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Abstract

The UK residential sector is energy inefficient and has an overwhelming reliance
on natural gas as a heating source. For the UK to meet its 2050 net zero obliga-
tions, the sector will need to go through a process of decarbonisation. Previous stud-
ies acknowledge the spatial disparities of household energy consumption, but have
neglected how consumption varies over time. This paper advances such shortcom-
ings via a sequence and clustering analysis to identify common gas consumption
trajectories within neighbourhoods in England and Wales between 2010 and 2020.
Four clusters are identified: “Very High to High Consumption”; “High to Medium
Consumption”; “Medium to Low Consumption” and “Low to Very Low Consump-
tion”. The clusters were contextualised using spatial datasets representing the socio-
economic and built environment. Across all clusters, the proportion of energy inef-
ficient dwellings were high, but there was a trend of high consumption associated
with lower proportions of energy efficient dwellings. The results provide useful
insight to policy makers and practitioners about where best to target electrification
and retrofitting measures to facilitate a cleaner and more equitable residential sector.
Policy targeting of areas with continual high gas consumption will accelerate the
decarbonisation process, whilst targeting areas who continually under consume will
likely enhance household health and well-being.

Keywords Residential Sector - Climate change - Spatial-temporal analysis - Uneven
gas consumption

Introduction

The United Kingdom aims to achieve net zero emissions by 2050 (HM Government,
2021), but progress towards decarbonising the most polluting sectors has been une-
ven. Since 1990 the residential sector has experienced a 18.78% reduction in carbon,
which is much lower than the 63.36% reduction within the energy sector and the
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41.96% reduction within the business sector (BEIS, 2022a). The relatively small fall
in emissions within the residential sector is primarily due to a combination of an
energy inefficient housing stock which is heavily reliant on natural gas as a heating
source (Broad et al., 2020; DLUHC, 2022). This has negative impacts for progress
towards climate change mitigation, whilst also impacting people’s finances along
with their physical and mental health (Mohan, 2021; Butler, 2013; Evans et al.,
2001; Wilkinson et al., 2001). The trends of energy inefficiency within the residen-
tial sector has resulted in the Committee on Climate Change (CCC) urgently calling
for the government to improve the housing stock (Committee on Climate Change,
2019).

When observing changes in household energy consumption, a key issue it that
it’s socially and spatially differentiated across different groups. There are demo-
graphic groups who physiologically require greater levels of warmth, such as chil-
dren, older people, or those with underlying health conditions (Snell, Bervan and
Thomson, 2015). Meanwhile energy consumption has been shown to vary across
geographic location of patterns of social affluence through those occupying a larger
dwelling with more appliