including recreational services, educational services and health

and social care (Figure 2.5) (Paun et al., 2019).

c
o
=
g c
g §
g 2 g 0 9
s 2 SE = ] = g
ss2d TEEEosPEg ¥ o = 2
£ = = c = T =
cEeEispsysszecis e § &, B ¢
e s282E3 26288855 Eo £ c® 3 £3
S E 2588 Vs E8PERAREE ® 5 o £ = c T 8
P o8 VNOoODE xV ™o S S6 s 2R U E® T L a
b S mGS L OERE83YEnEgER  pPE §sxae _Hegsaa
Po w0l S R ESEE2 Pl E PO VTEWMSCD
E v E L 2B EY ST o8 W63 ETPBYIEFT o=V BE Roao
£33 8TV UBEcoEgesEYBSEEZTEES_LITER B
EE35788553338c2935853555333¢.3¢8¢:88
< BBBLULOUUUUdETuwsIISS=2Edadaealaarsrss
Two tier areas  District A B B EE R B D EENEEEE EEER W
(England only) Counly
London borough
gt sen Metropoitandisric: AN ANENEEEEEEEEEEE NN
unitaryauthority [ A HEEEENEEEEEEEEEEENEENEEEEEEEEN
Unitary authority (NI) -... . .. . .. . .. ..

Some ncils share powers with a combined authority (England only)

Figure 2.5 List of policy areas which councils within local authorities are responsible for (Image source: Paun et al., 2019).

2.2.1 UK demand-side energy policy
In the UK, energy policies are defined at a national-level (Smith, 2007; Cowell et al., 2017). Despite

Wales and Scotland having the ability to set out their own energy efficiency policies, energy and
climate governance is broadly considered to be a national issue with limited direct powers for sub-
national government to play a role in decarbonisation (Smith, 2007; Bridge et al., 2013; Ellis et al.,
2013; Cowell et al., 2015, 2017).

At present, the primary focus of the Department of Business, Energy and Industrial Strategy (BEIS)

T the civil service department responsible for energy governance 1 is to consider the energy trilemma

of security, affordability and decarbonisation with a primary focus on decarbonising energy supply
through policies such as fAadvancing oafbborbkbywiad
or A J e (BEIZ @014 2020b). Much of the language in policy documents, such as the Clean

Growth Strategy and the Green Industrial Revolution, is focused on fuel switching and increasing

the capacity of renewables, as opposed to EDR (BEIS, 2017, 2020b).

The most recent national-level flagship policy centred around EDR was the Green Homes Grant,
which aimed to encourage homeowners and landlords to improve the energy efficiency of their

homes using grants of up to £5000 (BEIS, 2021a). The Green Homes Grant scheme can be
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considered a failure due to a low uptake and a short policy lifetimel® (Kenyon, 2021a). Another
similar national-level demand-side policy failure in the UK is the Green Deal which ran from 2012 to
2015 (Rosenow and Eyre, 2016). The Green Deal was an energy efficiency policy also focused upon
improving household efficiency, but only managed to retrofit 14,000 out of a projected 14 million
households, mainly due to the high rate of interest on the loans given to households, making them
an unattractive prospect (Rosenow and Eyre, 2016).

National-level EDR policies and strategies in the UK, often consider EDR using an efficiency framing

(BEIS, 2017,2020b). For exampl e, in the Clean Growth Strat
efficiencyo and fAi mpr oebathgmergidnédias pokcy ainys (BEIS, 2013)me s 0
However, in the Green Industrial Revolution, EDR is not specifically mentioned, but instead pledges

to introduce nAgr eelni npg bdn d(BESy PaARDISPdpErwbrding o yhe Green

Industrial Revolution implies the strategy will aim to shift transport ESDs to less energy intensive

options, however this is not stated outright (BEIS, 2020b).

The Green Industrial Revolution therefore shows that the UK government is seeking to reduce
energy demand t hr ough mlenansnihe &S framework(Creutizig etals204i8f t 6 ¢
BEIS,2020b). Additionally, the UKOGs national transport
options being considered through the planned phase-out of fossil fuel powered vehicles for BEVs,

and the increase of heat pumps to deliver heating ESDs to households (BEIS, 2021b; DfT, 2021).
However, measures from the 6éavoidd column of the
exception of increasing the number of households walking instead of using personal transport (BEIS,

2020b, 2021b; DfT, 2021).

At a national-level, UK energy demand policy has thus far offered a narrow perspective for EDR,
favouring efficiency measures in the past, and more recently technological shifts to reduce energy
demand, while the 6avoiddéd measures for EDR from ¢t
in policy (BEIS, 2019, 2020b, 2021b, 2021c; CCC, 2021; DfT, 2021). Different levels of government
in the UK do not possess powers to enact energy policy, however, the principle of subsidiarity, and
the implementation of EDR strategies and policies at a more localised level are expected to form a

core component of the demand-side transition in the UK and beyond (Lewis and Coinu, 2019).

2.2.2 Subsidiarity and energy demand reduction
Subsidiarity is a concept relating to governance within the European Union (EU) (Lenaerts, 1993).

All tasks of government should be undertaken at the most localised-level possible, with the central

10 The policy was launched during the latter half of 2020 (30" September 2020 to March 31% 2021) after the beginning of the Coronavirus
pandemic and was unsuccessful due to the backlog of work from early 2020, and the November 2020 and early 2021 national

lockdowns which prevented work being undertaken.
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EU government only performing tasks which cannot be performed at a lower level (Lenaerts, 1993;
Gagnon and Keil, 2017). This is evident across the EU when considering that member countries
retain powers to set taxes, and devolve powers to regional and local governments to implement

policies (Franchino, 2007).

The UK left the EU in January 2020, partly due to what was perceived by UK citizens as a loss of
sovereignty to the EU, with powers which could be controlled by the UK and other member states
being under EU control (Gee, 2016; Agnew, 2020). However, the concept of subsidiarity does not
solely apply to EU law, and could be utilised by the UK in the transition to a low energy demand
society (Lewis and Coinu, 2019).

In the context of environmental issues, including climate change and energy demand reduction, the
principle of subsidiarity is expected to align with the implementation of policies designed to mitigate
climate change (Lewis and Coinu, 2019). However, the question of which level of government within
a territory is the best level at which to implement EDR policy, is not often addressed (Wanzenbdck
and Frenken, 2018). Mitigation strategies and scenarios are therefore based within the current power
dynamics of the multi-level governance structure of countries (Wanzenbdck and Frenken, 2018). For
example, in the UK, energy governance remains under the control of the national-level government
(Smith, 2007; Cowell et al., 2017) and EDR scenarios are therefore modelled at this level (Barrett et
al., 2022).

However, implementing national-level solutions to issues assumes that one solution to a problem is
applicable to the whole population of a territory (Wanzenbdck and Frenken, 2018). In the context of
energy demand and EDR, this discourse assumes that an EDR measure will have the same effect
upon two households with differing geographic and socioeconomic factors, without compromising
their wellbeing. For example, attempts to reduce households ESDs for personal transport in the LA
of Highland, in Scotland, could be undertaken by increasing the density of public transport
infrastructure, however, in the Central London LA of Islington, public transport infrastructure is
already very dense which means that increasing the density of public transport further may not
discourage households from using personal transport. Whereas, implementing EDR at a lower level
of governance would allow policymakers to address the drivers of high personal transport ESDs,

specific to each LA.

Additionally, devising and implementing EDR policy at a national-level reduces the level of
democracy in the mitigation process (Borras and Ejrnees, 2011; Heritier and Rhodes, 2011;
Wanzenbdck and Frenken, 2018). Transparency, deliberation and engagement are an important
part of the demand-side policy process, particularly when considering options which require large

behavioural and technology shifts from households (Cagnin et al., 2012; Borras and Edler, 2014;
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Wanzenbdck and Frenken, 2018; UNDP, 2021). Therefore, excluding citizens from the planning
process, increases the risk of policy uptake, and therefore policy failure (Wanzenbéck and Frenken,
2018).

EDR policy implemented at different levels therefore has different objectives, rationale, policy scale
and legitimacy compared to nationally-led solutions (Cagnin et al., 2012; Borras and Edler, 2014;
Wanzenbdck and Frenken, 2018). Table 2.2 shows the objectives, rationale, scale and legitimacy of
policies implemented at high and low levels of governance (Wanzenbdck and Frenken, 2018).

Table 2.2 Policy objectives, rationale, scale and legitimacy when implemented at a national (Image source: Wanzenbdck
and Frenken, (2018).

Sub-national Supra-national

Challenges specific to local conditions and Broad transnational challenges affecting all

Objective : :
: circumstances regions
Finding effective ways to tackle local Avoiding free-nder problem
contextual problems
Avoiding duplication
Rationales Improving democratic decision-making
Sharing risks
Increasing variety
Benefitting from scale economies
Scale Small-scale and contextual (tailor-made) Large-scale strategies requiring large
’ solutions mvestments and coordination
Contested problem requiring responsiveness  Uncontested problem with clear problem
Lewitimacy to citizens and multi-stakeholder  definition, often associated with need for
g : participation in formulating the needs and scientific  advancement and technology
search paths diffusion
A more localised approach to EDRisconsi dered to be vital i tevelac hi e\

climate targets, as well as the long-term global climate goals set out in the Paris Agreement (LGA,
2019). Councils and other forms of sub-national government can draw together local partners and
advocates for climate action to decide the best direction for climate action in their respective localities
(LGA, 2019). However, the UK government are not keen to engage with LAs over climate change
(LGA, 2019; Hill, 2022). Recently, the UK government declined to set up a local climate change
taskforce designed to tackle climate change problems at a LA-level, and to bring about a greater
level of EDR across the UK (LGA, 2019).

Considering other EU countries in the International Energy Agency (IEA), energy governance is
managed in different ways across the EU. An analysis suggests that governments which set out
energy policy centrally i e.g. Hungary, Estonia and Greece i are failing to meet their expected

energy targets (IEA, 2017a, 2017b, 2019a). Whereas, other countries i such as France, Austria and
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Ireland 7 adopt a decentralised approach and are ensuring that EDR is being undertaken in an
equitable and just manner (IEA, 2016, 2019b, 2020a). However, Ireland maintain a dialogue with the
national-level government to ensure that mitigation is being undertaken in the national interest (IEA,
2019b).

Subsidiarity, and the LA-level implementation of EDR policy is therefore an area of the demand-side
transition which is neglected by UK policy. More work needs to be undertaken in order to identify the
benefit of devolving powers to LAs to implement locally-specific EDR measures. Implementing EDR
strategies at this level could improve the legitimacy of EDR strategies through the democratisation
of the policy process and address issues related to EDR specific to each LA (Wanzenbtck and
Frenken, 2018). The devolution of funding to LAs to enact EDR policy may therefore improve the
speed, effectiveness and equitability of the demand-side transition in the UK, and needs to be

explored further as the UK attempts to reach its long-term climate goals.

However, despite energy governance currently being under the control of the national-level
government in the UK (Smith, 2007; Cowell et al., 2017), with no specific funding, or powers,
devolved to LAs to devise and implement EDR policy, LAs have significant control of policy areas
which can be used to reduce energy demand in their local area i e.g. transport planning and landlord
regulation (Figure 2.5) (Paun et al., 2019). Additionally, Figure 1.7 shows that the ambition of LAs
when considering climate targets, surpasses the ambition of the UK national-level government
(BEIS, 2021c). EDR already undertaken in the UK at a LA-level will therefore be considered in
Section 2.2.3.

2.2.3 LA-level energy demand reduction in the UK
As stated in Section 2.2, LAs in the UK have no specific powers to set demand-side energy policies

which differ from the national agenda (Figure 2.5) (Paun et al., 2019; ONS, 2020; Tingey and Webb,
2020). There is no funding ring-fenced for UK LAs to devise and implement energy policies, therefore
ensuring large-scale, well-f unded energy policies remai nlevdl
government (Muinzer and Ellis, 2017; Eckersley, 2018; LGA, 2019; Kenyon, 2021b; Sugar et al.,
2022).

Despite, the lack of powers to set out energy policy, and the financial constraints imposed upon LA
governments in the UK since 2010, many councils have already declared climate emergencies
(Figure 1.7) (Climate Emergency UK, 2022; mySociety, 2022), and some of these have created
plans to reduce their CO2 emissions through reduced energy consumption (Leeds City Council,
2021). LAs in the UK have control over many different policy areas that can impact energy
consumption, but are not directly related to the energy transition or climate change mitigation (Figure
2.5) (Paun et al., 2019; Tingey and Webb, 2020).
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A real-world example of sub-national EDR in the UK is the London congestion charge. The
congestion charge was introduced in 2003 and aims to reduce traffic levels in the city of London,

with the added bonuses of also reducing air and noise pollution (Leape, 2006). The scheme was
designed so that money raised through theblicconge:
transport system, therefore improving and subsidising the system for users. The original congestion

charge zone has changed over the years, with an Ultra-Low Emissions Zone introduced in 2019 (Ku

et al., 2020). The congestion charge has reduced the number of cars in London, while also improving

air quality throughout the area and has led to an increase in the number of buses and bicycles being

used to travel in central London (Green et al., 2020). However, the impact of the congestion charge

has not been as great as was hoped prior to the ¢
Central London has increased (Metz, 2018; Green et al., 2020).

The LA-level climate plans in the UK are often more ambitious in their climate goals than national
governments (BEIS, 2021c; Climate Emergency UK, 2022; mySociety, 2022). For example, Leeds
City Council has set a goal of reaching net-zero emissions by 2030, 20 years sooner than the national
target of net-zero (Figure 2.6) (BEIS, 2021c; Leeds Climate Commission, 2021a). Some local
councils engage with households in their locality through climate commissions and assemblies using
a representative sample of the population to develop climate-related policy recommendations which
provides governing bodies with a mandate for greater ambition in climate plans than the national
government (LGA, 2019; CCC, 2020; Tingey and Webb, 2020; Kenyon, 2021b).

Greater ambition at a LA-level can bring about wellbeing benefits for households in a LA, alongside
EDR (Wanzenbdck and Frenken, 2018; Friends of the Earth, 2019). For example, the Ipswich and
Cambridge councils have set standards for all new homes built in their localities to meet a standard
equivalent of Level 4 of the Code for Sustainable Homes (Friends of the Earth, 2019). Friends of the
Earth (2019) have calculated that this is a 19% improvement on national standards. A higher
standard of sustainability on new homes means that households are more efficient and are therefore

warmer and have cheaper bills, thereby providing health and financial benefits to households.

Another example of wellbeing co-benefits, in the LA of Solihull, there are plans to replace all of its

street lights with LED street lights by 2024 (Friends of the Earth, 2019). This will involve the replacing

of 24, 000 street l ights and is expected twhichr educ
equates to £612,000 (Friends of the Earth, 2019). These cost savings can then be passed onto local

residents by the Solihull LA investing the savings in public services and other EDR schemes (Friends

of the Earth, 2019).
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Figure 2.6 Leeds carbon roadmap pathway to net-zero by 2030. (Image source: Gouldson et al., (2020)).

The schemes in Ipswich, Cambridge and Solihull are not large, flagship, energy programmes, as is
the case with national-level EDR strategies such as the Green Industrial Revolution or the Green
Homes Grant (BEIS, 2020b, 2021a). Instead, at a LA-level, EDR measures focus upon small, no-
cost, low-cost actions, particularly due to the financial constraints imposed upon LAs by the national
government in the UK (LGA, 2019; Tingey and Webb, 2020). Due to financial constraints, many LA
schemes to reduce energy demand are yet to be implemented. For example, Greater Manchester is
planning to build 120km of segregated cycle routes on main roads over the next 10 years (Friends
of the Earth, 2019).

However, despite greater EDR policy ambition being visible at a LA-level in the UK, there is evidence
of misaligned policy goals when considering EDR. For example, despite Leeds City Council having
a 2030 target for net-zero, the council approved the expansion of the Leeds-Bradford airport in 2021
(Leeds Climate Commission, 2021a, 2021b). The clash of priorities at a LA-level is a barrier to the
UK government devolving more powers to LAs (Palle and Richard, 2022). LA-level EDR policies
clashing with related, and unrelated, national-level policies can lead to conflict between the two levels
of government and reduce the effectiveness of policies implemented at both levels (Palle and
Richard, 2022). However, despite this reservation from an environmental perspective, policy clashes
are already evident at a national-l e vel t hr o u g-zerotlimae goakKahd thersubsidisation
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of fossil fuel industries in the UK by the government (BEIS, 2021c; McCulloch, 2023). Therefore,
providing EDR policy at a LA-level was undertaken in the context of national-level policy goals,
6scalar clashesdé should not cause an issue t
the UK (Palle and Richard, 2022).

Section 2.2.3 has highlighted examples of LAs attempting to reduce local energy consumption in
order to reduce energy use and emissions both locally and further up the supply chain, and maximise
the wellbeing of residents by reinvesting money saved in local services (Friends of the Earth, 2019).
However, the potential for local action to reduce energy demand is not limited to the schemes set
out in Section 2.2.3. Ivanova et al., (2020) set out a wide range of 61 consumption-based EDR
options which aim to mitigate energy use, and therefore emissions, by challenging dominant
household consumption practices. The consumption-based measures in Ivanova et al., (2020) aim
to reduce the energy consumption of individuals and households across a range of areas including

housing, transport and nutrition.

Policymakers in LAs have direct control over policy areas which directly affect these mitigation
domains (Figure 2.5), therefore there is significant opportunity for LAs to remove localised barriers
to sustainable lifestyles, which encourage consumer lock-in to a high energy consumption lifestyle
(lvanova et al., 2018; Paun et al.,, 2019). The measures in Ivanova et al., (2020) could therefore
form a basis from which LAs could devise an EDR strategy which significantly reduces the household
energy demand of their local area. However, studies have shown that different LAs have different
underlying socioeconomic characteristics 1 e.g. income, population density 7 therefore an effective
EDR strategy in one LA, may not be effective in another (lvanova et al., 2018). LAs must understand
the effectiveness of different measures upon households in their locality, as well as the potential
wellbeing implications of EDR action, before implementing an EDR strategy. However, as yet, the
measures in Ivanova et al., (2020) have not been modelled upon different localities with varying

underlying socioeconomic charcteristics.

Analysis of UK demand-side energy policy in Section 2.2.1 and LA-level EDR in the UK in Section
2.2.2 demonstrates that different levels of ambition exist at different levels of the UK multi-level
governance structure. National-level government has been unsuccessful in the past, and is generally
centred around energy efficiency measures through strategies such as the Green Deal and Green
Homes Grant, while the ambition of LAs is limited by funding (Rosenow and Eyre, 2016; BEIS,
2021a).

2.2.4 Governance and agency summary
Section 2.2 examined the governance of demand-side energy policy in the UK, and the concept of

subsidiarity. The national-level government sets out energy policy in the UK (Tingey and Webb,
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2020). National-level demand-side policy in the past has focused primarily upon energy efficiency
measures to reduce energy demand, while LAs in the UK have used a broader range of EDR options
to reduce the energy demand of households (Section 2.2.1 and Section 2.2.3) (Friends of the Earth,
2019; BEIS, 2020b). The flagship national-level policies, such as the Green Homes Grant and the
Green Deal, which were centred around reducing domestic energy demand have been considered
policy failures, due to a lack of uptake (Section 2.2.1) (Rosenow and Eyre, 2016; Kenyon, 2021a).

The concept of subsidiarity, in the context of EDR, suggests that LAs should play a large role in the
demand-side transition, in the UK and beyond (Wanzenbéck and Frenken, 2018). However, within
the UK, the national-level government appears unwilling to engage with LAs in order to bring about
greater reductions in energy demand (LGA, 2019). LAs in the UK have no power to set out energy
policy (Tingey and Webb, 2020). However, LAs, and therefore households, display greater ambition

when considering demand-si de policy than the UKO0s national

effectively implement EDR strategies (Section 2.2.3) (Paun et al., 2019; Tingey and Webb, 2020).

More work therefore needs undertaken on the potential of LAs to reduce energy demand without
compromising wellbeing. Current EDR scenarios conduct modelling studies based within the current
power structures of the territory within which a study is conducted (Barrett et al., 2022). Studies must
therefore examine EDR at a LA-level in order to assess whether a disaggregated approach to EDR

would be beneficial for the demand-side transition.

However, the current framing of energy demand, set out in Section 2.1, would be unable to cope
with disaggregated approaches to EDR. LAs are the point of energy consumption, and govern a
small area of the UK, which is often geographically distinct from production of energy. Therefore, a
different framing of energy demand, which can be quantified at a LA-level, does not examine energy
demand solely as a product of the energy system, and is relevant to the needs of households T so

that EDR does not reduce wellbeing T needs to be considered.

2.3 Energy Service Demand Framing
The demand for energy services is commonly accepted as the driver of household energy

consumption across different spheres of work including in academia and politics, and are considered
to be the end point of the technical energy system (Sorrell, 2007; Le Gallic et al., 2017). Considering
ESDs at a LA-level, rather than energy demand, is necessary due to the dispersed nature of energy
infrastructure and the globalised nature of the economy (Schulze and Ursprung, 1999; Tingey and
Webb, 2020). ESDs relate directly to the needs of households, therefore framing energy demand
through a services lens relates EDR directly to the level, and type, of energy consumption

undertaken by households in each LA.
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The concept of ESDs has been discussed for many years (Hafele, 1977; Reister and Devine, 1981,
Goldemberg et al., 1985). However, there is yet to be a universal definition of ESDs set out, with the
framing of ESDs varying significantly across different studies, frameworks and models (Fell, 2017).
Section 2.3 therefore examines the current framing of ESDs across academic literature and policy
work beginning with different ESD definitions, before analysing the representation of ESDs in
frameworks, models, and the different categories of ESDs used across studies to establish whether
the concept can be used to reframe EDR at a LA-level.

2.3.1 Energy service definitions
During a conceptual review of ESDs, Fell (2017) undertook a content analysis and identified 27

unique energy service definitions. For example, Sorrell (2007) equatese ner gy ser vi ces t o
work obtainedd from the energy system, while anot
benefits that energy carriersprod uce f or h u n{slodi emak, RA0H @0)11n g o

The Sorrell (2007) definition frames energy services as a product of the energy system 1 the end
point of the energy system i and focuses upon the amount of energy required to deliver energy
services to households. Studies utilising this definition tend not to examine the energy services which
are delivered to households in greater depth than simply providing a quantitative value of the energy
required to deliver specific energy services (Morley, 2018). Considering energy services as the
6useful work obtainedd from the energy system i s
ESDs in this manner is useful for assessing the level of energy consumption required to deliver
different energy services to households, and for modelling the effect of energy efficiency

improvement measures implemented at different stages of the energy system.

The Sorrell (2007) definition encourages the framing of EDR through an efficiency lens by focusing
on the quantity of energy delivered to households. Measures to reduce energy demand therefore
focus upon delivering the same level of useful work to households for less energy output from the
energy system. The Sorrell (2007) definition focuses purely on the quantitative side of energy
demand and neglects the social drivers of energy service consumption. Therefore if energy services
were defined using the Sorrell (2007) definition of energy services, consideration of energy services
would neglect the association between wellbeing and ESDs, and the co-benefits that can be gained

from not consuming energy services.

Alternatively, the energy services definition proposed by Modi et al., (2005) attempts to extend the

scope of energy service studies beyond the quantity of energy required from the energy system to

11 Rather than discuss all 27 of the energy service definitions set out in Fell, (2017), the two most extreme definitions of energy services

are mentioned in this section i Modi et al., (2005); Sorrell, (2007).
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the social benefits gained from consuming energy. Modi et al., (2005) focus upon the actual energy
services demanded by householdsi t h e ¢ bk anedlso enphasise that ESDs are required to
achieve wellbeing. The Modi et al., (2005) definition is therefore, in effect, linking the social and
technical aspects of energy demand by considering energy services (Ngrgard, 2000; Brand-Correa
et al., 2018). According to Brand-Correa et al. (2018), building upon statements by Ban Ki Moon,
energy services are the 0Gol den Th the ®dhrical erfergyt
system as energy services are quantifiable, in terms of energy units, and are consumed directly to
achieve wellbeing.

Linking the technical energy system with wellbeing using energy services is advantageous as it links
households with the global energy system, and also broadens the scope of the definition proposed
by Sorrell (2007), and allows a deeper insight into household ESDs, and the needs each ESD is
meeting (Jonsson et al., 2011). Additionally, acknowledging the diminishing returns of increasing
wellbeing through increases in ESDs, as mentioned in Section 2.1.1.2, increases the opportunity for
EDR through measures which change the nature of an energy service, or reduce the energy service

levels of households, rather than energy efficiency (Steinberger and Roberts, 2010).

The Modi et al., (2005) definition of energy services presented in this chapter shows that the link
between ESDs, household wellbeing and the technical energy system is well understood. However,
despite this understanding, definitions of energy services vary across studies depending upon the
scope of the study being conducted. The variance in energy service definitions is not limited to
descriptions of the concept however as the representation of energy services is inconsistent across
different analytical frameworks of the energy system (Hafele, 1977; Jonsson et al., 2011; Cravioto
et al., 2014).

2.3.2 Energy system frameworks
Examples of energy system frameworks which extend to energy services have been present within

academic publications since the 1970s, (Figure 2.7) (Hafele, 1977). However, of the energy system

frameworks examined in this chapter, nine frameworks were published since 2010 (Table 2.3).
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Figure 2.7 An early example of an energy system framework that extends to energy services (Image Source: Hafele,
(1977).

Figure 2.7 shows that older energy system frameworks tend to focus upon the technical energy
system and classify the delivery of energy services to households as the ultimate goal of the energy
system therefore treating ESDs as a peripheral part of the energy chain (Hafele, 1977; Jonsson et
al., 2011). Such frameworks are not designed to assess the impact of changes in household demand
upon the energy required from the energy system to deliver energy services. Considering ESDs as
a product of the energy system is not limited to older energy system frameworks however, see Cullen
& Allwood (2010) and Heun et al., (2018), meaning that demand-side interventions continue to focus

upon energy efficiency.

More recently however, there has been an increase in the diversity of energy system frameworks
which attempt to draw together the social and technical aspects of energy demand, and portray
ESDs which achieve wellbeing as the ultimate driver of the energy system, (Jonsson et al., 2011).
Despite this increase however, few of the examined frameworks in Table 2.3 actively consider
energy services within the context of the full energy chain, as this is considered to be outside the
scope of these papers, such as Cravioto et al., (2014). Energy system frameworks which examine

the whole energy chain are more representative of the real-world dynamics of energy use and the
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energy system (Na k i | eata. v1995). Additionally, these frameworks provide analytical benefits
as they can be utilised to deepen our understanding of the interactions between the technical energy
system and the drivers of household energy demand (Kahane, 1991; Jochem et al., 2000; Ngrgard,
2000; Haas et al., 2008; Jonsson et al., 2011, Day et al., 2016).

Table 2.3 Stages included within the energy system frameworks used by asampleofst udi es. An 0 X5o
was included within a studyés framewor k.

Framework Stages

Author Primary Final Useful Energy Human
Energy Energy Energy Services Needs

Hafele (1977) X X X X

Kahane (1991) X X X X X

Nakilenovil (1993) X Xt X X

Naki [ eeta. (i996) X X2 X X

Ngrgéard (2000) X X X X X

Cullen & Allwood (2010) X X X X

Neves & Leal (2010) X X X X X

Jonsson et al. (2011) 2 2 2 X X

Cravioto et al. (2014) 2 2 X X 2

Brockway et al. (2015) X X X 2

Day et al. (2016) X X X X

Brand Correa & Steinberger (2016) X X

Brand-Correa & Steinberger, (2017) 2 2 2 X X

Heun et al., (2018) X X X X 2

Mastrucci et al., (2020) 2 X X

INakifenovii, (199@j. (18960 ntakuidieenaovsiSecondary Energyé framewor k

stage. In this analysis, these stages are considered to both hbe separate sections of the O6Fin
frameworks.

2 These framework stages are acknowledged within each paper, but are considered to be outside the study boundary.

The three papers in Table 2.3 which examine the energy system using the full energy chain i
(Kahane, 1991; Ngrgard, 2000; Neves and Leal, 2010) i were published across a nineteen-year
time period. Each author emphasises that limiting analyses to a specific section of the energy system
limits the potential for intervention, whether for implementing demand-side mitigation (Kahane, 1991;
Ngrgard, 2000), or, identifying additional energy sustainability indicators (Neves and Leal, 2010).
Examining energy demand within the context of a full energy chain framework therefore extends

analyses to the drivers of the energy system, and therefore household ESDs (Jonsson et al., 2011).

The full energy system frameworks in Table 2.3 adopt a top-down consideration of the energy system
from supply to demand, meaning that household demand for energy services is quantified in energy
units, aligning with the definition of energy services set out by Sorrell (2007). Neither Kahane (1991),
nor Neves & Leal (2010), suggest examining ESDs within the context of the energy chain from a
consumption perspective, although Ngrgard (2000) suggests that the direction of analysis within
energy system frameworks should be reversed. Reversing the direction of analysis within an energy
system framework would allow EDR planning to begin at the consumption end of the energy chain,
and terminate at the primary energy stage of the energy system (Ngrgard, 2000). Analysing the
energy system from this perspective challenges the conventional view of the energy system within
frameworks, as this framing recognises that ESDs are not simply a product of the energy system,

but are driven by households, embedded within different socio-economic contexts, attempting to
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achieve wellbeing (Hui and Walker, 2018). Additionally, the ultimate goal of EDR is to avoid
emissions and reduce pressure upon the supply-side of the energy system so it can be decarbonised
faster, therefore placing energy supply at the end of a framework may provide analytical benefits
when considering EDR (Grubler et al., 2018; Kriegler et al., 2018). Examining the energy system in
this manner would help draw in the concept of subsidiarity to EDR planning (Ngrgard, 2000;
Wanzenbdck and Frenken, 2018).

However, despite the potential benefits provided to LAs by analysing the energy system from a
service-oriented perspective for EDR, the ESD categories considered by different papers varies
significantly (Fell, 2017). Depending upon the ESD categories considered in an energy system
framework, the scope of EDR for a LA could be limited. The ESD categories utilised when
considering EDR must therefore be relevant to all aspects of household consumption, especially
when considering subsidiarity and EDR at a LA-level.

2.3.3 Energy Service Demand Categories
The representation of ESDs varies across different academic publications and policy documents.

During a conceptual review of the concept of energy services, Fell (2017) found many unique types

of ESD across different academic papers (Figure 2.8).

The most popular ESDs considered by studies are lighting, cooking and heating (Figure 2.8) (Fell,
2017). Lighting, cooking and heating are considered to be direct energy services i i.e. are fulfilled
by consuming energy from the energy system (Fouquet, 2010). Direct ESDs can be quantified in
energy units, thus making the consideration of direct ESDs more appealing than considering energy

services which require indirect energy to be fulfilled.

Figure 2.8 focuses exclusively on ESDs provided by direct energy, thereby neglecting ESDs
associated with indirect energy, embodied within products and services purchased by households.
ESD categories requiring indirect energy are often more wide-ranging than ESD categories related
to direct energyl?. ESD categories provided by indirect energy can include nutrition, i accounting
for the energy with producing and transporting food products to households 1 clothing T which
accounts for the energy associated with the manufacture of items of clothing T and services i the

embodied energy associated with using services, such as financial services.

12 The ESD categories in Figure 2.8 are varied, however less frequent examples of ESD categories, such as clothes washing and drilling,
aresub-c at egori es of the eidefingdby Boequet (R0AQ asworie ofdhe fow maindenergy services i meaning

that each of the ESD categories in Figure 2.8 are provided by direct energy.
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Fell (2017)).

ESDs provided by indirect energy are less prevalent in literature than direct ESD categories (Fell,
2017), however they more accurately reflect household consumption patterns have been considered
for many years. Vringer and Blok (1995) examine ESD categories associated with indirect energy,
as well as direct energy. A broader consideration of ESDs in Vringer and Blok, (1995) is included in
an analysis of household-level energy footprints, as it is argued that indirect ESDs represent a

significant proportion of a hous &lwddged.s energy
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ESDs delivered through direct energy consumption, such as heating, generally tend to make up the
highest proportion of an energy footprint, more so than ESDs supplied by indirect energy embodied
in products and services. However, including a broader range of ESD categories in an analysis of
domestic energy demand is important to understand household behaviour, while considering ESDs
associated with indirect energy also offer different opportunities for EDR.

Haas et al., (2008) argues in favour of considering ESDs provided by indirect energy in models and
studies to bring about increases in the level of EDR. Considering only ESDs associated with direct
energy limits the focus of EDR to services supplied directly from the energy system, rather than
considering all consumption undertaken by a household. For example, when considering a broader
range of ESDs supplied by indirect energy, EDR measures, such as changing household dietary
habits to a plant-based dieti 6 s hi f t 6 aming ¢f ERR i A& bdbmes arviable option available
to households and policymakers.

Additionally, going beyond direct ESD categories can identify overconsumption of energy amongst
households. Owen and Barrett (2020) calculated the household energy footprints of 20 income
groups in the UK in 2016. Excluding mobility, considering the direct energy provided to households,
the consumption of domestic gas and electricity was 1.9 times greater in the highest income group,
than in the lowest income group, whereas considering the full scope of energy associated with a
househol dbs energy footprint showed that the
times higher than the lowest income group (Owen and Barrett, 2020). Considering ESD categories
provided from both direct and indirect energy highlights the disparity in energy consumption between
households which appeared less stark when considering only direct energy ESD categories (Owen
and Barrett, 2020).

ESD categories provided by indirect energy therefore tie energy services even closer to issues of
overconsumption and wellbeing (Section 2.1.2). The linkages between ESDs provided by indirect
energy and wellbeing are further highlighted by Rao and Min (2018 whose i ndi cat
Il i ving st adlyadwnap with thdoESD categories set out in Vringer and Blok (1995) and
Owen and Barrett (2020)13. The 6édecent | iving standardso i

poverty and ensure more equality throughout society (Rao and Min, 2018).

Broadening out ESD categories to include energy services provided by both direct and indirect
energy would tie ESDs even closer with considerations of wellbeing and also offer different

opportunities for EDR to be considered by a LA. However, based upon the representation of ESDs

ener

3There are two exceptions: 6air (RacahdMiny2018)land O6freedom to gather/ diss
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in energy system frameworks, discussed in Section 2.3.2, it is unlikely that ESD categories will be
broadened beyond those which can be directly quantified from the energy system in policymaking.

2.3.4 Energy service demand framing summary
Section 2.3 aimed to examine the current framing of ESDs across academic literature and policy

work. Many studies examined in Section 2.3.2 and Section 2.3.3 align with the Sorrell (2007)
definition of energy services, rather than the Modi et al., (2005) definition. This is evident in the
frameworks which predominantly focus upon the technical energy system ( Na ki | enovi |
et al., 2018), and the energy service categories which focus upon direct energy (Fell, 2017).

The top-down, direct energy focused perspective of ESDs encourages the framing of ESDs as
products of the energy system, rather its drivers. There is evidence that studies are beginning to go
beyond the traditional treatments of ESDs, portraying in a manner more alike the Modi et al., (2005)
by highlighting their link to wellbeing, and that as the point of consumption in the energy system,
should be considered from this perspective (Ngrgard, 2000).

Chapter 2 has shown that a consistent framing of how to consider energy demand, ESDs and EDR
at a LA-level is lacking. If LAs were to adopt a larger role in EDR in the UK under subsidiarity, a
framework, which considers ESDs provided to households by both direct and indirect energy, and
allows EDR to be considered from a LA perspective i i.e. from the consumption end of the energy
system i must be constructed. However, considering ESDs from a LA perspective is only one barrier
to framing EDR using a services lens at a LA-level. If LAs are to assume a large role in EDR going

forward, the potential of different EDR strategies must be modelled at this level.

2.4 Modelling energy service demands
Undertaking EDR at a LA-level using a services perspective of energy demand requires ESDs to be

199

modelled at this level. Section 2.4.1 will consider the modelsusedt o def i ne t hsideUK®6 s

policy at a national-level and their representation of ESDs to assess whether these models are
appropriate for modelling ESDs, and transferrable to a LA-level (Hardt et al., 2019). Following an
assessment of the framing of ESDs within current demand-side models, Section 2.4.2 and Section
2.4.3 will consider energy footprinting as a methodology for considering ESDs at a LA-level (Leontief,
1936; Lenzen et al., 2003; Miller and Blair, 2009; Owen, 2018).

2.4.1 Energy services within models
As with energy system frameworks, the information included in energy demand models varies from

model to model depending upont he mode | 6 Bablep24d) (plards et al.( 2019). In the UK,
thirteen demand-oriented models are used in inform demand-side policy covering specific sectors,
policies, and the UK as a whole (Table 2.4) (Hardt et al., 2019). However, despite energy services

being acknowledged as the drivers of the energy system in both academic and political spheres,
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only six of the thirteen models simulate ESDs (Table 2.4). Similarly, socioeconomic drivers of energy
demand throughout the UK are not considered in every energy system model either (Table 2.4)
(Bhattacharjee and Reichard, 2011). However, final energy demand is considered within every
model (Table 2.4).

Table 2.4 List of factors considered within energy demand models used by the UK Government. The table below is adapted
from information in Hardt et al., (2019).

Model Socio-economic Energy service Final energy
drivers demands demand
All-sector models
BEIS EDM X X
E3ME X X
NISMOD X X
HMRC environmental CGE model X X
UK TIMES X X
ESME X X
Sector-specific models
National Transport Model X X X
ENUISM X X X
BEIS Industry Pathways Model X
BEIS Non-domestic Building Model X X
National Household Model X X X
Policy-specific models
Green Deal Household Model X X
EDR Take-up Model X

The inclusion of final energy demand in each of the models used to devise UK EDR strategies shows
that energy demand, is considered to be a product of the energy system within these models, and
therefore by national-level policymakers (Hunt and Ryan, 2015). Energy demand models at a
national-level adopt a top-down perspective of the energy system as there is often data on the
consumption of different energy sources available, thus making energy demand easier to quantify in
this manner (Hunt and Ryan, 2015).

The models in Table 2.4 cover different mitigation areas, in which EDR is required for the UK to
transition to a net-zero society meaning that each model is constructed from different data, models
a different aspect of UK society, and offers different outputs used to define UK demand-side energy
policy (Table 2.5) (Hardt et al., 2019). For example, (macro)-econometric models use economic data
to simulate economic responses to policies to identify the effects of policy upon the economy,
emissions and energy demand within a defined system, while energy system models model the
energy system within a defined boundary, and are driven by economic conditions and technological

assumptions.

(Macro)-econometric models and energy system models are common in policymaking. However,
they maintain a strong focus upon the technical energy system, and the economy, rather than the
consumption end of the energy system (Sakai et al., 2018). The outputs from all the models in Table
2.5 also state a preference for assessing economic impacts of mitigation policy options i thus
prioritising economic considerations over wellbeing considerations i and the potential of

technological options for EDR T thus neglecting options which change the behavioural practices of
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households (Sakai et al., 2018; Hardt et al., 2019). Using the models in Table 2.4 for considering

EDR therefore plays into current narratives of EDR by focusing on energy efficiency and

technological change.

The wide variety of models in Table 2.5 also model a wide variety of ESDs (Table 2.6) (Hardt et al.,

2019). None

of the

model

S U s edide policy ubeetlie same ESD bategodds 6 s

as another, while there is also an inconsistency with the units used within each model (Table 2.6)

(Hardt et al., 2019). Additionally, the ESDs considered in Table 2.6 are generally modelled

exogenously from the models in Table 2.4. Modelling ESDs exogenously means that while direct

energy service levels are used to inform the models, change in fuels, technologies and the efficiency

of the energy system do not feedback into the ESDs of households, meaning that the impact of EDR

measures upon ESD levels is not considered by these thirteen models.

Table 2.5 Types and outputs of the models used to define UK energy policy. The table below is based upon information
derived from Hardt et al., (2019)

Model Type of Model Model Outputs

BEIS EDM Econometric Model Annual energy and emission projections.

E3ME Macroeconometric Model Effectiveness of climate change mitigation policies and
their impact upon the economy

NISMOD Planning Model Tests effects of future strategies on UK infrastructure

HMRC Environmental Econometric Model Economic impacts of climate change mitigation policies

CGE Model

UK TIMES Energy System Model Future energy demand estimations

ESME Energy System Model Simulates the least-cost method of satisfy future ESDs

National Transport
Model

National Household
Model

BEIS non-domestic
Building Model
BEIS Industrial
Pathways Model
ENUSISM

Green Deal
Household Model
EDR Take-up Model

Demographic Model
Policy Model

Policy Model

Policy Model
Econometric Model
Policy Model

Policy Model

through technological solutions

Estimations of energy use and air emissions of different
forms of road transport

Assesses impact of technology change upon household-
level energy demand

Assessment heating, cooling and ventilation in non-
domestic buildings

Used to explore future energy use in industry

Projections of
sectors

Simulates uptake of insulation measures under the Green
Deal

The effectiveness of financial incentives in reducing
electricity demand in the business sector

energy consu

The ESD categories in Table 2.6 tend to focus upon ESD categories which are supplied through

direct energy consumption by households (Fouquet, 2014; Hardt et al., 2019). Heating ESDs T e.g.

space heating, water heating and space cooling i feature in all the models from Hardt et al., (2019)

which consider ESDs. Considering the heating ESDs of households across the models which include

ESDs is to be expected as the decarbonisation of buildings is expected to form a significant part of

t he

U K 6 s-sidk pathavay tb net-zero (BEIS, 2021c, 2021b).
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Table 2.6 Domestic energy service variables within the UK demand-side models analysed by Hardt et al., (2019). This
table was created by Hardt et al., (2019).

Model Energy Service Variables (Units)

BEIS EDM None

E3ME Model AEffective energy demand for
residenti al buil dingsbo

NISMOD None

HMRC environmental CGE Model ANot sufficient informationo

UK TIMES Space heating for existing homes (PJ)

Space heating for new homes (PJ)
Hot water demand for existing houses (PJ)
Hot water demand for new houses (PJ)
Lighting demand (number of units)
Refrigerators demand (humber of units)
Freezers demand (number of units)
Wet appliances demand (PJ)
Consumer electronics demand (PJ)
Computers (PJ)
Cooking demands, other (PJ)
Cooking demands, hobs (humber of units)
Cooking demands, ovens (number of units)
Cooling demand (number of units)
Others demand (PJ)

ESME High density dwellings (number)
Low density dwellings (number)
Mid density dwellings (number)
Domestic air conditioning (TWh)
Domestic appliances (TWh)
Domestic cooking (TWh)
Internal temperatures

National Household Model Internal temperature
Hot water demand per person
Heating schedules

Green Deal Household Model None

Considering ESDs provided through direct energy is advantageous for studies as models are

representations of reality, meaning that consi

system, is easier to consider than the global supply chain of indirect energy for all products and
services required by households to fulfil their ESDs and achieve wellbeing (Wood et al., 2018; Hardt
et al., 2019). However, from a LA perspective, this focus upon production, which is geographically
separate from consumption, does not provide LAs with the EDR potential of options which they could
implement (Wood et al., 2018; Tingey and Webb, 2020). Considering ESDs provided by indirect
energy is therefore necessary to broaden the scope of EDR options, meaning that another technique
which considers household ESDs provided through both direct and indirect energy must be utilised
(Wood et al., 2018).

An economic modelling technique using input-output (I0) frameworks and multi-regional input-output
(MRIO) models, is becoming an increasingly common methodology for considering household
energy provided by both direct and indirect energy to assess the full environmental footprint of UK
energy consumption (Leontief, 1936; Miller and Blair, 2009). IO modelling and environmental
footprints are not used extensively in policymaking, however the 10 modelling technique will be

considered in Section 2.4.2.
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2.4.2 Environmental footprinting
I0 modelling using MRIO can consider both the direct and indirect energy consumption of a

household. MRIO analyses are extended to environmental factors to construct consumption-based
accounts of environmental factors, within a set boundary, using a Leontief Inverse matrix (Leontief,
1936; Lenzen et al., 2003; Kitzes, 2013).

Environmental footprinting was first popularised as a concept for measuring the environmental
impacts of human activities by Rees (1992) (Fang et al., 2013). Research into the environmental
impacts of products and practices had been popular since the 1960s and 1970s in the form of life
cycle assessments, however these tended to focus on issues such as resource requirements,
emissions and waste within industries and companies (Guinée et al., 2011). In the present day,

footprinting has evolved to become one of the most common and intuitive tools utilised to

communicate environmental impacts to academics, policymakers and households ( Mat ugt 2 k

Kol 2, .2021)

There are different methodologies used to calculate and report energy footprints. The two methods
predominantly used to report energy footprints are territorial-based footprints and consumption-
based accounts (Figure 2.9) (Barrett et al., 2013). Considering different footprinting methodologies
is important for this project as territorial-based accounting can lead to the geographical separation
of the energy required to fulfil ESDs from the energy service consumption of households (Barrett et
al., 2013).

Territorial-based accounting is the more traditional form of accounting when considering energy
footprints and is utilised as an official measure of energy consumption by every country which keeps
accounts of energy consumption (IPCC, 1996). Territorial-based accounting sets a boundary i e.g.
a national border, a LA, or a systems process i and the energy footprint considers the direct energy

consumed within that set boundary (Barrett et al., 2013). For example, at a national-level, territorial-

based accounting techniqgues which assign energy

overwhicht he country HhIRGC, 996rpb)sdi cti ono

Conversely, consumption-based accounting instead attributes energy use based upon final

consumption (Barrett et al., 2013). Therefore, energy demand from outside a set boundary is

embodied within pr oduct s and services utilised wDdvie&n

Caldeira, 2010). For example, considering the UK, if a product was produced abroad, but ultimately

consumed in the UK, then the energy demand associated with the manufacture and transport of a

product would be embodied within the product 6s
wi t h

UK6s energy footprint; while energy embodi ed

al

l

f

the territory of final consumption (Davis & Caldeira, 2010). The UKOs -basedsnerqpt i on
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account was an average of 12.2% higher than the territorial-based energy account for the period
1990-2020 (Figure 2.9) (DEFRA, 2021; BEIS, 2022).
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a
o
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0 t t t t t {
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Year
= Territorial-Based Account (Mtoe) e Consumption-Based Account (Mtoe)

Figure 2.9 Territorial and consumption-based accounts of energy consumption in the UK between 1990 and 2019 (Data
sources: BEIS (2021d); Owen (2022)).

Territorial accounting techniques are utilised by governments due to the ease with which energy
footprints can be calculated (Barrett et al., 2013). The methodological approach to calculating
territorial energy accounts is well established, and each country has its own supply of readily
available data to maintain the account, such as type of fuel consumption, and amount of fuel
consumption (IPCC, 1996). This ensures the robustness of data when comparing the energy
footprints of different nations (IPCC, 1996). Energy footprints using this methodology therefore focus
upon direct energy and do not consider embodied energy that is generated in other territories, or
from the international transport of goods and services using shipping and aviation (Barrett et al.,
2013).

Consumption-based accounting however, is less predominant, with few countries, such as the
Department of Environment and Rural Affairs (Defra) in the UK, the Department of Climate Change,
Energy, the Environment and Water in Australia, the department of Environment and Climate
Change Canada, the Environmental Protection Agency through the Prince Project in Sweden and

Statistics Netherlands, maintaining consumption-based environmental footprint accounts (Barrett et
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al., 2013; CBS, 2022; DCCEEW, 2022; Defra, 2022; ECCC, 2022; Prince Project, 2022). For

example, using the UK as a case study, the Department of Environment and Rural Affairs (DEFRA)

mai ntains the UKOG6s of f i ci ashingdbah axeyritoriaf aodocongumption- st at
based account of t h eftakd22). UKalimétepolicyfisma baped onhe UK 6 s
consumption-based carbon footprint account, which is produced by the University of Leeds using an
environmentally extended MRIO (EE-MRIO) model (Barrett et al., 2013; Defra, 2022). However, the

carbon footprint is the only official consumption-based account maintained by the UK government,

for example, the Department of Business, Energy and Industrial Strategy (BEIS), which produces

energy consumption statistics for the UK, does not produce a consumption-based account of energy
consumption statistics (BEIS, 2022a).

Consumption-based accounting more accurately reflects the landscape of actual energy
consumption throughout the world by addressing the issue of carbon leakage, through the
outsourcing of ESD production, and attributes environmental footprints to the final consumers of
products and services i i.e. households (Barrett et al., 2013). However, there are no standards
established to ensure a harmonisation of consumption-based accounting methods using EE-MRIO
between studies and institutions (Owen et al., 2017; Owen, 2018). For example, different energy
vectors T extracted energy (primary energy i e.g. coal, oil, gas) or energy use by industry (final
energy i e.g. electricity) i attribute energy consumption to different sources which has implications
for the analysis of energy accounting using a consumption-based account (Owen et al., 2017). In
the past, linking consumption-based accounts and more dynamic models used in policymaking

(Table 2.4) has also proven difficult T although more work is being done on this (Owen, 2018).

At a LA-level, considering ESDs using territorial footprinting accounts of energy would exclude a
significant portion of a householdbs energy footp
driver of t he reducti on i n t he UK©O6 s greenhouse
consumption at the same level, since 1990 (Figure 1.6) (Baiocchi and Minx, 2010; Hardt et al., 2017).

Therefore the level of ESDs supplied by indirect energy would be underestimated if a territorial

boundary is established for the UK. Additionally, basing policy around consumption-based account

of energy demand can br oaden ptlities tha bothraffeet towlffinaE DRt
demand of households and t he(Bacrettrepad,s2013,ipd6h) i d.d. cons
avoiding and shifting energy consumption (Creutzig et al., 2018; Karakaya et al., 2019). Presently,
consumption-based accounting is under-utilised by governments in policymaking but could play a

significant role when considering the full impact of energy service consumption by households at a

LA-level (Barrett et al., 2013).
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2.4.3 Footprinting studies
When Rees (1992) popularised the concept of environmental footprints, it was done so under the

term 6ecological footprintso. Energy footpri
communicated as a measurement of the area of forest required to sequester the carbon associated
with energy consumption (Fang et al., 2014). However, as the concept of footprinting has evolved, it
is rare to see energy footprints given as a measurement of area, instead they are given in energy
units such as joules (J), tonne of oil equivalent (toe) or kilowatt hours (kwh) (e.g. Min and Rao, 2018;
Baltruszewicz et al., 2021).

The increasing prevalence of footprinting means that information on the environmental impacts of
different forms of consumption are increasingly available at different levels, across different scales
and sectors and for different environmental issues, including energy (Minx et al., 2013; Gill and
Moeller, 2018; Owen and Barrett, 2020; Baltruszewicz et al., 2021). Energy footprinting is reported
in the UK at a national-level (Figure 1.6), however, due to the link between energy consumption and
wellbeing, households have become the level at which energy footprints are reported as the
distributional differences in energy consumption can be reported at this level (Vringer and Blok, 1995;
Owen and Barrett, 2020; Baltruszewicz et al., 2021; Baltruszewicz et al., 2021; Oswald et al., 2021;
Vita et al., 2021; Defra, 2022).

In the UK, and beyond, studies have examined the energy footprints of households across different
countries (Oswald et al., 2020), income deciles (Owen and Barrett, 2020; Baltruszewicz et al., 2021),
as well as identifying the direct and indirect energy requirements of households in different countries
(Vringer and Blok, 1995; Park and Heo, 2007; Druckman and Jackson, 2009; Eriksson et al., 2021),
and across the rural-urban divide (Ding et al., 2017). Understanding the distribution of energy
consumption across different groups of households is important for EDR as this knowledge helps
understand the areas in which energy consumption should be undertaken 1 e.g. housing, transport
or nutrition. From a policy perspective, footprinting is therefore important for ensuring a just demand-

side transition.

Footprinting studies analysing consumption have identified income as a driver of household-level
consumption for energy, and other environmental footprints, such as carbon footprints (Abdallah et
al., 2011; lvanova et al., 2016; Owen and Barrett, 2020; Baltruszewicz et al., 2021). Households with
higher income have to use a smaller proportion of their expenditure on essential ESDs, such as
heating and nutrition, and have a larger level of disposable income to spend on less essential

activities, such as recreation, therefore leading to a higher energy footprint (Owen and Barrett, 2020).

However, other studies have identified income as only one of many socioeconomic factors

associated with high consumption (Minx et al., 2013; Eriksson et al., 2021; Salo et al., 2021). Minx
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etal., (2013) identified car ownership per household and education level have a strong positive effect

upon the size of a householizd bad a $trong hepgativie eftect uponh i | e
household footprints. Other studies have suggested a geographical dimension to large
environmental footprints across the rural-urban divide in developing countries (Baltruszewicz et al.,

2021), although this is less pronounced in developed countries such as Germany and the UK,

whereby it is more likely that socioeconomic factors lead to a lack of service access rather than
geographical factors (Minx et al., 2013; Gill and Moeller, 2018).

At present, in the UK, the environmental footprints of households are well understood, particularly

across income groups (Minx et al., 2013; Owen and Barrett, 2020). However, for energy footprints,

how ESDs map to different LAs across the countryr e mai ns a gap in the UK®6s
statistics datasets. As stated in Section 1.1.4, the UK government keeps detailed records of energy
consumption at different levels, across different sectors and for different fuels (BEIS, 2021d).

However, the extent of end-use data is limited to a national-level for fuel type, therefore only
considering the ESDs provided by direct energy (ECUK, 2022).

Beyond UK Government data, studies have quantified the UK household environmental footprint at
a local level (Minx et al., 2013; Eriksson et al., 2021). However, Minx et al., (2013) consider only the
total carbon footprint of households in 434 UK municipalities, while Eriksson et al., (2021) consider
the energy footprint of households at a LA-level in the UK, but do not break down the energy footprint
beyond the direct energy footprint and indirect energy footprint of households.

The Centre for Research on Energy Demand Solutions (CREDS) place-based carbon calculator is
another tool for examining environmental footprints across space in England (Figure 2.10). The
CREDS place-based calculator is an informational tool which calculates consumption-based per
capita carbon footprints of all sectors at the Lower Layer Super Output Area (LSOA) level, as well

as the average energy performance certificate (EPC) rating of homes in an area (CREDS, 2022).

However, the CREDS place-based carbon calculator is designed to estimate carbon footprints, not
energy footprints (CREDS, 2022). There is generally correlation between the size of an energy
footprint and the size of a carbon footprint, however, they are not directly comparable, meaning that

it would be difficult for this tool to fully inform energy demand policy at a LA- level.
There is therefore a lack of information about the ESDs of households. Considering EDR from a

perspective which places ESDs at the forefront of demand-side planning is therefore difficult without

a database of how ESDs presently vary across the area within which EDR will be considered.
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Figure 2.10 An image taken from the CREDS carbon calculator. The image shows the carbon footprint of different LSOAs
throughout England (Source: CREDS, 2022).

2.5 Summary and conclusions
As established in Chapter 1, EDR is wvital i n o rterma climategoals @ra the

international climate goals in the Paris Agreement (Masson-Delmotte et al., 2018; BEIS, 2021c).
However, as yet, despite large reductions in UK territorial emissions since 1990, UK final energy
consumption is yet to significantly decrease below 1990 levels (Figure 1.6) (BEIS, 2022b; ECUK,
2022).

The literature review in Chapter 2 has analysed the current discourses surrounding energy demand
and EDR to identify potential gaps and barriers to effective EDR. The dominant framing of energy in
frameworks and models presents energy demand as a product of the energy system, with a focus
on the direct ESDs provided to households to achieve wellbeing (Section 2.1 and Section 2.3)
(Sorrell, 2007). The focus upon delivering direct ESDs to households without compromising
wellbeing has led to energy efficiency becoming the dominant framing of EDR in the UK, and beyond
(Section 2.1) (Sorrell, 2007).

However, the dominance of the energy efficiency framing for EDR, has led to a reliance upon

technical improvements in energy service delivery, to deliver EDR, with changes in household
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behaviour and practices being given less attention by the UK government (Section 2.1.1) (Shove,
2018; BEIS, 2020Db). In particular, measures which would avoid household energy demand have
been specifically neglected by the UK government (CCC, 2021). Arguments against reducing energy
service levels have centred on the coupling of wellbeing and energy demand as citizens should not
have to compromise their wellbeing to achieve EDR (Section 2.1.2) (Brand-Correa et al., 2018).
However, energy demand and wellbeing are not directly coupled, as evidenced by the concepts of
overconsumption, energy sufficiency, the wellbeing co-benefits of EDR, and the five types of capital
model (Section 2.1.2) (Daly, 1991; Sachs, 1993; Princen, 2005; Rockstrom et al., 2009; Raworth,
2012). It is therefore possible to reduce energy service levels, by avoiding energy use of shifting to
less energy intensive practices, without compromising the wellbeing of citizens (Section 2.1.2)
(Creutzig et al., 2018).

Th e UKOG s -gide policywdiscourse has focused predominantly on energy efficiency, with some
flagship policies, such as the Green Deal and Green Homes grant being less successful than initially
expected (Section 2.2.1) (Rosenow and Eyre, 2016; BEIS, 2020b, 2021c; Kenyon, 2021a). However,
despite the UK government 6s r dAshave showo greateramhitienv ol v e
with reducing energy demand through measures which avoid and shift energy demand, than the UK
national government despite having no specific powers to set energy policy (Section 2.2.2; Section
2.2.3) (Friends of the Earth, 2019; LGA, 2019; Tingey and Webb, 2020; Climate Emergency UK,
2022; mySociety, 2022). The ambition of LAs raises questions around the concept of subsidiarity
and whether EDR would be quicker, and more effective, using a disaggregated approach to EDR,
whereby more funding is devolved to LAs to allow them to enact their own EDR measures for
households (Wanzenbdck and Frenken, 2018).

The concept of ESDs provides a lens through which the social and technical aspects of energy
demand can be analysed in tandem as providing ESDs to households is the ultimate goal of the
energy system, which are demanded by households to achieve wellbeing (Chapter 1) (Brand-Correa
et al., 2018). As with energy demand, ESDs are often framed as the product of the energy system
provided by direct energy, thus reinforcing the energy efficiency discourse when considering EDR
for energy services (Section 2.3) (Sorrell, 2007). However, ESDs do not necessarily have to be
limited to services provided directly from the energy system, ESDs can also be provided through
indirect energy embodied in products and services (Section 2.3.3) (Haas et al., 2008). Considering
ESDs provided through indirect energy, as well as direct energy, provides a more realistic
representation of the energy demand required to fulfil household ESDs and broadens the scope of
EDR options for households (Barrett et al., 2013).

The ESDs framing of energy demand and EDR is advantageous for LAs when considering EDR, as

local councils are responsible for households, which are linked to the energy system through the
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consumption of products and services. By considering the ESDs of households, LAs can therefore
consider the effect of different consumption-based EDR options upon the entire energy system.

The ESDs of households at a LA-level can be modelled using IO modelling (Section 2.4). Modelling
energy footprints using 10 modelling allows insights into energy consumption across space, income
groups and different geodemographic groups, therefore using the socioeconomic information
associated with microeconomic data collected in surveys, ESD footprints of each LA can be
calculated (Druckman and Jackson, 2009; Minx et al., 2013; Owen and Barrett, 2020). However, at
present, the UK does not keep consumption-b as ed acc ount shousehold tefrery
consumption (Section 2.4). The UK maintains statistics on domestic fuel consumption by fuel type
at a LA-level, however when considering ESD statistics, the UK government only maintains national-

level statistics on services provided by direct energy use (Section 2.3.2) (BEIS, 2021d).

Based on the review of presently available literature on demand-side mitigation, LAs possess greater
ambition than the national government when considering EDR, however they do not possess the
funding, to enact EDR policy specific to their locality (Tingey and Webb, 2020; Climate Emergency
UK, 2022; mySociety, 2022). Subsidiarity offers the opportunity to accelerate the demand-side
transition in the UK, however there are significant gaps which need to be addressed to assess

whether more funding should be devolved to LAs to enact EDR.

Firstly, the framing of the energy system needs to evolve in academic publications, and policy
considerations, in order to shift the EDR discourse beyond energy efficiency, and examine the entire
energy system from a LA perspective. Framing the energy system around household ESDs places
consumption at the forefront of demand-side considerations, and therefore the drivers of energy use
at the beginning of demand-side analyses. Additionally, the energy system framing should be able
to account for the household ESDs provided by indirect energy to more realistically reflect household
energy consumption in the UK, and to expand the number of EDR options available to LAs. A
framework for examining the energy system in this way will be set out in Chapter 4, and will be

entitled the service-driven energy demand chain (SEDC) framework.

Secondly, as identified in Section 2.4.3, there is no database of household ESDs at a LA-level in the
UK beyond the national-level account of direct energy use, a gap which needs to be addressed.
Going beyond direct energy to consider the indirect energy embodied in products and services, and
the services they provide, gives a more accurate representation of energy consumption in the UK
which is a net importer of energy. Additionally, understanding ESDs at a LA-level is important as
energy consumption varies across space and household type (Section 2.4.3), meaning that a LA-
level ESD footprint will be more representative of the energy consumption of households, and will

provide more insight, than a national average footprint. The LA-level ESD footprints can then be

86

UKO s



analysed to assess whether the range, and clustering of ESD footprints across space suggests that
a disaggregated approach to EDR, through subsidiarity, may benefit reducing energy consumption
for each ESD category. The LA-level ESD footprints are modelled in Chapter 5.

Thirdly, Section 2.1 identified the dominant discourse in EDR policy T energy efficiency 1 and that it
is unlikely that energy efficiency alone can achieve the reductions in energy demand necessary to
reach t hezerdta@et and the global 1.5°C temperature target. Understanding the EDR
potential of strategies which go beyond energy efficiency whilst maintaining service levels, and
without compromising wellbeing is important to demonstrate that effective EDR can be undertaken
beyond technical energy efficiency improvements without a reduction in quality of life. The database
of ESDs established in Chapter 5 will be used as a baseline from which four service-oriented
strategies are modelled to show the potential of EDR in GB in Chapter 6. Chapter 6 also examines
the variation in EDR across space in GB by modelling EDR at a LA-level, as well as a national-level.
Modelling EDR for LAs is important to identify whether the potential of each strategy varies

significantly across space, and therefore a more localised approach to EDR would be appropriate.

Finally, Chapter 7 will then draw this work together by identifying whether LAs with higher capacity
to adopt EDR measures also exhibit higher ESDs and higher EDR potential under the four service-
oriented strategies. Assessing the correlation between areas of high consumption, high reduction
and high capacity to act will allow an assessment of whether funding to enact EDR options should

be devolved to LAs or kept at a national-level.

The results of the thesis will be discussed in Chapter 8 to whether the thesis answered the research
guestions set out in Section 1.2, before conclusions are drawn in Chapter 9. Before the research in
this thesis can commence however, Chapter 3 will set out the methodological basis from which the

subsequent chapters will be based, and the different methodologies used throughout the thesis.
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3 Methodology

The following chapter sets out the methodological basis for the subsequent research reported in this
thesis. The methodology chapter will provide methodological descriptions and justifications for the
techniques undertaken to examine the Local Authority (LA) level energy service demand (ESD)
footprints of households in the Great Britain (GB), model the LA-level energy demand reduction
(EDR) potential of different strategies, and assess household capacity to adopt EDR strategies
across GB.

Firstly, Section 3.1 sets out the methodological basis for input-output (I0) modelling and the UK
multi-regional input-output (MRIO) modelling database. |10 Modelling is the method fundamentally
underpinning the work in this thesis, with the generation of LA-level consumption-based ESD
footprints, and the potential of different EDR strategies both calculated using IO methods. The LA-
level ESD footprints modelled using 10 modelling will be analysed in Chapter 5, and the EDR

potential of different service-oriented EDR strategies will be set out in Chapter 6 (Table 3.1).

Secondly, Section 3.2 sets out the methodological approach to modelling household ESD footprints
for GB, and outlines the method for disaggregating the ESD footprints to different LAs throughout
GB. As stated previously, the ESD footprints will be analysed in Chapter 5 (Table 3.1). Section 3.2

also discusses the dataset used to calculate the LA-level ESD footprints.

Thirdly, Section 3.3 outlines the paper from which the policy options, modelled in the four EDR
strategies in Chapter 6, are identified (lvanova et al., 2020). Section 3.3 will define the four EDR
strategies, and outline the EDR options omitted from the strategies. Subsequently, Section 3.4 will
set out the 10-based equations used to model the EDR strategies in Chapter 6 (Table 3.1). The
present-day ESD levels of each LA, modelled in Chapter 5, will serve as a baseline for the EDR

strategies in Chapter 6.

Finally, Section 3.5 sets out the method for calculating household capacity to adopt EDR strategies
for each LA throughout GB (Table 3.1). The capacity index (CI) scores of each LA will be analysed
against the household ESD footprints modelled for each LA (Chapter 5), and the EDR potential of
the Full Consideration (FC) strategy (Chapter 6) to assess whether there is correlation between LAs

modelling high levels of ESDs, EDR potential, and CI scores.
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Table 3.1 Mapping table of methodology sections to PhD thesis chapters.
Methodology section PhD chapter mapping
Section 3.1: Input-output modelling. Chapter 5: Great Britaind snergy service demands at a Local
Authority-level.
Chapter 6: Energy demand reduction strategies at a Local
Authority-level.

Section 3.2: Modelling energy service footprints at Chapter 5: Great Britaind snergy service demands at a Local
a LA-level. Authority-level.

Section 3.3: Energy service policy options at a LA- Chapter 6: Energy demand reduction strategies at a Local

level. Authority-level.

Section 3.4: Modelling the EDR potential of four Chapter 6: Energy demand reduction strategies at a Local
service-oriented strategies. Authority-level.

Section 3.5: Feasibility of EDR strategies Chapter 7: Household capacity to adopt energy demand

reduction strategies at a Local Authority-level.

3.1 Input-output modelling

I0 modelling is the methodological basis for generating LA-level ESD footprints in Chapter 5, and
the EDR potentials modelled in Chapter 6. Section 3.1 sets out the calculations needed to utilise 10

modelling for generating LA-level energy footprints.

3.1.1 Multi-regional input-output models
A MRIO table is an 10 table which contains the economic transactions that occur to produce products

between different sectors across multiple regions (Figure 3.1) (Miller and Blair, 2009). 10 modelling
is a form of economic modelling, which was initially designed to demonstrate the interdependence

of different sectors within the US economy upon each other (Leontief, 1936).

However, IO modelling has evolved since 1936. Due to the globalised nature of the economy, 10
modelling now must encompass trade between different sectors of countries throughout the world.
Computer modelling allows 10 modelling to be undertaken much more quickly than in 1936. The
speed at which IO can be undertaken allows the basic 10 modelling framework to be extended in

order to include different elements of economic activity within IO calculations (Miller and Blair, 2009).

The environmental factors associated with economic activity and the production and consumption of
goods and services are one such extension of I0 modelling (Miller and Blair, 2009). Extending the
IO framework to environmental factors has allowed studies to construct consumption-based
accounts of a countryés environment ask(MillengndRlar,s, i n
2009; Kitzes, 2013). A Leontief Inverse Matrix is used to do this (Miller and Blair, 2009). Using a
Leontief Inverse Matrix allows the economy to be disaggregated, and allows the full supply chain
requirements required to make a single unit of final demand to be calculated. The Leontief Inverse
Matrix incorporates the requirements from every industry in every world region and can also be used

to calculate the economic effect as a result of increasing or reducing production (EUStat, 2023).
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Purchases from intermediate demand

Sales to intermediate demand

Figure 3.1 Structure of an MRIO framework. An MRIO table is balanced, meaning that the Total Input (x) equals Total
Output (x) (Source: Owen, 2018).

To calculate the Leontief Inverse (0), the Transaction Matrix (&) needs to be transformed into a
Requirements Matrix (0). 0 equates to the total contribution that each element within & makes
towards the total output (&) of the MRIO (Miller and Blair, 2009; Owen, 2018). 0 is generated by an
element-wise division of &by the corresponding value of w(Equation 1). Each element of & can be
expressed as @i &, where @ is the row location of the element and ¢ is the column location of the
element (Miller and Blair, 2009; Owen, 2018). This allows the replacement of each element within &
with:

Equation 1

to form 0, which is then used to calculate 0 (Equation 2). 0 is the inverse of 0 subtracted from an
Identity Matrix (‘®"Qs a matrix the same size as 0 but containing only onesonthe matrixé s di agona
elements (Equation 2) (Miller and Blair, 2009; Owen, 2018). The equation to calculate 0 from these

matrices is:

Equation 2
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0 links total output (&) with final demand (¢) (Equation 3):

Equation 3

0 is calculated on a product-by-product basis and sets out the effects of changes in demand on the
production of goods (Miller & Blair, 2009). 0 can also be used to extend the MRIO table to
environmental indicators. Using energy footprints as an example, an energy intensity vector (Q
needs to be calculated, which is done by multiplying "Q a row vector of the annual energy demand
by each sector, by the inverse of w(Miller and Blair, 2009; Owen, 2018). However, it is not possible
to calculate the inverse of a non-square matrix, therefore w needs to be converted to a diagonal
matrix (0 Q "QdEQuation 4):

Equation 4

Equation 5

Generating Qallows the amount of energy use per currency unit of output to be calculated for every
industry throughout the world (Equation 5) (Miller and Blair, 2009; Kitzes, 2013). Q therefore
represents the energy intensity of specific economic activities and is used to identify the energy
associated with the production and consumption of goods and services, which can then be summed
to generate a consumption-based account of the energy footprint of economic systems (Equation 5)
(Miller and Blair, 2009). Multiplying Qby final demand (¢) and the Leontief Inverse (0) allows the
consumption-based account of the energy use of the total output of the MRIO to be quantified (0)

(Equation 6):

Equation 6

Consumption-based energy accounts can then be broken down by countries and industries to
assess the energy footprint of specific areas of the MRIO (Equation 7; Equation 8) (Miller and Blair,
2009; Kitzes, 2013). For example, to calculate the consumption-b as ed account of
EUbs energy wuse from the MRI O, & b €Equatipne7d anfl ithe
European Uniond sw ) (Equation 8) final demand need to be isolated. @ and w can then be
used to calculate the consumption-based energy accounts of these two regions (Equation 7;
Equation 8):
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Equation 7

Equation 8

3.1.2 UK MRIO Database
Th e UK©O6 s of ficiall y-based maountdod cadan ndexiden gGOk) aamd other

greenhouse gases is calculated by the University of Leeds using the UK-MRIO database, which they
also construct (Defra, 2022). The UK-MRIO database is used to create the consumption-based
account of ESD footprints at a LA-level across GB in Chapter 5. As a consumption-based account,
this therefore includes the energy embodied in products and services used to meet demand (Barrett
et al., 2013).

The consumption-based account is an official statistic, meaning that the MRIO database must be
generated using IO data produced by the Office of National Statistics (ONS) (Defra, 2022). Additional
data on UK trade with other nations, as well as how these other nations trade between themselves,
is collected from the EXIOBASE MRIO database and used to supplement the UK-MRIO (Wood et
al., 2015).

Supply and Use Tables (SUT) are produced by the ONS on an annual basis using a 106 sector
disaggregation (Wiedmann et al., 2010). The combined use tables represent the inter-industry
transaction table as the sum of both domestic transactions and intermediate imports, while the final
demand table shows the sum of both domestic and imported final products (Wiedmann et al., 2010).
The ONS produces a set of analytical tables on a 5-yearly basis, where only domestic use is shown
by the table (ONS, 2022). Domestic purchases are shown separately from final demand (ONS,
2022).

Domestic data is extracted from the annual SUT tables by taking proportions of domestic versus
imports from the analytical tables. Intermediate industry imports become a single row of data and

both intermediate exports, and final demand, are a single column of data.

EXIOBASE MRIO data is used to disaggregate the imports and exports other sectors from across
different world regions. However, before doing this, the data is converted to Great Britain Pounds
(GBP) and mapped ont o tedyaionU'KeSUK-MRIOQ Bnodsl @ises monetary g g r

variables in constant prices by applying the double deflation method.
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UK-MRIO data is then aligned with UN Classification of Individual Consumption by Purpose
(COICOP) product categories, of which there are 307 (UN, 2018). The UN COICOP product
categories and the associated energy data for products, as well as spend per product and energy
intensity were aggregated further into 10 ESD categories, and 42 sub-categories (Appendix 2). It is
these ESD categories that will be used in a concordance matrix in Chapter 5 to attribute energy

consumption to different ESD categories (Appendix 1).

3.2 Modelling energy service footprints at a LA-level
Modelling ESDs at a LA-level using IO modelling, means that the footprints will be consumption-

based accounts of energy consumption, and will therefore include both the direct energy and indirect
energy required to satisfy household ESDs. The ESDs footprints in Chapter 5 are attributed to LAs

using expenditure survey microdata.

3.2.1 The Living Costs and Food Survey

The use of expenditure surveys to generate spatially distributed environmental footprints is common
practice in many studies (Donato et al., 2015; Ivanova et al., 2017; Wiedenhofer et al., 2018; lvanova
and Wood, 2020; Owen and Barrett, 2020). The footprints generated from expenditure data have
been utilised for a variety of different studies including an analyses of urban and regional
sustainability (Donato et al., 2015) and reducing the level of inequality associated with a UK low
carbon tax (Owen and Barrett, 2020). While other studies have analysed footprints across continents
(lvanova and Wood, 2020), across regions within countries (Gill and Moeller, 2018), and across

income groups (Wiedenhofer et al., 2019).

Household-level expenditure in the UK has been collected annually by the ONS since 1957 (UK Data
Service, 2023). This expenditure microdata has been collected using the Living Costs and Food
survey (LCFS) since 2008 (ONS, 2017). The LCFS generally receives responses from between
5,000 and 6,000 households per year, and is used to provide information on UK household
expenditure, as well as the effect of taxes and benefits upon expenditure (ONS, 2017; Owen and
Barrett, 2020).

LCFS respondents are asked to keep a detailed expenditure diary over a two-week period which
tracks expenditure alongside the products that expenditure is spent upon (ONS, 2017; Owen and
Barrett, 2020). Expenditure data is collected on frequent purchases, such as grocery and petrol,
infrequent purchases, such as sports club memberships, and flights, meaning that international

aviation can be accounted for in these expenditure microdata profiles. The LCFS contains over 300

uni que product types which align wi(ONKS, BlL7/r@vwert at 6s

and Barrett, 2020; UK Data Service, 2023). Raw LCFS data is then processed to create a derived
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dataset which shows each hous eehodiffdréns COCOR praduces
(ONS, 2017).

Raw data is then weighted to ensure that the sample is representative of all households throughout
the UK. The ONS provides the household weights in the LCFS (UK Data Service, 2023). Household
weights are used to calculate the proportion of households within the UK that each survey
respondent represents (UK Data Service, 2023). The household weights allow the LCFS dataset to
be scaled up to be representative of the UK population (UK Data Service, 2023). For example, in the
2017/18 survey, the sum of the weights is 27,138,781 which is the total number of households in the
UK, and the first surveyods wei greyre@esents 0.03% woffall
households in the UK with similar socioeconomic characteristics to the surveyed household.
Weighting the LCFS expenditure data accounts for sample size issues, as well as sampling errors
and differences in household compaositions which can lead to inaccurate results being generated

from social expenditure surveys (Owen and Barrett, 2020; UK Data Service, 2023).

Expenditure microdata collected in social surveys is a useful data source for footprinting studies
(Buchs and Schnepf, 2013). The ESD footprints in Chapter 5 will be generated from the expenditure
data collected in the 2015/16, 2016/17 and 2017/18 LCFS. However, the LCFS expenditure

microdata must be converted to energy data for LA-level energy service footprints to be generated.

3.2.2 Converting Expenditure Data into Energy Service Footprints
The multipliers used to generate the ESD footprints from the LCFS in Chapter 5 are calculated by

dividing energy consumption per COICOP category i calculated in the UK MRIO T by the total spend
per COICOP category in the LCFS!4 (Wiedmann et al.,, 2010; UK Data Service, 2023). The
multipliers represent the energy intensity per pound for different products. Therefore by using
element-wise multiplication on the spend per product, which is taken from the LCFS, and the energy
intensity per pound spent multiplier, calculated in the UK MRIO, the energy consumption of a
household on a specific product or set of products can be calculated (Wiedmann et al., 2010; UK
Data Service, 2023). This allows the energy footprint of a household to be generated. Table 3.2 and
Figure 3.2 show how the expenditure data from the LCFS and the multipliers are used to generate
energy footprints for products and services. The results of applying this conversion method to LCFS
data from 2015/16, 2016/17 and 2017/18 can be seen in Section 5.1.

14 Calculating the multipliers using this methodology allows the multipliers to account for VAT as the spend data in the LCFS contains

VAT.
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Table 3.2 Extract of a sub-chapter of LCFS data from 2016/17 to show different expenditures, multiplier of kg of oil
equivalent per £ spent, and energy consumption across different products and services. Expenditure and energy
consumption statistics are for UK-wide totals.

Product Expenditure Multipliers (kgs of Energy Energy
oil equiv. per £ Consumption (kgs Consumption
spent) oil equiv.) (Mtoe)
Electricity £15,677,392,903 0.069016581 1082000050 1.08
House Maintenance £7,222,303,332 0.034866299 251814990 0.25
Petrol £17,799,608,278 1.344450038 23930674027 23.9
Air Fares £39,453,143,290 0.37548513 14814068656 14.8
(International)
Beef £2,709,951,441 0.200865744 544336412 0.54
TV Purchase £1,024,411,889 0.216327992 221608967 0.22
Toilet Paper £1,080,225,707 0.579128598 625589600 0.63
Contents Insurance £3,223,010,365 0.048427599 156082655 0.16
Petrol
Expenditure Conversion Factor
|£17,799,608,278 -m!llﬂ'.ﬂ'» 1.344450038 [ Equals 23,930,674,027kgs oil equiv. (23.9 Mtoe) |
Beef
Expenditure Conversion Factor

[£2,709,951,441 [ “muitiply_ ]0.200865744 [ Equais_ Y| 544,336,412kgs oil equiv. (0.54 Mtoe) |

Figure 3.2 Example to illustrate how the multipliers are used to generate energy consumption data for different products.

3.2.3 Attributing Energy Consumption to Energy Service Demands
In Chapter 5, allocating energy consumption data generated from LCFS expenditure microdata to

different ESD categories, requires the use of a concordance matrix. The concordance matrix used
in this study is based upon an approach used by Vita et al. (2019). Using a concordance matrix offers

the ability to proportion an energy footprint between different ESD categories (

Figure 3.3).
Energy Energy Energy Energy
Service Service Service Service
COICOP Category Category #1 Category #2 Category #1 Category #2

10 Mtoe 1 0 10 Mtoe | O Mtoe

> >
10Moe | 05 05 > 5Mtoe | 5Mtoe

Figure 3.3 Example to illustrate how the concordance matrix proportions energy data into different energy service

categories.

For each product or service, a weight can be applied to calculate the amount of energy consumption
of the total that fulfils each different ESD category being analysed in this study (Vita et al., 2019).
For example, the amount of energy consumed from the use of gas in the household can be
apportioned between space heating, water heating and cooking. This is useful as it allows energy

consumption to deliver multiple ESDs (Grubler et al., 2018).
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Integrating a concordance matrix at the end of the MRIO framework extends the MRIO to account
for the ESDs of surveyed households in social surveys (Wiedmann et al., 2010; Vita et al., 2019; UK
Data Service, 2023). This allows the easy conversion of different COICOP product categories into
the respective ESD categories which they are fulfilling. The concordance matrix multipliers for each
COICOP category can be seen in Appendix 1.

3.2.4 Energy Service Categories
Section 2.2.2 and Section 2.2.3 highlight the inconsistency in ESD categories used across different

studies and models in both academia and policymaking (Fell, 2017; Hardt et al., 2019). Using a
consumption-based approach to model the LA-level ESD footprints of households, ESD categories

therefore need to account for indirect energy, as well as direct energy.

Table 3.3 sets out the energy service categories that will be used to generate local-level energy
service footprints for this study. The energy service categories in Table 3.3 are adapted from the

categories set out by Owen & Barrett (2020).

The ESD categories in Table 3.3 represent all aspects of household energy footprints. Each category
can include direct energy, as well as indirect energy embodied in the products and services
purchased to achieve household ESDs. This is important to remove the distinction between direct

and indirect energy in order to focus on all aspects of energy consumption, as well as direct energy.

Table 3.3 Different forms of ESD used for analysis in this study, and a description of what is included within each category.
The COICOP codes used in each category are set out in Appendix 1.
Energy Service Description

Heating Includes direct energy, such as gas and electricity, to provide space and water heating,
as well as indirect energy services to maintain the domestic appliances that deliver
heating energy services to households.

Other Shelter Includes direct energy associated with lighting and powering appliances, and the indirect
energy required to produce and deliver new household appliances to households.
Personal Transport Includes the direct energy produced by fuel to power personal vehicles such as cars and

motorcycles, as well as the indirect energy associated with the production of new vehicles
and the repair of older vehicles.

Public Transport Energy associated with the use of different forms of public transport.

Aerial Transport Energy associated with the use of air travel, whether that is for commuting or recreational
purposes.

Nutrition Includes the indirect energy associated with the production and transport of food required
for nutrition to households, as well as direct energy required for cooking.

Recreation & Indirect energy associated with recreational activities and communication.

Communication

Consumer Goods Includes the indirect energy associated with the production of items such as clothing,
footwear, jewellery, hair products and toilet paper.

Services Includes the indirect energy required to provide services such as healthcare and

education, as well as other services, such as financial services.

The primary differences between the ESD categories in this study, and those of Owen & Barrett

(2020), are the removal dfectthhd cdidynie ahadt ctgg@ si &clusi or

and O pruan sipEGDtt &t egori es. O0Dbeesticitgyad HKRase been
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represented all direct energy associated with the household heating and power, and did not set out
the specific ESD categories that this direct energy use is associated with (Owen and Barrett, 2020).
By including a heating ESD category, and splitting the remaining direct energy use across the other
shelter and nutrition ESD categories, it becomes easier to identify how direct energy is utilised by
households.

The incl usi onm nosfE®ar catéyory tvds uncertaken as the extent, density and type of
public transport infrastructure differs significantly at a LA-level. Additiona | | y , o i ihlei tdyn (ot he
6a@n s u ma BIDeaegories from Owen & Barrett (2020), have not been removed, but have been

renamed to 6épersonal toroadnssdp orretsép eacntdi véecloynn.s umer g

3.2.5 Disaggregating ESD footprints to LAs
LAs have been selected as the level at which ESD footprints will be modelled as LAs possess powers

that govern many areas of policymaking (Section 2.5) (Paun et al., 2019). Additionally, LAs are the
lowest level of the UK multi-level governance structure (Section 2.4) (ONS, 2020). The ESD
footprints of LAs in Northern Ireland will be excluded from this analysis as the LAs in Northern Ireland

are ceremonial and possess very limited powers (Greer, 2019).

However, the LCFS does not report expenditure microdata at a LA-level (UK Data Service, 2023).
Each respondent provides address-level expenditure microdata to the LCFS, however the sample
size for each LA is so small that the sample would not be representative if LA ESD footprints were
calculated directly from LCFS data from within each LA (UK Data Service, 2023). Therefore, LA ESD
footprints must be modelled from the complete expenditure microdata sample collected in the LCFS
(UK Data Service, 2023).

Social surveys, such as the LCFS, collect household-level expenditure microdata across nations in
order to understand the expenditure patterns of households across different socioeconomic groups
(UK Data Service, 2023). From this data national-level consumption-based accounts of energy
footprints can be generated (Owen and Barrett, 2020). Therefore in order to use the LCFS to build
LA-level ESD footprints for LAs across GB, the national-level footprint must be disaggregated using
the social microdata collected alongside the expenditure microdata in the LCFS (Blichs and Schnepf,
2013; Owen and Barrett, 2020).

The LCFS collects information on the region in which of the twelve Government Office Regions
across the UK within which each individual LCFS is conducted (Figure 2.6) (ONS, 2021). For
example, a survey undertaken in North-East England is classed as Region 1, whereas a survey
conducted in Scotland is classed as Region 11 (ONS, 2021). Households across regions share

similarities, such as households in the London region being classed as predominantly urban
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households, households in the Wales region will predominantly be classed as rural households
(ONS, 2021). However, regions are not homogenous entities, with regions such as North-West
England containing predominantly sparsely populated rural LAs, such as Allerdale and South
Lakeland, while also containing densely populated urban LAs such as Liverpool and Manchester
(ONS, 2021). ESD footprints therefore cannot be generated from expenditure microdata and regional

information alone.

In addition to regional information, each LCFS also contains household-level geodemographic
information known as an output area classification (OAC) (Appendix 3) (ONS, 2015, 2018, 2021).
OACs are a set of criteria generated from UK census data which define the social, economic and
geographic characteristics of households in the UK across different output areas (Appendix 3) (ONS,
2018; Doorda, 2021). The OACs in LCFSs used in this thesis are generated from the 2011 census
data (Figure 3.4) (ONS, 2018). OAC groups are defined based upon a set of 167 statistics covering
socioeconomic and demographic factors which are transformed and standardised before
households are clustered based upon 59 of the initial 167 statistics (Figure 3.4) (ONS, 2018).

OACs are set out into three different categories: super-groups, groups and subgroups, with each of
these three groups providing further (Ddoedf, 2021).
Individual households in the UK are not defined under this system, however groups of households
with similar characteristics are collated into census output areas (geographic areas comprising ~150
households) which are classified into different OAC categories (ONS, 2018; Doorda, 2021).

OAC data in the LCFS allows the segmentation of expenditure microdata, and therefore household
ESD footprints, as the number and proportion of households by each OAC in each LA can be
calculated from publically available data (Druckman and Jackson, 2009). Spend profiles for each
OAC subgroup can be calculated from LCFS data (Druckman and Jackson, 2009). LA spend profiles,
and ESD data, are then generated based upon the proportion of households of each OAC subgroup
that are found in the LA (Druckman and Jackson, 2009).

Ideally, the spend profiles, and therefore ESD profiles, of each LA, will be modelled based upon OAC
subgroup data for the Government Office Region in which the LA is located. However, if the sample
size is not large enough (>20 responses) for the OAC subgroup for a particular region, the LA profile
will be generated from OAC group data, or OAC supergroup data if the number of OAC group survey
responses does not exceed 20 in a particular Government Office Region. If the survey responses in
a particular Government Office Region for OAC supergroup, group and subgroup do not exceed 20,
then the LA spend profile will be generated from national data for the initial OAC subgroup instead.
Similarly, if the OAC subgroup data at a national-level do not exceed 20 survey responses, then

spend profile, and therefore ESD data, is generated from national-level OAC group data or OAC
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supergroup data if the requisite number of survey responses are not exceeded at a national-level for
the respective OAC group.

2011 UK Census Data

Initial Census Statistics Selection (167)

Data Preparation, Data Transformation
and Data Standardisation

Rate Calculation, Data Transformation and
Data Standardisation

K-means Clustering Technique Applied

Three-tiered 2011 Area Classification for
Local Authorities

Figure 3.4 Calculation method used to generate output area classifications for the UK (ONS, 2018).

Modelling ESD footprints using this methodology guarantees the robustness of the spend profiles,
and ESD data generated from the LCFS by ensuring that LA data is not modelled based upon a
small sample size or single survey response. The spatial disaggregation of the LCFS data using

OAC data has been used previously be papers such as Druckman and Jackson (2009).

3.2.6 ESD footprint analysis
3.2.6.1 Energy service demand footprint analyses

Once the ESD footprints have been generated in Chapter 5, analyses will be undertaken upon the

results. The highest and lowest consuming areas of GB will be identified, as well as the range of
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values modelled across GB, within each ESD category (Minx et al., 2013). A large range of ESD

footprint values would indicate that a disaggregated policy approach to EDR should be considered.

Alongside the modelling of the ESD footprints, a spatial autocorrelation analysis will be undertaken

to identify the level of clustering of the modelling results across GB (Getis, 2005; Griffith, 2005;

Robinson and Mattioli, 2020). Aspatalaut ocor rel ati on analysis gener at
indicates the level of clustering across space within the dataset (Robinson and Mattioli, 2020). A

value of 1 means the results are perfectly clustered, while a value of 0 means the results are

randomly dispersed. Utilising the spatial autocorrelation analysis alongside the modelling of ESD

footprints will identify whether clusters of high and low consuming LAs existin GB. A hi gh Mor an ¢
value indicating high levels of clustering, in the context of a large range in ESD footprint values for a

specific ESD category, would show that LAs across different areas of GB exhibit different levels of

ESDs, and that a disaggregated approach to EDR may be appropriate.

3.2.6.2 Socioeconomic analyses: Correlation and regression
Correlation and regression analyses will be undertaken upon the LA-level household ESD footprints

and each LAO6s underlying socioeconomic and geogr &
undertaken using Spearmano6s Rank anal ysi snusingnd t h
a linear regression analysis. Correlation analysis is undertaken to assess whether there is a

connection between the ESD footprint size and a L
regression analysis will be used to assess the dependencyof t he ESD f ootprint si

underlying socioeconomic factors.

The correlation and regression analyses are undertaken to assess whether the household-level
relationships exhibited between footprint size and socioeconomic variables, identified in previous
footprinting studies, are exhibited by the LA-level ESD footprints (Minx et al., 2013; Ivanova and

Wood, 2020; Salo et al., 2021). The variables examined in Section 5.4 can be seen in Table 3.4.

Table 3.4 Socioeconomic and geographic variables analysed alongside the ESD footprints in Section 5.4.
Socioeconomic Variables

Average household income
Average household size
Number of vehicles per household

Unemployment rate (%)

Population density (per km?)

Median age of the population

Median household EPC rating

Proportion of households not on the gas grid (%)

Proportion of the population with degree-level qualifications (%)
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Household income, household size and the number of vehicle per household have previously been
identified as strong drivers of energy footprint size at a household-level (Minx et al., 2013; lvanova
et al., 2016; Oswald et al., 2020; Owen and Barrett, 2020; Salo et al., 2021). These variables will
therefore be examined together in Section 5.4.1.

However, the other variables analysed in Section 5.4 (Table 3.4), are a combination of variables
which have exhibited a limited relationship with household energy footprints in the past (population
density, median age of population, proportion of degree-level qualifications) (Minx et al., 2013; Salo
etal., 2021), and relate to the efficiency of households (median household EPC rating and proportion
of households not on the gas grid). Unemployment rate is also examined as household income is
examined as an average across the LA. Unemployment rate may therefore be a better indicator of
lower income at a LA-level as by taking an average of household income for each LA, areas of high
and low consumption may nullify each other in an average. Whereas, this should not happen in the

unemployment rate statistic.

After examining the ESD footprints modelled in Chapter 5 in the context of socioeconomic and
geographic factors, EDR strategies, using the ESD values for each LA as a baseline will be modelled
in Chapter 6. The policy options and modelling technique used in Chapter 6 will be set out in Section
3.3 and Section 3.4.

3.3 Energy Service Policy Options at a LA-level

The policy options which comprise the four service-oriented EDR strategies modelled in Chapter 6
are taken from Ivanova et al., (2020). The policy options in Ivanova et al., (2020) were selected for
the EDR strategies in Chapter 6 as they are consumption-based policies. Consumption-based policy
options go beyond technical interventions to reduce energy demand, and can be implemented within
LAs, at a household-level. The service-oriented EDR strategies modelled in Chapter 6 will be

discussed in more detail in Section 3.4.

The EDR potential of the policy options set out by Ivanova et al., (2020) are given in tonnes of CO;
(tCO2) however. The figures given in Ivanova et al., (2020) therefore need to be converted into
tonnes of oil equivalent (toe) to be directly applicable to the ESD footprints in Chapter 5 (Appendix
4). The multipliers, used to generate the ESD footprints in Chapter 5, were used to convert tCO; into

toe (Appendix 4).

In addition to the multipliers to convert expenditure to kilograms of oil equivalent for the 307 COICOP
product categories (Section 3.2.2), there are also multipliers for each category to convert expenditure
into kgCOze (Appendix 4). An element-wise division of the embodied energy multipliers for each

product by the respective embodied CO, multipliers for each product creates a multiplier between
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tCO- and toe for every COICOP category (Appendix 4). These multipliers can be used to convert the
tCOzdata in Ivanova et al., (2020) into energy units (Appendix 4).

However, the policy options in Ivanova et al., (2020) apply to ESD categories and sub-categories
rather than individual COICOP categories. Therefore, generating multipliers for the policy options in
Ivanova et al., (2020) requires multipliers for each ESD sub-category. Multipliers for each ESD sub-
category were therefore generated using a weighted average based upon the multipliers for each
individual COICOP category within each ESD sub-category. The relevant multipliers for each ESD
sub-category were then used to convert each policy optioné sitigation potential from CO; units to
energy units to be used in Chapter 6. The method used to model the converted policy option
mitigation potentials will be set out in Section 3.4.

3.4 Modelling the EDR Potential of four service-oriented
strategies

3.4.1 Input-Output Methodology for Assessing Mitigation Potential
Chapter 6 will use equations derived from Wood et al., (2018) to model the combined effect of the

consumption-based policy options in Ivanova et al., (2020) upon the ESDs of different LAs
throughout GB (Appendix 6). The equations are underpinned by the overarching 10 methodology
and include the ability to assess the penetration rate of EDR measures, and their rebound effects
upon different ESDs. This methodology in Wood et al., (2018) was initially used on a macro-scale,

however in Chapter 6, the model shall be used on both the macro-scale and micro-scale.

The initial reduction of the demand for different ESDs (0w ) (Equation 9) is given as:

.
"m (¢S

A\ A
-
A

Equation 9

where wrepresents final demand per energy service, i is the potential reduction per energy service,
0 is the assumed penetration rate of the mitigation measure, and $ is the symbol for element-wise
multiplication of w by the corresponding values of i and 0 (Equation 9) (Wood et al.,, 2018).
Acceptance values, generated by reviewing three documents examining household preference for
mitigation policies (Skéld et al., 2018; Climate Assembly UK, 2020; UNDP, 2021), and the proportion
of the population not already undertaking each measure will act as a proxy for penetration rate of
the policy goal (0 ) (Skold et al., 2018) (Appendix 7). Proportion of the population not already
undertaking the policy goal will be used to avoid double counting EDR potential, while the level of

acceptance acts as an estimate of the proportion of the population willing to undertake each
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measurel®. Each penetration rate (0 ) is cascading too, meaning that if, for example, a certain
proportion of the population switched to vegetarian diets, this proportion of the population can then
not also be included in the calculation of the effect of vegan diets upon nutrition ESDs across GB
(Appendix 7).

However, as stated previously, reductions in energy demand for certain ESDs can lead to a rebound
effect (w ) reducing the potential of each EDR strategy (Equation 11) (Stern, 2011). Additionally,
shifts in behavioural practices, such as shifting to a plant-based diet, result a substitution effect (0 )
(Equation 12), whereby demand for products is replaced by demand for different products to fulfil
household ESDs. The actual effect of each mitigation measure (w ) (Equation 10) in Ivanova et al.,
(2020) is therefore calculated as:

< orm™ (vt oomt

Equation 10

The substitution effect and rebound effect of each mitigation measure are calculated using equations
in Chitnis and Sorrell, (2015). The equations for the substitution and income effects from Chitnis and
Sorrell, (2015) are used in place of the equations from Wood et al., (2018) as the equation to
calculate the scalar of price differences used in the Wood et al., (2018) equations was taken from

an unpublished paper and is therefore not available to use.
w (Equation 11) is calculated using the following equation:

ont o a’tai S w S Lk

Equation 11
And is split down into the direct rebound effect « _z+t,5 and the indirect rebound effect

category affected in household expenditure (0 ) is multiplied by the elasticity of the energy service
sub-category quantity demanded in relation to expenditure t ,5 (Equation 11) (Chitnis and Sorrell,
2015). Price elasticities determine changes in expenditure by households based upon changes in
the price of a product, and the quantity of a product available (Chitnis and Sorrell, 2015; Wood et al.,
2018).

15 | evels of social acceptance for each mitigation measure will change over time as social practice norms change. The penetration rate
values therefore represent public perceptions presently, rather than perceptions of the mitigation measure evolve over time.

Mitigation strategies in Chapter 6 will therefore not be considering strategy evolution over time.
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The indirect rebound effect is calculated for every COICOP category considered in the ESD
footprints in Chapter 5 and summed together to get the full rebound effect for all products (Chitnis
and Sorrell, 2015). w is the share of the product in total household expenditure relative to the share
of the ESD the product is fulfilling in total household expenditure (Chitnis and Sorrell, 2015). w for
each product is multiplied by we and then the price elasticity of the product in relation to total
household expenditure (— ).

@ (Equation 12) is calculated using the following equation:

'VO-H- +

Y- S tuk
Equation 12

and is also split down into the direct substitution effect ( + , g} and the indirect substitution effect
St , gy (Equation 12) (Chitnis and Sorrell, 2015). The direct substitution effect is an elasticity
equation of the energy commodity quantity in relation to the energy commodity price ( +,z)

(Chitnis and Sorrell, 2015). In the indirect substitution effect, wj is multiplied by the elasticity of the

guantity of a product available related to its price.

The substitution effect can be applied across the all COICOP categories used to make-up the ESD
footprints in Chapter 5. However, a specific rebound can be modelled if newly available money is
expected to be spent on specific products i e.g. shifting to public transport means less money spent
on vehicle fuel, but greater money spent on bus travel T using Equation 12, but limiting it to the

specific products that substitution is expected to occur upon.
The total effect of each mitigation strategy can be assessed with the following equation:

¢ < sa g0
Equation 13

whereby the actual effect of each mitigation measure is summed into the variable & to allow the

total effect of each mitigation strategy to be calculated (Equation 13) (Wood et al., 2018).

The EDR potential of each of the four strategies in Chapter 6 is calculated using the equations in
Section 3.4.1. Once the EDR potential has been calculated, correlation analyses will also be
undertaken upon the EDR data to identify whether LAs exhibiting high ESD footprints align with
areas modelling high levels of EDR. As with the ESD footprints in Chapter 5, a spatial autocorrelation

analysis wild|l also be undertaken on the EDR dat a
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of clustering in the EDR data across space in GB (Getis, 2005; Griffith, 2005). As with the ESD
values in Chapter 5, a small range of wvalues for each
national-level approach is appropriate for EDR in GB. However, a large range of values and high
clustering of values would indicate that different areas of GB would be expected to experience
different levels of EDR under each strategy (Robinson and Mattioli, 2020). The EDR strategies
themselves are set out in Section 3.4.2.

3.4.2 Policy Strategies
The analysis of consumption-based policy options for mitigation in Ilvanova et al., (2020) focuses

upon the potential of single policy instruments. All of the policy options analysed in Ivanova et al.,
(2020) have consequences for the level of energy demand associated with different ESDs in GB
(Royston et al., 2018). However, while there is value in analysing singular policy options individually,
instruments to reduce energy demand are rarely implemented alone, meaning that the effect of
multiple policy options, working in tandem, needs to be considered (Kern et al., 2017). The equations
from Wood et al., (2018) (Section 3.4.1) allow the potential of multiple policy options in lvanova et

al., (2020) to be analysed as EDR strategies.

The EDR strategies in this section examine the potential of the combined measures to reduce the
energy associated with household ESDs at a fixed point in time. While academics and policymakers
both have an interest into how EDR strategies, and their acceptance, changes over time, this will not
be considered in this chapter (Kern et al., 2017). Additionally, the EDR strategies presented in
Chapter 6 are discussed on a national-level, and a LA level to show how the level of EDR for each
ESD varies throughout GB.

The EDR strategies set out in this section to be modelled will be aligned with the different columns
of the 6 A v-8hiftd mp r ¢ASIgfiamework in Creutzig et al., (2018). The strategy aligned with the

6i mpr ov e 0 titleddhe energy effidency strategy, while the maintained service levels (MSL)

stra

strategy will include measures from Ivanova et al., (2020) whi ch O6shi fté& energy

intensive alternatives (Creutzig et al., 2018). The reduced service levels (RSL) strategy will utilise

measures from lvanova etal., (2020)whi ch déavoi d6 ener ghefullemsideaationo get h

(FC) strategy will consider all three columns of the ASI framework, and combine all measures from

Ivanova et al., (2020) into a single overarching strategy (Creutzig et al., 2018).

3.4.2.1 Energy efficiency strategy
The energy efficiency EDR strategy utilises measures which seek to improve the thermodynamic

energy efficiency of conversion devices to deliver ESDs to households or the material efficiency of
conversion devices bought by households (Sorrell, 2007). The measures for the energy efficiency
approach primaril ympo me edn de ASlfrdmeword, imeanhimgehat they utilise

existing energy delivery systems and practices, seeking to reduce the level of energy demand
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associated with them (Creutzig et al., 2018). Energy efficiency is a common policy goal of
governments throughout the world, including GB (BEIS, 2019, 2021c), and is popular due to the
need for minimal government intervention and the perceived benefits energy efficiency can bring to
households (Shove, 2018).

However, as stated in Section 2.1.3, energy efficiency does not challenge current unsustainable
lifestyle practices, such as excess consumption (Shove, 2018). Additionally, there are concerns that
any reduction in energy demand for ESDs through energy efficiency measures is likely to be
reduced, or cancelled out, by the rebound effect (Brockway et al., 2017).

Despite the concerns and issues surrounding energy efficiency, the strategy will be considered in
Chapter 6. Energy efficiency will remain an important part of EDR going forward, and therefore needs
to be considered in a demand-side study of EDR potential (BEIS, 2021c). Modelling the effects of
energy efficiency upon GB6és ESDs will all ow

efficiency EDR strategy upon the energy required for ESDs across GB, and demonstrate the
differences between an efficiency approach to EDR, and one which considers maintaining or

reducing ESD levels.

The measures included in the energy efficiency EDR strategy can be seen in Appendix 5, and the
underlying assumptions of each measure utilised in the energy efficiency strategy can be seen in

Appendix 6. The energy efficiency EDR strategy will serve as a baseline strategy in Chapter 6.

3.4.2.2 Maintained Service Levels
The MSL EDR strategy primarily utilises measures in lvanova et al., (2020) which can be classed

undert he O6shi ftd col umnCreutzigdtdl. e2018)SMeastiresanrthe MSLrstkategy
therefore do not reduce the level of household ESDs, for example, shifting a journey made by car to
public transport, meaning that a household keeps the same level of service (e.g. travelling to their
destination), but at a lower rate of energy use (Creutzig et al., 2018). The measures in the MSL
strategy reduce energy demand through behavioural change, technology shifts and energy efficiency
improvements. The measures included in the MSL EDR strategy can be seen in Appendix 5. The

underlying assumptions of each measure utilised in the MSL strategy can be seen in Appendix 6.

The MSL strategy has been modelled in Chapter 6 to demonstrate the EDR potential possible in GB,
while maintaining the same level of household ESDs. Understanding the level of EDR possible
without reducing service levels is important as an often cited barrier to EDR through measures
beyond energy efficiency is that households have concerns about compromising their wellbeing
(Steinberger & Roberts, 2010; Brand-Correa et al., 2018; Burke, 2020). However, other studies have

shown that reducing energy demand through behavioural change and technology shifts does not
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necessarily reduce wellbeing or quality of life (Grubler et al., 2018; Vogel et al., 2021; Barrett et al.,
2022). 1t is therefore important to demonstrate how considering maintained energy service levels
can lead to a reduction in the energy required to deliver ESDs without compromising quality of life

or wellbeing.

The measures utilised in the MSL strategy aim to reduce energy demand across a range of the ESDs
modelled in Chapter 5. Transport-related measures focus on shifting transport by personal vehicle
to public and active transport, while nutrition-related measures focus upon household changes in
diet such as consuming less meat by shifting to reduced meat or plant-based diets (Creutzig et al.,
2018; Ivanova et al., 2020).

The MSL strategy does not just consider measures from Ivanova et al., (2020) which can be classed
under the &éshiftd col umn (Efeutzigleteal. A038). Edergyeficiemocyr Kk  h o
measures are also included within this EDR strategy as energy efficiency measures are specifically
designed to provide the same level of energy service for less energy (Shove, 2018). This leads to
an overlap between the MSL strategy and the energy efficiency strategy. However, as this thesis is
not advocating for ceasing the implementation of energy efficiency improvements, and improving
energy efficiency is likely to remain an important aspect of EDR going forward (BEIS, 2021c), it is

important to include energy efficiency measures in this EDR strategy.

3.4.2.3 Reduced Service Levels
The RSL strategy utilises EDR measures from Ivanova et al., (2020) which affect eight of the nine

ESD categories in Table 3.3. The EDR options included in this strategy centre around the @voidd
column of the ASI framework, meaning that this strategy aims to avert the need for energy use
altogether, through measures such as lowering internal room temperature, travelling less or making
fewer purchases (Creutzig et al., 2018). Reducing the service levels of households using these EDR
measures relies upon behavioural change rather than technological shifts or energy efficiency

improvements to reduce energy demand for energy services (Creutzig et al., 2018).

The measures included in the RSL EDR strategy can be seen in Appendix 5. The underlying

assumptions of each EDR measure utilised in the RSL strategy can be seen in Appendix 6.

Strategies aimed at reducing energy service levels have sometimes, in the past, been cited as
undesirable as they reduce their level of wellbeing (Steinberger and Roberts, 2010; Brand-Correa et
al., 2018; Shove, 2018; Burke, 2020). However, while this may be true in developing countries, other
studies have proven that once the level of ESDs demanded by households passes a certain
threshold, reducing energy service levels does not bring about significant reductions in wellbeing
(Brand-Correa and Steinberger, 2017; Vita et al., 2019).
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Reducing service levels in GB could therefore be important for limiting overconsumption as reducing
ESD levels, reduces energy demand for an ESD, and may have benefits beyond EDR (Raworth,
2012; Hickel et al., 2021). For example, in the UK, it has been found that throughout all income
deciles throughout the UK, there is an overconsumption of daily calories per capita (Garvey et al.,
2021). Adopting a food sufficiency EDR measure would reduce the level of food consumed, and
therefore energy demand for nutrition ESDs, which would potentially have health benefits of reducing
obesity (Garvey et al., 2021). Improved health of individuals can therefore lead to better wellbeing of
households, through a reduction in ESD levels, therefore implying that a RSL approach may benefit
households in GB (Urge-Vorsatz et al., 2014).

3.4.2.4 Full Consideration
The FC strategy utilises all the measures set out in Ivanova et al., (2020). The FC strategy utilises a

mix of energy efficiency measures, measures which maintain ESD levels and measures which aim

toreduce ESDI ev el s. It is expected that this strategy

as it is not limited by the method through which the measure achieves EDR. The FC strategy
therefore includes measures from across the ASI framework (Creutzig et al., 2018). The measures
included in the FC strategy can be seen in Appendix 5. As with the three previous three EDR
strategies, the underlying assumptions of each measure utilised in the FC strategy can be seen in

Appendix 6.

The FC strategy is modelled in Chapter 6 to demonstrate the full potential of consumption-based
options upon the ESDs of households nationally, and throughout all LAs in GB. Other studies have
modelled the effect of multiple EDR options upon society before i e.g. Grubler et al., (2018); Barrett
et al., (2022). However, the modelling work in Chapter 6 models the effect of the four EDR strategies
across space at a LA-level, and focuses specifically on households, and the changes in household
energy demand for ESDs under different EDR strategies. Thus, the work in Chapter 6 gives a deeper

insight into the effect that EDR will have upon household ESDs.

The ESD values for households, modelled in Chapter 5, serve as a baseline for the present-day level
of each ESD demanded by households in different LAs across GB, the FC strategy will act as a
threshold for the level of EDR which the energy efficiency, MSL and RSL EDR strategies are trying
to attain, thus showing the full potential of maintaining and reducing service levels upon households
in GB.

3.4.3 Summary

The four strategies set out in Section 3.4 cover all of the options set out in lvanova et al., (2020) with

the exception of Bio-Plastics/Chemicals, Green Roofing and Low Carbon Construction mitigation
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options16. There is overlap between the MSL strategy and the energy efficiency strategies, however
the RSL strategy only overlaps with the FC strategy. Each of the first three strategies considers a
different aspect of the three sections of the ASI framework set out by Creutzig et al., (2018), while
the FC strategy includes measures from across all three sections of the framework.

It is expected before that the FC strategy will be the most effective EDR strategy modelled in Chapter
6 as more options from lvanova et al., (2020) are considered in this strategy, however the other three
packages will outline the effectiveness of other approaches to EDR. Additionally, all four strategies
will have benefits beyond EDR, potentially bringing about positive co-benefits, such as improved
health through lower calorie consumption or shifting to active transport, however, these co-benefits

are not modelled in this study as this is beyond the scope of the thesis.

After modelling the potential of the four service-oriented strategies in Chapter 6, the EDR potential
of each strategy will be analysed alongside the capacity of households in each LA to assess whether
high levels of EDR are modelled in areas which can adopt the measures within each of the strategies.
Assessing the EDR potential of each LA in the context of household capacity to act in each LA will
demonstrate whether a disaggregated approach to EDR may be necessary in GB. The method for

calculating household capacity through CI scores is set out in Section 3.5.

3.5 Feasibility of EDR strategies

The final results chapter of the thesis (Chapter 7), will focus upon household capacity to adopt the
EDR strategies set out in Section 3.4 by calculating Cl scores for each LA. Technical potential of the
four strategies designed to reduce energy demand for ESDs is modelled in Chapter 6, as is the
behavioural plasticity of consumers through the societal acceptance values and proportion of the
population not already undertaking each EDR option (Figure 3.5). Considering whether high ESD
and high EDR levels align with CI scores will indicate whether the universal strategies reduce energy
demand by the greatest level in areas with high Cl scores, thus ensuring an equitable transition
(Figure 3.5). If the strategies do not align with these areas, then a non-universal approach to EDR

must be considered.

The CI analysis will focus upon the capacity of households in different LAs to adopt the EDR
strategies modelled in Chapter 6. Section 7.1 will consider the capacity of households in different
LAs to adopt measures in each EDR strategy through the levels of different types of capital available
to households. The method used to identify which LAs have greater capacity to adopt each EDR

strategy will be set out in Section 3.5.1.

16 Bio-Plastics/Chemicals, Green Roofing and Low Carbon Construction have been excluded from consideration in Chapter 6 as they are

unlikely to be undertaken by households in the near future, and therefore will provide limited mitigation benefit.
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Figure 3.5 Framework for examining the feasibility of EDR options and EDR strategies at different scales i national,
regional or local (Image source: Nielsen et al., 2020).

Section 7.2 will then draw the elements from Chapter 5, Chapter 6 and Chapter 7 together by
analysing the ClI scores alongside the ESD and EDR results from Chapter 5 and Chapter 6 to identify
whether areas of high ESD consumption or high levels of EDR potential align with LAs which possess
higher levels of capacity to adopt EDR strategies. This analysis will allow an assessment of whether

a national, regional or localised approach to EDR would be appropriate in GB.

3.5.1 Local Authority ability to adopt energy demand reduction strategies
The capacity of households within each LA to adopt the EDR strategies will be considered in Section

7.1. Section 7.1 will use a CI to assess the capacity of households to adopt the EDR strategies
modelled in Chapter 6. Cl s have been used by many previous to assess poverty and household
capacity to adapt to different situations, including climate change (Pandey and Jha, 2012; Siders,
2019; Robinson and Mattioli, 2020).

The CI in Chapter 7 considers five dimensions of capital (Section 3.5.2) which are made up of
different indicators (Siders, 2019). Once the indicator data for each LA has been gathered, the data
will be indexed to place the different indicators on the same scale (0 to 1) (Equation 14), with a higher
score representing the greater likelihood of residents within an LA being able to implement the EDR

strategies in Chapter 6 (Pandey and Jha, 2012). The equation used to index the values is:
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0¢ QQa ° 0

Equation 14

whereby "@is the indicator value for each LA. '@ "Qé& the smallest indicator value, and '@ & ds the
largest indicator value (Pandey and Jha, 2012).

The results of the CI analysis will be set out on a dimension basis rather than considering the
individual indicators themselves for each LA (Equation 15). Presenting this number of results would
be difficult in a single thesis chapter. None of the factors are weighted as each of the dimensions
are an equally important aspect of household capacity to adopt EDR strategies. The equation for

calculating the results on a dimension basis is set out as follows (Pandey and Jha, 2012):

10t QQw
£

Equation 15

The results for each dimension will be mapped using GIS. Mapping the results will provide a visual
representation of how CI scores vary across GB. Finally, spatial autocorrelation and correlation
analyses will be undertaken to analyse the data generated in the CI analysis (Getis, 2005; Griffith,
2005). Correlation analyses will be used to identify whether LAs with high levels of ESDs and EDR
align with LAs which possess high Cl scores (Robinson and Mattioli, 2020). Spatial autocorrelation
will also be undertakentogener at e Morands | val ue s iddntdfyrwhetharc h c a
LAs with similar CI scores are clustered, thus indicating that similar areas of GB possess similar
capacity to adopt the EDR strategies modelled in Chapter 6 (Getis, 2005; Griffith, 2005; Robinson
and Mattioli, 2020). Analysing the CI scores using correlation analyses and spatial autocorrelation
will identify whether high ESD levels, EDR and CI scores all align. If all aspects of the research
undertaken in Chapter 5, Chapter 6 and Chapter 7 align, then a national-level approach to EDR
would be a suitable approach to EDR. However, a lack of correlation between the values would
indicate that the national-level approach may lead to an unjust demand-side transition, with areas of
low capacity to adopt EDR strategies expected to make the largest reductions in energy consumption
of ESDs.

3.5.2 Capacity dimensions: Types of capital
The dimensions used in Chapter 7 focus upon different types of capital required for an equitable

demand-side transition (Section 2.1.2.3), which are: (1) financial capital, (2) human capital, (3)
physical capital, (4) natural capital and (5) social capital (Siders, 2019) (Table 3.5). All capital is also

considered in Chapter 7. Each type of capital is made up of indicators which are indexed and
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averaged to give a score for each dimension of capital (Table 3.5). LAs exhibiting higher scores
under each capital type will indicate a greater capacity to adopt the strategies modelled in Chapter
6.

Table 3.5 Capacity dimensions and their associated indicators. For indicators where a higher value would indicate a lower
capacity to adopt the startegies modelled in Chapter 6 i e.g. Unemployment rate i the results will be subtracted
from 1 to invert the results and ensure that a higher capacity index score indicates greater household capacity.

Dimension Indicator

Financial capital
Average household income
Unemployment rate
Proportion of income on non-essential consumption
Human capital
Median age of the population
Proportion of adults with degree-level qualifications
Proportion of non-fuel poor households
Number of food parcels per 100,000 population
Multiple deprivation index
Physical capital
Proportion of owner-occupied housing
Number of vehicles per household
Distance to nearest public car charging infrastructure
Number of mainline train stations
Number of buses
Median household EPC rating
Proportion of population producing renewable electricity
Proportion of population using renewable electricity
Proportion of population using renewable-based heating
Natural capitall’
Population density (per km?)
Social capital
LA first climate target date
Proportion of nutrition expenditure on meat
Proportion of waste already recycled
Proportion of population undertaking car-pooling

The indicators within each of the five dimensions of capital are based upon a combination of
socioeconomic factors, geographic factors, data collected in the LCFS (i.e. expenditure data), as
well as current acceptance rates of technological and behavioural EDR measures and poverty

indicators.

17 Natural capital generally refers to natural resources provided by the natural environment. In the context of household capacity to adopt

EDR strategies, natural capital refers to the size of the LA environment that councils are responsible for.
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Natural capital generally refers to the availability of natural resources 1 e.g. soil, water and minerals

T in Cl studies (Barbier, 2019). The demand-side transition in GB will require the availability of natural

capital, such as lithium for battery-electric vehicles (BEVs), however, due to the globalised nature of

GB6s economy, the availability of natur al resour
Considering the natural resources required for EDR under each strategy is also beyond the scope

of this thesis. Natur al capital wi || therefore cc
the land area needed to be addressed by each LA, using the population density data examined in

Chapter 5 (Siders, 2019).

The CI of each capital type will generate Cl scores for each LA which will draw the work of the thesis
together to assess whether a universal approach to EDR is appropriate for different ESDs and
different LAs throughout GB. This work is set out in Chapter 7.

3.6 Summary

In this chapter, the methodological basis for this study has been set out with signposting as to which
chapter of the thesis each method will be utilised in (Table 3.1). IO modelling underpins the ESD and
EDR modelling in Chapter 5 and Chapter 6 (Leontief, 1936; Miller and Blair, 2009), while a Cl is used
to generate scores to assess household capacity in Chapter 7 (Pandey and Jha, 2012; Robinson
and Mattioli, 2020).

The methods utilised in this thesis are used to generate LA-level data for ESDs, EDR and the
capacity of households to adopt EDR strategies. The LA-level data is then analysed to assess

whether a national approach to EDR is appropriate for each ESD category modelled in this thesis.

However, before these methods can be applied in Chapter 5, Chapter 6 and Chapter 7, a framework
for analysing the energy system from service-oriented LA perspective needs to be outlined. Setting
out a framework which analyses the energy system from a services-oriented is important for allowing
LAs to identify which stage each of the consumption-based policy options, in each of the EDR
strategies, affect. The service-driven energy demand chain (SEDC) framework is set out in Chapter
4 and used in Chapter 6 to show which stage of the energy system that the consumption-based

policy options from Ilvanova et al., (2020) affect.
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4 The Service-driven Energy Demand Chain Framework

Chapter 4 develops a framework encompassing the full energy system which adopts a service-
oriented perspective and allows LAs to assess the effect of consumption-based actions upon the
whole energy chain. The framework is entitled the Service-Driven Energy Demand Chain (SEDC)
framework and links the social and technical aspects of the energy system together through the
concept of energy service demands (ESDs) meaning that technical energy efficiency measures can
be considered and modelled beside avoid and shift options from the avoid-shift-improve (ASI)
framework. The SEDC framework is used in subsequent chapters of the thesis, particularly, Chapter
6, to define different energy demand reduction (EDR) strategies and identify which stage of the
energy chain that household EDR actions at a LA-level affect.

As stated in Chapter 1, devolving powers to enact EDR to a LA-level may have benefits for EDR as
LAs and households tend to be more ambitious in climate targets than the national-level government.
Additionally, the options used by LAs to reduce energy demand go beyond energy efficiency
measures due to their lack of direct control over energy policy. Chapter 4 will therefore build upon

the analysis of LAs, ESDs and the energy system frameworks in Chapter 2.

In Section 4.1, the findings of the literature review will be quickly recapped, and the gaps which were
identified in Section 2.2 and 2.3 will be discussed alongside how services-oriented framing of the
energy system from a LA-level could build upon these gaps. Secondly, a framework for analysing
the whole energy chain, from primary energy to household wellbeing, which begins at the ESD stage
of the framework i i.e. the point of consumption which LAs can affect - will be set out in Section 4.2.
Section 4.2.1 with considert he f ramewor k 6s d amlihg framaewerk itself widl bee nt s
set out in Section 4.2.2. The application of the framework will then be considered in Section 4.3,
while the insights provided by the framework will be considered in Section 4.4. Finally, Section 4.5
will set out how the SEDC framework will be used in subsequent chapters of the thesis to examine

the energy system, and model EDR, at a LA-level using the services perspective.

4.1 Insights from Literature Review
In Section 2.3 and Section 2.4, the frameworks and models which utilise the concept of energy

services were analysed. In Section 2.3, it was found that energy system frameworks often included
the concept of energy services as the end result of the energy system, rather than the drivers of the
energy system itself. (Hafele, 1977; Kahane, 1991; Cullen and Allwood, 2010; Heun, et al., 2018).
Additionally, many of these frameworks did not extend energy services to human wellbeing, thus
neglecting wellbeing as a factor in energy consumption for ESDs, however, some frameworks are
beginning to consider the link between ESDs and human wellbeing, but do not consider the full

energy chain (Brand-Correa et al., 2018).
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Within energy system frameworks and models which simulate ESDs, ESDs are often considered as
the end point of the energy system and only focus upon energy service categories associated with
direct energy consumption (Fell, 2017; Hardt et al., 2019). Additionally, ESDs are sometimes
modelled exogenously meaning that the effects of a model do not feedback and impact upon ESD
levels, thus reinforcing the discourse of ESDs as a result of the energy system, rather than a driver
of it in the model results (Fouquet, 2010; Fell, 2017; Hardt et al., 2019). Models in Section 2.4 also
tend to focus upon only those ESDs provided by direct energy, such as heating. The design of the
frameworks, categories and models in Section 2.3 and Section 2.4 therefore tend to favour the
current discourse surrounding energy demand and EDR i i.e. energy efficiency measures as the
primary form of EDR T as the technical energy supply system tends to be prioritised in each of these
areas (Morley, 2018).

LAs are areas of household consumption of ESDs, which are geographically separated from
production due to the nature of the energy supply system in Great Britain (GB), and the globalised
nature of the economy (Schulze and Ursprung, 1999; Tingey and Webb, 2020). Therefore, EDR
should be framed around consumption when considering EDR at this level, rather than reducing the
level of energy production for the same level of service through energy efficiency, as the means of
production may be situated out si de a L A TWngey and Webbd,i2820)i Ao focus upon
household consumption rather than just household energy demand also broadens out the scope of
EDR options to those which address the indirect energy associated with household consumption
(Vringer and Blok, 1995; Min and Rao, 2018).

The insights from Section 2.2, Section 2.3 and Section 2.4 suggest that a new framing of the energy
system is required to analyse EDR at a LA-level. LAs are situated at the point of consumption,
therefore beginning a demand-side analysis from a LA perspective should begin with the underlying
reasons that energy is demanded from the energy system i household ESDs. Focusing upon ESDs
rather than energy demand at this level directly relates energy consumption to meet ESDs within a
LA to household needs and wellbeing, thereby linking the social and technical aspects of the energy
system (Ngrgard, 2000; Brand-Correa et al., 2018). Additionally, a focus on households ESDs allows
LAs to consider EDR which addresses energy consumption, but does not rely upon only energy

efficiency to deliver EDR (Creutzig et al., 2018; Ilvanova et al., 2020).

With these considerations in mind, Section 4.2 will set out the proposed framework for examining
the energy system from a LA-level, and some examples of the potential EDR options available when
considering EDR for ESDs at the point of consumption in a LA. Section 4.2.1 will first set out the
design requirements of the framework, while Section 4.2.2 will subsequently set out the SEDC

framework itself.
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4.2 The Service-Driven Energy Demand Chain Framework

4.2.1 Energy Service Framework: Design Requirements
The SEDC framework is being used to examine energy consumption and EDR from a LA

perspective, meaning that the area of the energy system which is governed by a LA must be placed
at the beginning of the framework i energy consumption of household ESDs rather than production
of energy in the direct energy supply system. The framework must also consider the full energy
chain, f r om o6 ul t ii lB80Osevhich drideshbusehold energy demand and are required by
households to achieve wellbeingi t o &6 ul t i niathe éirechenargysupply system (Nargard,
2000). Therefore, the SEDC framework must reverse the traditional direction of energy system
analysis (Jonsson et al., 2011) in order to prioritise ESDs, and consumption, at a LA-level in this

approach.

Placing ESDs at the beginning of the energy chain, rather than the end, is important for EDR at a
LA-level as LAs have greater control over energy consumption within their boundaries than
production elsewhere in GB or beyond (Tingey and Webb, 2020). Additionally, placing ESDs at the
beginning of the SEDC framework means that the drivers of energy consumption are considered
before other elements of the energy system, such as the fuels used to generate primary energy
(Ngrgard, 2000).

The ESD stage of the SEDC framework links household consumption of ESDs with wellbeing, and
therefore the reasons underpinning household energy demand for ESDs (Ngrgard, 2000).
Understanding the initial levels of household energy demand, and the ESDs that the energy system
is providing, can also be used to consider whether the EDR options implemented by LAs, which
reduce the level of energy service consumption affect the ability of households to satisfy their needs

and achieve wellbeing (Brand-Correa et al., 2018).

The SEDC framework is designed to examine household consumption, with a focus on energy and
ESDs, within a LA. Therefore, the SEDC framework must also be able to consider the indirect energy
that contributes towards household energy consumption and ESDs (Haas et al., 2008). As stated in
Chapter 2, ESDs categories can go beyond categories which focus only upon direct energy i e.g.
heating and lighting i and focus upon all aspects of household consumption by considering
embodied energy (Haas et al., 2008; Owen and Barrett, 2020). Embodied energy is required to
manufacture and transport each product to households, and represents an important area of EDR
potential which is neglected by frameworks and models which only consider the direct energy supply
system (lvanova et al., 2016; CREDS, 2022). I ncluding a O6production sy:¢

framework will also allow EDR options which utilise avoid and shift measures from the ASI to be
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assessed by LAs, alongside the potential of EDR options which improve the technical energy
efficiency of the direct energy supply system (Creutzig et al., 2018).

The SEDC framework therefore offers LAs the opportunity to actively consider the entire energy
system in an EDR strategy by using an energy services framing. Considering ESDs beyond those
provided by direct energy by drawing in embodied energy into the SEDC framework also broadens
the number of EDR options available to LAs, therefore allowing LAs to consider all the EDR options
available for demand-side mitigation across the energy system in an overarching framework
(Creutzig et al., 2018; lvanova et al., 2020). The SEDC framework is set out in Section 4.2.2.

4.2.2 Framework
The SEDC framework is outlined in Figure 4.1. The SEDC framework recognises that households

within a LA are consuming 6 ESDs 6 i n an attempt to satisfy the
wel |l being. Delivering O6ESDs®é requires energy fron
amountfinaodned gyd required hoosehdds.| Dewesrr ifiBaf ® sde rt oy 6 t ©
households pl aces a requirement wupon the 0pthauseboldt i on

and to develop devices which convert final energy into the desired energy service.

The oO6production syst e mobunatagvhichrcan be generateddrgm fassilfupll v t o
sources of energy, at a geographically separate location to the examined LA, thus releasing
emissions into the atmosphere and contributing towards climate change (Edenhofer et al., 2014).
Energy supply for ESDs can comestfermdmwthh & hd diicrcoatnt
supplied directly to households f or t h e é.g. hedtifgSabdslighting. Or energy supply can
come from the O6indirect energy®6 requirement whi ¢

manufacture the products and services purchased by households i e.g. food for nutrition ESDs.

Anal yses begin at the OESDs6 stage aisunptioebasedE DC f r
EDR options, implemented in a LA, can be traced up the SEDC framework, to assess which stage
of the SEDC framework EDR will affect. Household energy demand of a LA at the ESDs stage of
the SEDC framework, and the upstream effects of EDR options are quantifiable as the energy
services demanded by households require final energy to be delivered. For example, the energy
service of mobility can be quantified in terms of passenger kilometres, and a specific level of
passenger kilometres drivefinaleaguigryds wdhi cédr tcainn ban

energy units, such as joules, kilowatt-hours or tonnes of oil equivalent.

The direct energy required from the O6difinelenergyener g
required to deliver household ESDs, can also be quantified in energy units (Haas et al., 2008). Direct

energy is produced by a mix of different energy sources including both fossil-fuel powered energy
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sources and renewable energy sources, and is transformed into the final energy required by
t hei

households
of EDR in LAs i

(GHG) emissions associated with energy demand and to reduce the pressure on energy supply in

t o

S

fulfil

to reduce

r ESDs.

p predidianrse st @ onid

order for it to be decarbonised faster (Grubler et al., 2018).

Human Wellbeing

Fundamental driver of energy
demand

e.g. Comfort, Social Relations

The

purchased products and services

Energy Service Demand

The services demanded from
energy consumption

e.g. Heating, Transport, Nutrition

Final Energy

The level of energy required to
deliver energy services

e.g. Electricity, Petrol

e.g. Personal Vehicle, Financial

tbe r@duce

Production System
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|
Direct Energy Supply

Energy required from the energy
system to deliver energy services

to consumers

e.g. Coal, Gas, Renewables

Energy System Flow

Figure4.1The

6Serivvem Energy

Demand Cha

and an example of what that stage of the framework is representing.

However, due to the increasing globalisation of the production system, quantifying the energy
required to deliver ESDs to households in LAs needs to go beyond quantifying direct energy (Kitzes,
2013). Quantifying the indirect energy embodied in the products and services purchased by
households is an important aspect of EDR at a LA-level T due to the geographical separation of
production and consumption 1

implemented by LAs. An indirect energy stage of the SEDC framework is therefore included within

t he

from the production system to fulfil household can also be quantified in energy units through the use

of multi-regional input-output modelling (MRIO) (Leontief, 1951; Lenzen, 1998; Miller and Blair, 2009;

Kitzes, 2013).
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I ncluding a 6production systemd st age EDROptitns
for LAs beyond direct energy considerations. Consumption-based options in Ivanova et al., (2020)
address both direct and indirect energy consumption, therefore allowing Chapter 6 to utilise the full
range of options in Ivanova et al., (2020). Providing that numerical consistency is maintained
throughout the SEDC framework, to avoid double counting indirect energy, both ESD footprints and
the EDR potential of strategies to reduce household demand for energy services in LAs can be
modelled using this framing of the energy system.

The focus of the SEDC framework is to provide LAs with a method of viewing the full energy system
from a services perspective i i.e. the point of consumption i and link local-level decisions with the
globalised production system. The SEDC framework broadens the scope of EDR options to those
which address indirect energy, therefore allowing the full range of consumption-based EDR options
in lvanova et al., (2020) to be modelled in Chapter 6. EDR using the SEDC framework is therefore

SEDC

reframed away from energy ef f i dimnakeemceyr,g yhoo vaenwde ro dwirte

supply systemd stages of t he S ptos cdn mha imeglamentel |

alongside EDR options which utilise the shift and avoid columns of the ASI framework.

Considering EDR using the SEDC framework therefore allows more complete EDR strategies, which
encompass the whole energy system, to be devised, in order to help bring about the necessary
reduction in energy demand for a 1.5°C future. The application of the SEDC framework will be

considered in Section 4.3.

4.3 Framework Application
The SEDC framework is able to consider all options for EDR from the ASI framework at a LA-level.

A full example of the SEDC framework being used to consider EDR for personal transport at a LA-
level is considered in Section 4.3.1 using an illustrative example, while Section 4.3.2 considers the

use of the SEDC framework in practice.

4.3.1 Framework example
A summary of how the SEDC framework could be used in practice can be seen below in Figure 4.2.

The example used in this chapter sets out how a LA-level policymaker could use the SEDC
framework to reduce household ESDs for personal transport by utilising measures implemented at
a LA-level, but affecting the upstream stages of the energy system. The EDR options outlined in this
chapter are not exhaustive and will be used to illustrate how the SEDC framework could be used in

practice.

ene

Beginning with the first stage of t he tBBspo@isf r ame

considered. In this example, personal transport is demanded to fulfil the human need of subsistence
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as defined by Max-Neef (1991), which is achieved through employment. Personal transport is
demanded by households to journey to their place of employment and is achieved through the use
of a privately owned vehicle which runs using an internal combustion engine. The energy required
to deliver the level of ESD is therefore a product of the amount of fuel a vehicle requires to deliver
the energy service, as well as the indirect energy associated with the production of the vehicle itself.
Having calculated the energy required to deliver this specific ESD, using MRIO (Leontief, 1936,
1951; Miller and Blair, 2009; Kitzes, 2013; Owen, 2018), methods of reducing the level of energy
associated with the energy service of personal transport can be considered at a LA-level.

FRAMEWORK STAGE:
Energy Service Demands |Final energy Producuon System Energy Supply System
. TN o g R : = -1
g,
' Digl e
! b ,. ‘__'
%F" R\ 3 f L
\), 0 \ - >
POLICY OPTIONS:
Incentives to encourage Improved infrastructure |Thermodynamic efficiency Reduction in
flexible working arrangements|to encourage bicycle improvements transformation losses
commuting
Quotas for the amount of Improving electric car
Subsidies to encourage |recycled materials in new charging infrastructure
car sharing products

Manufacturing standards
to encourage the use of
more efficient engines

Figure 4.2 A non-exhaustive summary of the EDR options that could be implemented within a LA but affect each stage of
the SEDC framework to bring about EDR for personal transport. Energy efficiencyandEDR measur es
and &6shift 6 hocossigédred bide-byEsBidis thedramework.

At the first stage of the SEDC framework, the amount of energy required to deliver the ESD of
personal transport is calculated. At this stage, measures that negate the need for mobility to achieve
subsistence, through employment, could be outlined by a LA. For example, LAs could focus upon
telecommuting through incentivising companies to adopt flexible working arrangements for
employees (Figure 4.2) (Creutzig et al., 2018; Ivanova et al., 2020). This would allow members of a
household to work from home and therefore reduce the level of personal transport ESDs required to
undertake employment and fulfil their need of subsistence ( 6 a v (CredtZig)et al., 2018). The
change in the need to travel every day for work would reduce the number of passenger kilometres
travelled by household, which would reduce the level of energy required for this need to be fulfilled,

therefore reducing energy demand without the need for energy efficiency.
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LA-level EDR strategies aiming to reduce the level of energy consumption associated with personal
transport ESDs can also consider measures which affect other stages of the energy chain displayed
in the SEDC framework (Figure 4.1). As stated in Section 4.2, EDR options from all columns of the
ASI framework can be considered using the SEDC framework and can be implemented alongside
each other to allow EDR to be undertaken in a more complete way (Creutzig et al., 2018). For

example, afinaltemer@y 6 stage of tamoptiost&rddice Energyndemandifok ,

personal transport is the mandating that households within a LA cannot purchase a new personal
vehicle with an energy efficiency standard below a set level ( 6 i mepd(Poeutzig et al., 2018).
Alternatively, LAs could introduce EDR options which encourage a reduction in the number of cars
on the road through incentives designed to increase the use of public transport or car sharing
s ¢c hemes (Créuizipetdlt2018). By implementing these EDR measures, households achieve
the same level of personal transport ESDs to get to work and achieve the need of subsistence, but

for a smaller requirement of final energy.

Continuing the example of analysing EDR options, implemented by LAs, which affect different stages
of the energy chain for personal transport for subsistence through employment using the SEDC
framewor k: at t hstage®f thedSEDCefamewakn leAs gowld offer incentives for

households replacing a broken car to buy a second-hand vehicle, rather than a new one. Finally,

within the 6direct energy supply systemd, the

to reduce the energy demand for personal transport through the improvement of electric vehicle

charging infrastructure within a LA to encourage the uptake of electric vehicles, as opposed to the

n

continued use of vehicles withiinte r n a | combust i on6 (Erautgigetals208p i mpr ov e

The illustrative example demonstrates that the SEDC framework encourages policymakers to
consider every stage of the energy chain when considering EDR options at a LA-level to reduce high
energy consumption of households for ESDs. Considering EDR from a services perspective at a LA-
level offers a new outlook on the energy system and broadens the scope of EDR beyond the
technical o6direct energy supply systembdéb. Whi

framework can be used in a similar way in practice (Section 4.3.2).

4.3.2 Framework in practice
The previous section sets out an example of how to utilise the SEDC framework to consider EDR

options at a LA-level which affect different stages of the energy chain to deliver ESDs to households.
However, while the example presented in Section 4.3.1 considers a single household ESD (personal
transport), and describes potential interventions a LA could make based upon this, the example did

not demonstrate that all household ESDs can be considered using the SEDC framework.
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The SEDC framework is primarily a policy framework for LAs. If applied in a local setting, the
framework, as shown in the example, has the potential for LA-level policymakers to consider
household ESDs at all points of the energy demand chain from consumption to production. At
present, the frameworks and models used by policymakers (Section 2.3 and Section 2.4) tend to
focus upon direct energy, and the technical energy system.

However, the SEDC framework also adds value beyond policy simply as a method for examining the
energy system. As stated previously, fienergy
demand of us €Lt @adllicesat, 2017, p2619)do households. Therefore, while household
ESDs are the end goal of the energy system, they are also the drivers behind it in order to achieve
wellbeing. By placing ESDs at the forefront of energy system considerations, studies, reports and
plans for EDR could offer new and different insights for future work (Ngrgard, 2000).

Additionally, the SEDC framework is not limited to specific EDR options. Non-energy policies can
affect household consumption patterns which affects ESDs levels within a LA (Cox et al., 2019). For
example, the decision by a LA to cancel a bus route to a rural village would mean that commuters
residing in the village may have to begin driving, instead of taking public transport, to reach their
place of employment and satisfy their human need of subsistence. In this instance, the needs
requi red by hotskheldswouldlremaretiie same, but the amount of energy required to
deliver this need would increase as a greater number of vehicles would be used to achieve
household personal transport ESDs. Alternatively, cancelling a rural bus service could decrease
transport ESDs as households in this rural area may be low income or elderly households who do
not own their own personal vehicle. The SEDC framework therefore offers opportunities for the non-
energy policies of LAs to contribute towards EDR across the whole energy system, and provides a
case for the careful design of non-energy policies to always consider the positive and negative
energy implications of policy (Royston et al., 2018).

4.4 Framework Insights
The SEDC framework offers theoretical insights, as well as practical insights into how the energy

system functions and can be used to consider options designed to reduce energy demand for the
transition to a net-zero society at a LA-level. Section 4.4.1 focuses on the theoretical insights, while

Section 4.4.2 focuses on the practical insights.

4.4.1 Theoretical Insights
From a theoretical perspective, the SEDC framework offers a fresh perspective of the energy system

to LA-level policymakers, which has been rarely adopted by other studies in the past (Nargard,
2000). ESDs are commonly noted as the end point of the energy system, as energy is not produced

in and of itself for no reason, therefore implying that any analysis of EDR strategies must be
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undertaken in the context of both services and wellbeing i as wellbeing is the underlying reason as
to why energy services are consumed (Le Gallic et al., 2017; Brand-Correa et al., 2018). However,
the energy system is often not examined in this way as stated in the literature review in Chapter 2
(Hafele, 1977; Kahane, 1991; Cullen and Allwood, 2010a).

The SEDC framework therefore reframes the conversation away from how energy is supplied to
what energy is used for at a LA-level. From this, energy demand considerations can be centred on
consumption, rather than making energy supply more efficient in the production system. Using the
SEDC framework at a LA-level removes the geographical separation between consumption and
production, and places an emphasis upon all the ability of actions undertaken by households in LAs
across GB to reduce energy demand (Cox et al., 2019; Ivanova et al., 2020; Tingey and Webb,
2020).

Placing household ESDs at the forefront of EDR considerations can also help to ensure that
wellbeing is not compromised in LA-level EDR strategies (Lamb and Steinberger, 2017). Considering
energy demand from a services perspective using the SEDC framework ensures that LA
policymakers can consider whether the same level of ESD is provided to households once a
measure has been implemented. This reframes conversations of EDR away from energy efficiency
at a LA-level as EDR can be implemented through improving energy efficiency, shifting energy
demand to less energy intensive products and practices or avoiding energy use altogether by altering
practices so that wellbeing can be achieved either without the use of an energy service or the
consumption of a smaller level of household ESDs (Lamb and Steinberger, 2017; Brand-Correa et
al., 2018; Creutzig et al., 2018).

Additionally, the SEDC framework places LA-level EDR into a real-world context by focusing on
services rather than just abstract numbers regarding how much energy is demanded from the energy
system by households in LAs (Morley, 2018). Considering the energy system from a national
perspective leads to policymakers focusing upon the amount of energy that is delivered to
households, rather than focusing on the services themselves (Morley, 2018; Kalt et al., 2019).
Placing the focus on energy services rather than energy quantities in this context allows actors to
see the real world impacts of energy consumption, and the benefits it brings (Morley, 2018; Kalt et
al., 2019). Considering the benefits of ESDs for wellbeing also draws in consideration of the
overconsumption of energy and the benefits that reduced ESD levels may bring for households
(Grubler et al., 2018). For example, shifting household transport demand for personal transport to
active transport reduces energy demand for ESDs and brings health benefits to households
(Daioglou et al., 2012; Urge-Vorsatz et al., 2014). Placing the energy system in a real-world context
is important, especially for EDR as the energy system is transitioned towards net-zero, to ensure

that the implications of EDR are considered and that the ability of households to achieve wellbeing
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through energy consumption is not inadvertently compromised by EDR options at a LA-level (Lamb
and Steinberger, 2017).

The SEDC framework links the energy system with human needs, wants and wellbeing (Brand-
Correa et al.,, 2018). ESDs have previously been descr ilifksethe
technical energy system and human needs (Brand-Correa et al., 2018). While examining this link in
detail at a LA-level is beyond the scope of this thesis, the SEDC framework could be used to examine
the effect of changing needs and wants upon ESDs and the energy system rather than solely
considering how changes in energy services affect wellbeing (Brand-Correa et al., 2018).

Finally, the SEDC framework diversifies the number of academic fields which can contribute to the
development and implementation of EDR strategies beyond energy system modellers and
engineers. Increasing the number of experts who can contribute towards a wicked problem, such as
EDR, could provide innovative methods of reducing energy demand in an equitable manner at both

a LA-level and national-level.

In addition to theoretical insights, the SEDC framework also offers practical insights. Practical
insights will cover how the SEDC framework could be applied in a real-world context by policymakers

and other stakeholders at a LA-level, and beyond, attempting to enact EDR in Section 4.4.2.

4.4.2 Practical Insights
As demonstrated in the framework example section of the thesis (Section 4.3.1), the SEDC

framework broadens the scope of EDR options at a LA-level beyond the boundaries of both the LA
itself and the direct energy supply system. Additionally, the impacts of LA-level behavioural changes
upon both the dlirect energy supply system and the @roduction systemd can be considered.

However, the SEDC framework offers practical insights beyond its main application.

Beyond the SEDC frameworkds main application
as a teaching tool for those in policymaking, at a LA-level, and beyond. The SEDC framework allows
users to easily visualise different steps in the energy system and production system. Being able to
visualise every step of the energy system is useful for those less familiar with how energy is produced
(Ngrgard, 2000). This could be advantageous to policymakers, although it should be assumed that

policymakers have a certain level of familiarity with the policy area they are responsible for.

However, beyond policymakers, the SEDC framework presents the energy system in such a way
that would be useful for any stakeholder, at a LA-level or beyond, who wishes to reduce the level of
energy consumption associated with their ESDs. The SEDC framework presents the energy system

in such a way that it is possible to easily visualise where a potential intervention could be made
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(Figure 4.2). This is advantageous to all actors and stakeholders throughout society who may be
looking to reduce energy demand using consumption-based options, but are unsure how to make
reductions in energy demand beyond technological options, such as insulating an office building.
Being able to easily visualise the energy system allows actors to easily understand which EDR
options are available to them, as well as the stage of the energy system an option impacts further
up the production chain in the direct energy supply system6 tberdroduction systemé

In addition to easier visualisation of the energy system, and where interventions could be made, the
SEDC framework examines the energy system from the point of consumption, as stated previously
(Section 4.2.2). By examining the energy system from the consumption end of the energy chain,
EDR focuses upon energy consumption, rather than improving the efficiency of energy supply
(Morley, 2018). In addition to providing methods of visualisation of the energy system from the point
of consumption, the SEDC framework also allows other forms of modelling which focus on
consumption of energy, rather than the production of energy to be used more prominently, such as
input-output (I0) modelling (Miller and Blair, 2009; Kitzes, 2013).

As discussed in Section 2.4 of the thesis, 10 modelling can be used to generate consumption-based
accounts of energy demand across countries, regions and the world (Miller and Blair, 2009; Kitzes,
2013). Examining the energy system using the SEDC framework would therefore allow IO modelling
to potentially take a more prominent role in EDR at a LA-level, and a national-level. The implications
of 10 modelling taking up a more prominent role in EDR strategies is that responsibility for EDR
would be allocated differently throughout the world by assigning energy demand to the end consumer
rather than producers (Miller and Blair, 2009; Kitzes, 2013).

The SEDC framework actively places the @roduction systemé within its boundaries, therefore
encouraging LAs to consider the role of the production system in household ESDs and EDR. Drawing
the production system into considerations of household EDR encourages LAs to implement EDR
options that go beyond focusing upon energy efficiency and reducing the amount of direct energy
supply required by households. Household EDR generally focuses upon energy efficiency measures
to reduce the level of energy consumption associated with energy services (Shove, 2018). For
example, reducing personal transport ESDs focuses upon switching to a BEV 1 i.e. Shifting energy
demand to a less intensive product i rather than using an older vehicle for longer in order to reduce

the energy demand associated with the production of a new vehicle (Creutzig et al., 2018).

By drawing in the focus on the production system as well as the direct energy supply system into
LA-level EDR considerations the number of options for EDR are increased, while the EDR options
available to households are also increased (Kalt et al., 2019). Additionally, it is possible that changes

in household consumption patternsby adopti ng EDR measures which aff

125



may also have knock-on effects within the production system as household demand for products
and services drives production in the same way that ESDs drive the direct energy supply system
(Fell, 2017; Le Gallic et al., 2017). This could therefore bring about even greater levels of EDR
throughout society as well as at a LA-level.

The SEDC framework offers many practical insights into the energy system, and how EDR could be
implemented. This is also true for its application in this thesis which will be examined in Section 4.5.

4.5 Application of the SEDC Framework in this thesis

In this thesis, the SEDC framework, and the LA-level services perspective of the energy system in
GB, will form the underlying basis of the subsequent chapters of the thesis. There will be limited
reference to the SEDC framework itself i with the exception of Chapter 6 i however, the framework
will guide the flow of the thesis in Chapter 5 and Chapter 6, while Chapter 7 will draw the elements

of the thesis together to assess whether a LA-level approach to EDR would be effective in GB.

Chapter 5 will focus primarily upon the ESDs stage of the SEDC framework. The LA-level ESDs of
households, examined in Chapter 5, are considered the starting point of the SEDC framework, and
therefore must be known before LA-level EDR can be considered. The modelling of LA-level

household ESDs is undertaken in Chapter 5.

The SEDC framework is then referenced directly in Chapter 6 of the thesis to set out which stages
of the SEDC framework are affected by the consumption-based EDR options, drawn from lvanova
et al., (2020) and implemented by LAs. Utilising the SEDC framework in Chapter 6, allows an insight
into the range of LA-level options under different service-oriented strategies for EDR, and also
showcases which stages of the energy system that LAs can affect using different EDR options. The
EDR strategies in Chapter 6 are then modelled to show the potential effect that LAs across GB could
have upon the demand-side of the energy system using consumption-based EDR options.
Additionally, Chapter 6 will compare the service-oriented strategies and the full consideration (FC)
strategy with the energy efficiency strategy modelled in Chapter 6 to demonstrate the potential of

going beyond the direct energy supply system in a policy framework for EDR.

In Chapter 7, the work of Chapter 5 and Chapter 6 is drawn together, alongside a capacity index (Cl)
analysis, to assess whether a disaggregated, LA-level approach to EDR, using the SEDC framework,
would be more appropriate than a nationally-led approach. Finally, in Chapter 8, the insights
gathered across the research chapters will be discussed in the context of wider literature. The
discussion in Chapter 8 will focus on the benefits of using the SEDC framework to analyse the energy
system and assess the level of EDR that could be achieved through adopting a services-oriented,

consumption-based approach to EDR at a LA-level.
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4.6 Summary

The SEDC framework offers both theoretical insights and practical applications for LAs, and
stakeholders wishing to reduce energy demand for ESDs. The SEDC framework reverses the
traditional direction of analysis when considering the energy system and places ESDs at the forefront
of analyses undertaken with the SEDC framework (Ngrgard, 2000).

The SEDC framework is primarily a policy framework designed to be used at a LA-level. LAs can
use the SEDC framework to consider different consumption-based EDR options and the stage of the
energy chain that each option will affect (Creutzig et al., 2018; lvanova et al., 2020). Considering the
effect of consumption-based options in an overarching framework is important for LAs as even if
funding were devolved to LAs to develop EDR policy, they are geographically separated from the
production of energy, products and services demanded by households to fulfil ESDs and achieve
wellbeing (Tingey and Webb, 2020).

The SEDC framework offers a fresh perspective of the energy system which draws in different forms
of modelling 7 e.g. 10 modelling i and also broadens the opportunities for LA-level EDR for
households to the @roduction systemd The SEDC framework will be used as an underlying guide for
this thesis as it is set out how to examine the energy system from a LA-level using a services
perspective. However, at present, beginning an analysis of the energy system from a services

perspective requires knowledge of the level of ESDs of each LA which is being examined.

Chapter 5 will report model household ESD footprints at a LA-level across GB. Modelling LA-level
ESD footprints of households will establish the current level of ESDs consumed in GB on an annual
basis across different categories. Once this baseline level of ESDs has been established, EDR
strategies utilising consumption-based EDR options to reduce demand for ESDs at a LA-level can

be modelled.
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5 Great Britainds emansls gtya Lecalr v i

Authority-level

Chapter 5 focuses on the energy service demand (ESD) footprints of each Local Authority (LA)
across Great Britain (GB). As stated in Chapter 3, the ESD footprints have an input-output (I0)
modelling methodological basis and are generated from household-level expenditure micro-data
collected in the Living Costs and Food survey (LCFS) (UK Data Service, 2023).

The ESD footprints have been spatially segmented to analyse the variation in the consumption-
based account of household energy service consumption at a LA-level. The results in Chapter 5 will
provide an insight into how energy services are utilised by households in GB, and their variation

across space, thus addressing the lack of a LA-level account of household ESDs for GB.

In this chapter, the results will first be presented on a national level (Section 5.1), before examining
the total ESDs (Section 5.2). In Section 5.3, the aggregate results from Section 5.2 will then be

examined across each ESD category set out in Section 3.2.5.

Finally, Section 5.4 wi | | examine the correlation coeff
underlying socioeconomic factors and ESD levels, using correlation and regression analyses.
Correlation and regression analyses will be undertaken across all LAs for all the ESD categories
modelled in this chapter. Section 5.4.1 focuses upon socioeconomic variables T e.g. income,
household size and number of vehicles per household i which have been identified by previous
footprinting studies as having strong relationships with the size of an environmental footprint (Minx
et al., 2013; Salo et al., 2021). Following this, Section 5.4.2 will focus upon socioeconomic variables
which have not exhibited strong relationships with the size of an environmental footprint in previous
footprinting studies i e.g. population density, household age (Minx et al., 2013; Salo et al., 2021).
Determining the factors which exhibit the strongest relationship with ESDs across space, will
establish whether the LA-level footprints exhibit the same pattern as the environmental footprints of

individual households, or if other factors are greater determinants of ESD footprint size at a LA-level.

5.1 GB Energy Service Demands: National Average
The average annual ESD footprint for all households in GB, across all ESD categories, is 2.47 tonnes

of oil equivalent (toe) per capita for April 2015 to March 2018. The average annual ESD footprint per
capita is the result of the applying the method set out in Sections 3.2.2 and 3.2.3 to the expenditure
data collected as part of the LCFS, described in Section 3.2.1. A diagram of the key steps undertaken

as part of the method in Section 3.2.2 and 3.2.3 is shown in Appendix 8.

Figure 5.1 shows the breakdown of the national average household ESD footprint for GB by the

energy service categories outlined in Section 3.2.4. Examining the breakdown of the national
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average ESD footprint shows that heating and personal transport ESDs contribute the greatest level
of energy consumption towards the total per capita footprint across GB, making up 21.3% and 24.9%
of the national average respectively (Figure 5.1). Other shelter ESDs (15.9%) and aerial transport
ESDs (10.7%) also contribute energy consumption towards the national average total (Figure 5.1).

Personal transport, heating and othersh el t er ESDs Il ikely contranddute n
average per capita ESD footprint as both direct and indirect energy, contribute towards the energy
consumption within each of these ESD categories. The consumption-based account of energy
consumption in Figure 2.9 is an average of 12.2% higher than the territorial-based account which

only considers direct energy, therefore direct energy makes up a larger proportion of the ESD

footprints (BEIS, 2021d; Defra, 2022).

m Heating m Other Shelter

= Personal Transport Public Transport
m Aerial Transport ® Nutrition
mRecreation & Communication ®Consumer Goods
B Services

National average ESD footprint

0.00 0.50 1.00 1.50 2.00 2.50
Energy consumption (toe per capita)

Figure 5.1 Make-up of the per capita national average energy service footprint. Percentage contribution of each energy
service towards the total energy service footprint per capita is shown on the graph.

The national average results presented in this section will be used as a reference for comparison
when considering the results for different LAs in the following sections. However, before examining
each ESD in more depth, the variation in the total household ESD footprint, for all LAs, across GB

will be considered.
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5.2 Total Energy Service Demands
Having examined the national average for GB, Section 5.2 examines the LA-level variation in total

ESD footprints, which represents the aggregate energy consumption by households across all the
energy service categories considered in this study. Figure 5.2 shows the range of total energy
consumption by households in all LAs in GB across all ESD categories modelled in this chapter. The
range of total ESD footprints at a LA-level is 1.81 toe per capita.

Total{ ¢ ¢4¢ &

Energy Service Demand Category

1.50 1.75 2.00 2.25 2.50 2.75 3.00 3.25
Energy Consumption (toe per capita)

Figure 5.2 The range of total ESD footprints for each LA across GB. The whiskers in the box plot represent 1.5 times the
interquartile range from the upper and lower quartiles. Individual points beyond the whiskers are outliers.

The centre line of the box in Figure 52r epresents the medi aHevelESDue of
footprint results (2.48 toe per capita per annum). The outer edges of the box section of the boxplot
in Figure 5.2 represents the interquartile range of LA-level ESD footprint values, showing that the
majority of total ESD footprints at a LA-level fall between 2.30 and 2.68 toe per capita per annum.
The whiskers in Figure 5.2 represent data points which fall within 1.5 times the interquartile range of
the upper and lower quatrtile values. The box and whiskers demonstrate the variability of the data
both within, and beyondthedatas et 6 s i nt e r lodivelualtdatd vaelues beeyord ¢he whiskers
of the boxplot in Figure 5.2 are outliers, meaning that the annual total ESD footprint per capita differs
significantly from the rest of the data. All boxplots in the remainder of the thesis can be interpreted

in the same manner as Figure 5.2.

Figure 5.3(a) expands upon Figure 5.2 by demonstrating how total ESD footprints vary across all

LAs in GB. As shown in Figure 5.2, the range in LA-level household ESD footprints is 1.81 toe per
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capita which varies between 1.49 toe per capita in Tower Hamlets, a LA in central London, and 3.31
toe per capita in Bromley, a LA in outer London (Figure 5.3(a)).

LAs within London therefore exhibit both the highest and the lowest total ESD footprint levels per
capita at a LA-level. London as a region, experiences an average total ESD footprint of 2.26 toe per
capita across its LA, which is lower than the national average (2.47 toe per capita). Similar footprint
analysis studies have previously revealed similar consumption patterns in London. Minx et al., (2013)
noted a similar pattern in London, whereby this region contained both the highest and lowest
footprint, with Central London having comparatively low footprints compared to Outer London.
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Figure 5.3 (a) Total, aggregate annual ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of each
L A @ggregate annual energy service footprint per capita.

Beyond London, Figure 5.3(b) highlights both the positive and negative standard deviation anomalies
from the GB national average. The greatest anomalies above the GB national average are
predominantly located in the southern regions of England, and northern Scotland, while the areas of
low standard deviation anomalies are generally located in densely populated areas, such as
Manchester, Liverpool, Glasgow City and Birmingham. These findings are consistent with lvanova
& Bichs (2020) who find that across the majority of EU (including the UK, as the UK was still a
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member of the EU when these analyses were undertaken) households in urban areas tend to have
a lower energy footprint than rural households.

However, Figure 5.3(b) suggests that many of the LA-level footprints modelled in this chapter do not

vary greatly from the mean. Areas exhibiting high standard deviation anomalies are not consistent

too, with a spatial autocorrelation analysis of the results in Figure 53 gener ating a Mor an
of 0.35 indicating weak clustering. Therefore, despite the appearance of clusters of LAs with high

ESD footprints in Scotland and the south of England, and low ESD footprints in London (Figure 5.3),

there are not specific regions of GB with higher or lower ESD footprints. Therefore, while there total

ESD footprints at a LA-level, the majority of LAs consumption energy within one standard deviation

of the GB national average (Section 5.1).

Further analysis will be undertaken on total energy service footprint per capita in Section 5.4.
However, in order to fully assess whether household ESD levels vary greatly at a LA-level across
GB, the total energy service footprint examined in this section will be broken down by each energy

service category in Section 5.3.

5.3 Energy Service Demands
As shown in Section 5.1, the total ESD footprint for each LA in Section 5.2 is made-up of different

energy services, each of which contribute different totals towards the total. Figure 5.4 shows the

range of results for each ESD across all LAs in GB.

Heating ¢ e w| - | »

Other Shelter - wW— | —] ¢ ¢
Personal Transport - 000N ¢ W |—-—|
Public Transport 1 | —] W0 044 ¢
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Nutrition -

Recreation & Communication - 0|—.—|

Energy Service Demand Category

Consumer Goods - q-|II-|

Services A
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Energy Consumption (toe per capita)

Figure 5.4 The range of ESD footprints for each LA across GB broken down by ESD category modelled in Chapter 5.
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The results in Figure 5.4 reflect the national average results with personal transport ESDs and
heating ESDs being the ESD categories with the highest level of energy consumption, however the
range across these two ESD categories varies significantly. As with the national average (Section
5.1), other shelter ESDs and aerial transport ESDs have large footprints, and also exhibit a large
range (Figure 5.4). Beyond ESDs which require direct energy, categories which are supplied only
through indirect energy represent a smaller part of the footprint, and also exhibit smaller ranges
across all LAs in GB (Figure 5.4).

Analysis of the variation in each ESD category will be undertaken in Section 5.3. Section 5.3.1 will
begin by examining the variation in heating ESDs across LAs in GB.

5.3.1 Heating

Heating ESDs represent the amount of energy consumed to heat space, water and repair the central
heating system within households in GB. As stated in Section 5.1, heating ESDs form a large
proportion of the national average energy service footprint per capita for GB and is driven by gas
consumption, which forms 87.1% of the household heating ESD footprint across GB (BEIS, 2021d).

Figure 5.5(a) shows the heating ESDs for each LA across GB. Figure 5.5(a) suggests that many of
the LAs in GB exhibit high or very high levels of heating ESDs, with areas of moderate (yellow)
heating ESDs being predominantly located in the south-west England, and the east of England

regions.

The range of annual heating ESDs across LAs in 0.50 toe per capita, which varies from 0.23 toe per
capita in the Tower Hamlets LA, to 0.73 toe per capita in Chiltern in south-east England. LAs in
London likely contain exhibit lower levels of energy consumption associated with heating ESDs due
lower use of natural gas as a heating source in these areas, with households relying upon electricity,
a less carbon intensive energy source, to provide heating ESDs (Minx et al., 2013). Conversely,
Chiltern is an affluent LA whereby heating is primarily supplied by the gas grid, thus indicating that

overconsumption of energy may be driving the level of heating ESDs in this area.

Figure 5.5(b) again shows that Central London exhibits low standard deviation anomalies when
compared to the national average for GB, while rural areas in Scotland and Wales exhibit high
standard deviation anomalies. The driver of the high heating ESDs in Scotland and Wales is likely
the low levels of gas grid connectivity, and the use of petroleum products i such as oil i as the main
source of fuel for heating ESDs in these areas (Naumann and Rudolph, 2020). Low levels of gas
grid connectivity lead to the use of carbon intensive fuels such as coal, oil and paraffin to provide
household heating, therefore driving up the energy consumption related to heating ESDs per capita

in these areas (Naumann and Rudolph, 2020).
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Figure 5.5 (a) Heating ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of each L A &eating
energy service footprint per capita.

However, as with total ESDs (Figure 5.3), Figure 5.5(b) also suggests that much of the LAs in GB
exhibit levels of energy consumption associated with heating ESDs within one standard deviation of
the national average. A spatial autocorrelation analysis of the heating ESD footprints in Figure 5.5(a)
shows that the heating ESD footprints across
of 0.41, therefore implying that areas of standard deviation anomalies are more clustered than for
total ESDs.

The higher level of clustering in heating ESDs than total ESD footprint in Section 5.1, is driven by
rural areas in Wales, northern England and Scotland, which use more carbon intensive fuels for
heating, being clustered together. However, gas-powered heating remains the main driver of heating
ESDs across GB, therefore leading to only moderate clustering of LAs with high heating ESDs. The
range of heating ESDs across space and moderate clustering of areas with higher and lower energy
consumption associated with heating ESDs suggests that a disaggregated policy approach to
addressing heating ESDs may be more appropriate than a national-level approach due to the

diversity of fuels used for heating ESDs in these areas.
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However, while rural LAs in GB seem to exhibit higher levels of heating ESDs in Figure 5.5, the
exception to this are the results of the Shetland Islands LA. The Shetland Islands are one of the few
areas outside of central London which are classed as having low heating ESDs (Figure 5.5(a)), which
goes against the results of most of the LAs in Scotland north of the central belt (Glasgow and
Edinburgh).

The Shetland Islands have similar characteristics to other LAs in the north of Scotland (low
population density and poor gas grid connectivity). However, it is possible that this may be an
anomaly due to the methodology used to calculate heating ESDs for LAs across GB. Heating ESDs
in chapter are calculated from a combination of indirect energy calculated from the LCFS, and LA-
level direct energy data compiled by the UK Government (Section 3.2). The direct energy data is
apportioned to different ESDs using UK Government compiled information on the use of different
fuels for different purposes i e.g. space heating, water heating, cooking, lighting and appliances.
However, this data is set out at a national-level, and therefore may underestimate the level of non-
national grid fuels (e.g. coal or paraffin) used for heating in rural areas of the country, instead
apportioning it to another energy service, such as other shelter. Other shelter ESDs will be examined
in Section 5.3.2.

5.3.2 Other shelter

Similarly with heating ESDs, other shelter ESDs contain elements of both direct and indirect energy
in the footprint results. Figure 5.6(a) shows that the number of LAs exhibiting low (light green) energy
service footprints for other shelter ESDs is greater than for heating (Figure 5.5(a)). However, as with
heating ESDs, an area of lower other shelter ESDs is concentrated in London. Although low levels
of energy consumption associated with other shelter ESDs are not limited to London, as with heating
ESDs.

Areas of lower other shelter ESDs can be seen throughout England, Scotland and Wales, but a
visual analysis of Figure 5.6(a) does not reveal any large clusters of low other shelter ESDs.
Additionally, a spatial autocorrelation analysis
of 0.32, indicating weak clustering. Figure 5.6(b) also shows however that despite many areas having
low ESDs for other shelter, many of these areas are within one standard deviation of the national

average mean, thus suggesting they are not anomalies.

The range of other shelter ESD LA between the LA with the lowest other shelter ESDs (Tower
Hamlets in London with a total of 0.22 toe per capita for other shelter ESD), and the highest (the
Shetland Islands in Scotland with a total of 0.59 toe per capita for other shelter ESDs) is 0.37 toe
per capita. The range for other shelter ESDs is smaller, however only four LAs in GB are classed as

having very high other shelter ESDs.
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Figure 5.6 (a) Other shelter ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of each LAd sther
shelter energy service footprint per capita.

The small number of LAs in this category, and the small number of both high and low standard
deviation anomalies in Figure 5.6(b) suggests that the while the range of other shelter ESDs remains
large across GB, this is driven by a small number of outliers, rather than all LA being spread across
the full range of values. This would suggest that a national-level approach to reducing other shelter
ESDs would be appropriate across much of GB, with only a small number of LAs requiring a more

bespoke approach to reducing energy demand for other shelter.

5.3.3 Personal transport
Personal transport ESDs has been separated from public transport ESDs and aerial transport ESDs

in this study as aggregating the three ESD categories into one overarching transport ESDs category
would lose the nuance of the results of energy consumption for different types of transport. Figure
5.7(a) shows that 76% of LAs across GB exhibit high levels of personal transport ESDs. This aligns
with the national average results for GB in Section 5.1, whereby personal transport made up the

largest proportion of the total national average ESD footprint.

As with heating, and other shelter ESDs, Tower Hamlets has the lowest annual personal transport

ESDs per capita of 0.20 toe. In Tower Hamlets, the personal transport ESD footprint per capita
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makes up 12% of Tower Ha miereds s &arehamt iadouthee8sDEn@lamay t pr i n
the area with the highest annual personal transport ESDs (0.82 toe per capita), personal transport

ESDs make-up 25.5% of the LAG s t ot al ETd®rangenod (0.6 toa pertcapita exhibited by

personal transport ESDs is the largest across the ESD categories modelled in this chapter.

As well as Tower Hamlets, Figure 5.7(b) shows that other LAs within London demonstrate low
anomalies of personal transport ESDs, particularly in Central London. This is due to the high density
of public transport infrastructure in this area reducing the need to rely on a private vehicle for personal
mobility. However, while Figure 5.7(a) shows high levels of personal transport ESDs across 76% of
LAs in GB, Figure 5.7(b) shows that no LA exhibits very high anomalies (>2 standard deviations from

the mean).
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Figure 5.7 (a) Personal transport ESDs per capita by LA throughout Great Britain. (b) Standard deviatonof each L A6 s
Personal transport energy service footprint per capita.

The lack of very high anomalies for personal transport is due to the number of LAs (76%) exhibiting
high levels of personal transport ESDs. High personal transport ESDs across much of GB has
skewed the mean, meaning that despite many areas of GB needing to significantly reduce energy

for personal transport, significant reductions are needed for almost all LAs across GB.
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A spatial autocorre | ati on analysis of personal transport ES
of 0.62, indicating high levels of clustering of LAs with similar ESD footprints. This is evident within

Figure 5.7(a), whereby a cluster of low personal transport ESDs is evident in London, while in south-

west England and Scotland, household ESDs for personal transport are much higher.

The high level of personal transport ESD across much of GB suggests that disaggregated, LA-level
approaches to energy demand reduction (EDR) for the energy consumption associated with personal
transport ESDs, may be less relevant than other ESD categories. However, the high levels of
clustering of LAs with similar personal transport ESD levels suggests that LAs in certain areas of GB
T e.g. south-west England, Scotland and London i may be high due to the underlying geographical
factors of the area, thus implying that a more bespoke approach could benefit these areas when
considering EDR for personal transport ESDs.

5.3.4 Public Transport

Public transport accounts for household use of shared transport provided as a public good or through
a private company. Flying could fall under this description, however, it is excluded from this ESD
category as it requires far greater energy demand than other forms of public transport such as buses

and trains.

Figure 5.8(a) shows that LAs throughout much of GB (87.6% of LAS) exhibit low household demand
for public transport ESDs. Public transport ESDs are a lot lower than the previously examined ESDs
in Section 5.3.1, Section 5.3.2 and Section 5.3.3. Figure 5.8(a) also shows a concentrated area of
high public transport ESD levels in the London region of GB, with residents of Harrow having the
highest annual public transport ESD footprint of 0.46 toe per capita. Conversely, the area with the
lowest annual public transport ESDs per capita is Eden is north-west England, with residents in this
area only requiring 0.02 toe per capita per capita to fulfil their present level of public transport ESDs,

thus giving a range of 0.44 toe per capita between highest and lowest consuming area.

A spatial autocorrelation of the data aligns with the maps in Figure 5.8. The analysis generates a
Moranés | value of 0. 85, indicating very high <c¢l i

levels.

Figure 5.8(b) highlights that the ESD footprint for public transport is significantly higher than the
national average in London than the rest of GB, with anomalies of >2 standard deviations present
across the whole London region. London has the densest public transport network throughout GB,
meaning residents often rely on public transport rather than a private vehicle to fulfil their transport
ESDs. However, as with personal transport ESDs, due to the large number of LAs across Scotland,

Wales and the majority of England exhibiting low levels of public transport ESD, the mean has been
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skewed downwards and therefore the LAs outside of London do not exhibit standard deviation
anomalies in Figure 5.8(b).
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Figure 5.8 (a) Public Transport ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of each LAS s
Personal Transport energy service footprint per capita.

Considering Figure 5.8(a) and Figure 5.8(b) without context implies that limited intervention is
needed for public transport ESDs, with the exception of London. However, a significant element of
transitioning to a low energy demand society requires the increased use of public transport by shifting
transport to a less energy intensive option i i.e. private vehicle use to public transport use (lvanova
et al., 2020). Therefore, London should be used as an example for public transport use, rather than

treated as an area where high ESDs need to be addressed.

Many of the LAs throughout GB exhibit low levels of public transport use by households. Therefore,
increasing the level of public transport is necessary across much of GB. The results in Section 5.3.4
therefore suggest that a national-level approach to increasing public transport ESDs would be

appropriate for GB.

5.3.5 Aerial Transport
Aerial transport is the final transport ESD to be examined in this study. Aerial transport includes

flights taken by individuals for holidays or business trips, as well as freight.
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Figure 5.9 (a) Aerial Transport ESDs per capita by LAs throughout Great Britain. (b) Standard deviation ofeach LA s Aer i al
Transport energy service footprint per capita.

A spatial autocorrelation analysis of the modelling results of household aerial transport ESDs by LA
generates a Moranés | val ue of Figore59). Figured.B(g)ahovisn g mo
that ESDs for aerial transport are lowest in Manchester (0.09 toe per capita), while Waverley, in
south-east England, exhibits the largest demand for aerial transport (0.48 toe per capita). The range
for household aerial transport ESDs across LAs in GB (0.39 toe per capita) is therefore lower than
the other two transport ESD categories examined in this chapter (0.62 for personal transport ESDs
and 0.42 for public transport ESDs). The smaller range therefore suggests marginally less variation
in the number of flights taken by households across GB than the number of personal vehicle

journeys, and the number of journeys on public transport.

Areas of high and very high demand for aerial transport ESDs seem to be predominantly located in
south-east England, which have much greater proximity to large airports such as Heathrow and
Gatwick, compared to other areas of the country (Figure 5.9(a)). In addition to south-east England,
Figure 5.9(b) shows that LAs within Yorkshire and the Humber, and two LAs near to Glasgow exhibit
high and very high standard deviation anomalies for aerial transport ESDs. All of these areas have
proximity to large airports i Leeds-Bradford and Glasgow airports respectively.
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However, residents of Manchester live in close proximity to Manchester airport, yet exhibit the lowest
ESDs for aerial transport in GB, therefore suggesting that distance from an airport is not a driving
factor of aerial transport ESDs, meaning that other socioeconomic factors must be driving aerial
transport ESDs in these areas. Additionally, Wales exhibits low and very low demand for aerial
transport ESDs across many of its LAs, while the East Midlands, and the east of England regions
seem to also predominantly exhibit low demand for aerial transport ESDs (Figure 5.9(a)).

The LA-level results across GB show that aerial transport ESDs are more regionally specific than
has been observed in the results for heating, other shelter, personal transport and public transport
ESDs. This is evident in in Figure 5.9(b) where the map highlights areas of high consumption. The
regional clustering suggests that a regional, rather than a national or LA specific approach may
therefore be appropriate for reducing aerial transport ESDs. However, regions of GB are
administrative and do not possess any form of governmental capability in GB, therefore a national-

level approach would be most appropriate for aerial transport ESDs.

5.3.6 Nutrition

In this study, nutrition ESD results for each LA are generated from both direct and indirect energy
consumption. Direct energy for nutrition relates to the energy required from the energy system to
cook food in each area, while indirect energy is embodied within food products consumed by
households in each LA. Nutrition ESDs have been included in this study as it is expected that large
shifts in diet wildl be nece oaadimyate target and dchigve theo r e a

1.5°C temperature goal in the Paris Agreement (Masson-Delmotte et al., 2018; Garvey et al., 2021).

Figure 5.10(a) shows that areas of high and low energy consumption for nutrition at a LA-level is
weakly clustered, with a spatial autocorrelation
Therefore, while the majority of households in LAs across GB exhibit moderate to very high levels of

energy consumption for nutrition ESDs, there is limited patterning in the results.

The range of results for nutrition ESDs is much smaller than the results for the ESD categories
previously examined in Section 5.3. The range of results varies from 0.14 toe per capita in Tower
Hamlets to 0.25 toe per capita in Bromley, thus giving a range of 0.11 across GB, and the region of
London, which contains the highest and lowest consuming LAs. The small range of Nutrition ESDs
and limited clustering of areas with similar results suggests that while Figure 5.10(b) shows that
areas of Scotland and south-west England exhibit high standard deviations about the national
average there are no areas of excessively high consumption in GB which would require a LA-specific

approach to EDR.
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Dietary shifts are expected to play an important role in EDR for households in the future (Garvey et
al., 2021). However, shifts to plant-based diets, rather than meat-based diets, in households would

be a relevant policy option across GB.
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Figure 5.10 (a) Nutrition ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of each L A &\strition
energy service footprint per capita.

5.3.7 Recreation & communication
Recreation & communication ESDs are supplied to households in LAs across GB through indirect

ESD embodied in the products and services purchased for recreation & communication. The range
of energy consumption for recreation & communication ESDs is 0.16 toe per capita, ranging from
0.10 toe per capita in Tower Hamlets (London) to 0.26 toe per capita in Wealden (south-east
England). As with nutrition ESDs, the range in recreation & communication ESDs is smaller than

buildings and transport-related ESDs due to the lack of direct energy modelled for this category.
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Figure 5.11 (a) Recreation & Communication ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of
each L A &Recreation & Communication energy service footprint per capita.

Figure 5.11(a) shows the different levels of recreation & communication ESDs across LAs within GB,
while Figure 5.11(b) shows areas which exhibit high and low standard deviations about the national
average for this ESD. Much of GB exhibits moderate to very high levels of recreation &
communication ESDs (Figure 5.11(a)). However, Figure 5.11(b) shows that there are no areas of
very high anomalies for this ESD category in GB.

A spatial autocorrelation analysis of the results in Figure 5.11 generatesa Mor ano6s |
indicating weak clustering of LAs with similar levels of recreation & communication ESDs. The small
range and weak clustering of LAs with similar recreation & communication ESDs suggests that a LA-
specific approach to EDR for this ESD category would not add any value to the current, nationally-
led approach. Any LA-specific approach would likely be applicable to multiple LAs, therefore creating
and implementing EDR policy at a local-level for recreation & communication would be very time-

consuming and costly to generate a similar result across many areas of GB.

5.3.8 Consumer goods
Consumer goods represent a small proportion of the total ESD footprint of each LA, an average of

3% for GB (Figure 5.1). However, through less consumption and material efficiency, reducing the
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level of energy demand associated with consumer goods provides opportunities for household EDR
in GB.

Figure 5.12(a) shows that few LAs in GB exhibit very high levels of household consumer goods
ESDs. Additionally, Figure 5.4 and Figure 5.12(a) shows that the range of consumer goods ESD
across GB is low. As with other ESD categories, the Tower Hamlets LA in London exhibits the lowest
level of households ESDs for consumer goods in GB i 0.05 toe per capita 1 while another London
LA, Richmond upon Thames, exhibits the highest level of household consumer goods ESDs of 0.09

toe per capita.
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Figure 5.12 (a) Consumer Goods ESDs per capita by LA throughout Great Britain. (b) Standard deviation of each LA6 s
Consumer Goods energy service footprint per capita.

Figure 5.12(a) shows that much of GB, with the exception of Central London, Wales and a large
cluster within Yorkshire and The Humber, exhibits moderate to high consumer goods ESDs on an
annual basis. However, an analysis of the results using a spatial autocorrelation analysis generates
a Moranods | val ue of 0. 41, indicating moderate cl

be identified visually, there is a very limited pattern to household consumer goods ESDs across GB.
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Additionally, few of the low consumption LAs in Figure 5.12(b) produce low standard deviation
anomalies. This indicates that even though Figure 5.12(a) suggests that the modelling results
indicate low levels of energy consumption associated with consumer goods ESDs, they are within

one standard deviations of the national average, and are not anomalously low areas of consumption.

The consumer goods ESD results in this section suggest that a disaggregated approach to EDR for
this ESD category may be better suited to a nationally-led approach. While some LAs in GB exhibit
high standard deviation anomalies, very few very high standard deviation anomalies have been
modelled for the consumer goods ESD category (Figure 5.12(b)). Addi t i onal |l vy, t
of 0.41 does not suggest that LAs in different areas of GB exhibiting low or high levels of consumer
goods ESDs are clustered. Finally, the small range of consumer goods ESDs suggests that
consumer goods ESDs does not vary significantly across different LAs in GB (Figure 5.4).

5.3.9 Services
The final ESD category examined in Section 5.3 is services ESDs. Services ESDs account for the

energy demand associated with utilising public and private service industries. Service industries
included in this total includes financial, health and education services. Services ESDs do not utilise

direct energy but have indirect energy embodied within the service an industry provides.
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Figure 5.13 (a) Services ESDs per capita by LAs throughout Great Britain. (b) Standard deviation of eachLA6 s Ser vi ces

energy service footprint per capita.
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Figure 5.13(a) shows that households within the majority of LAs across GB have low to moderate
ESDs for services. However, a cluster of LAs with high ESD footprints for services, are located in
the south-west England region (Figure 5.13(a)). South Tyneside in the north-east of England has
the lowest annual Services ESDs of 0.06 toe per capita, while the highest consuming LA is the
Isles of Scilly, with an annual energy service footprint of 0.21 toe per capita, thus meaning that the
range of energy consumption for services ESDs across GB is 0.16 toe per capita.

Figure 5.13(b) shows that the cluster of high services consumption, identified in Figure 5.13(a),
exhibit high to very high standard deviation anomalies. Figure 5.13(b) also shows an area of low
and very low standard deviation anomalies in north-east England, as well as in Lancashire and

Cheshire in north-west England. The low anomalies are also identifiable in Figure 5.13.

The clusters visible in Figure 5.13gener ate a Morano6s | v adauspatiab f
autocorrelation analysis, thus indicating moderate clustering of areas with higher and lower
consumption of energy for services ESDs. The low range of services ESDs and moderate
clustering suggests that there are no LAs GB which exhibit significantly different levels of services

ESDs in GB that would warrant a disaggregated approach to EDR.

5.3.10 Summary

Section 5.3 breaks down the total ESD footprints examined for LAs across GB in Section 5.2. Heating
ESDs and personal transport ESDs make-up the largest proportions of the national energy footprint
in Section 5.1, however, across GB, the range of aerial transport and other shelter ESDs overlaps
with the lower end of the range of heating and personal transport ESDs (Figure 5.4). Nutrition ESDs,
recreation & communication ESDs, consumer goods ESDs and services ESDs exhibit smaller

ranges than the ESD categories related to buildings and transport.

From a clustering perspective, transport ESDs are more strongly clustered than the other ESD
categories. However, the only ESD exhibiting strong clustering is public transport, whereby public
transport ESDs are high in London, but lower elsewhere in GB. The clustering results suggest that
for most ESDs, a disaggregated approach to reducing ESD levels would be unnecessary as many
LAs exhibit similar ESD levels across much of GB. The exceptions to this are personal transport,
public transport and heating ESDs. The large range for heating ESDs across GB suggests that more
emphasis needs placed upon reducing heating ESDs in different areas of GB, while the large range
and high levels of clustering for personal transport ESDs and public transport ESDs suggests that a
more bespoke approach to EDR in different areas of GB may necessary. Although, considering
personal transport ESDs, there is a need to significantly reduce energy consumption associated with
this ESD category across GB, therefore any national-level EDR strategy may be effective across

most LAS.
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While, the ESD footprints in Section 5.3 give an insight into the variation of household ESDs across
space in GB, there is no universal pattern which emerges across GB for all ESD categories, thus
suggesting that household ESDs are driven by factors other than geography i with the exception of
public transport ESDs in London. Section 5.4 will examine the underlying socioeconomic
characteristicsof each LA in r el at i on betteoun@ecestand the raAldtiesnshpSD | e

bet we e n uraerlying esgraphic and socioeconomic and LA ESD levels per capita.

5.4 Analysis & discussion
Section 5.3 analyses the per capita ESD footprint results presented in Section 5.1 and Section 5.2

against the geographic and socioeconomic characteristics of each LA using correlation( Spear mand s
Rank) and regression analyses. The analyses undertaken in Section 5.3 will be used to identify
insights into the relationship between ESDs and the underlying geographic and socioeconomic

factors of LAs.

As stated previously, past studies have identified socioeconomic drivers of household-level footprints
T including household income, household size, and the number of vehicles per household T as
indicators of households with higher environmental footprints (Minx et al., 2013; Owen and Barrett,
2020; Salo et al., 2021). Undertaking analyses to identify the socioeconomic factors which share the
strongest relationship with LA-level ESDs in GB will demonstrate whether the same trends exhibited

by individual household energy footprints are replicated at a LA-level.

Section 5.4.1 will perform analyses upon the ESD footprints of each LA, and the socioeconomic
factors which have been identified as drivers of high consumption in the past. Following this, Section
5.4.2 will examine other socioeconomic factors i including population density, median age of the
population, unemployment rate i which have exhibited limited relationships with household footprint

size in the past.

5.4.1 Analysis of previously identified consumption drivers
The socioeconomic factors analysed in Section 5.4.1 are average household income, average

household size and the number of vehicles per household in each LA. These factors have been
identified by previous studies as drivers of household consumption, and should therefore indicate
areas of higher ESD footprints in GB (Minx et al., 2013; Salo et al., 2021).

In Section 5.4.1, each ESD will be analysed against each socioeconomic factor, however it is not
expected that each analyses will yield a significant result. For example, it is unlikely that the number
of vehicles per household will affect the level of heating ESDs in a LA, however, analysing each ESD

against each variable ensures that a potential connection between two variables is not overlooked.
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The correlation analyses for the ESD categories and the previously identified socioeconomic drivers
of household consumption can be seen in Table 5.1'8, while the regression analyses of the same
ESD footprints and socioeconomic variables be seen in Table 5.218. Figure 5.14,

Figure 5.15 and

Figure 5.16 show the scatterplot of average household income, average household size and number
of vehicles per household respectively for each ESD footprint analysed in Section 5.2.

Figure 5.14 Scatterplots of the average household income of a LA and the ESDs of the corresponding LA. The graphs in
the above are (a) heating, (b) other shelter, (c) personal transport, (d) public transport, (e) aerial transport, (f)
nutrition, (g) recreation & communication, (h) consumer goods, (i) services and (j) the total ESD footprint.

18 The correlation and regression results presented in Section 5.4 are based upon analyses of the untransformed socioeconomic variables
and ESDs. The data was also logarithmically transformed and analysed using correlation and regression analyses, however the log

transformed data presented weaker relationships between the ESDs and socioeconomic factors than the untransformed data.
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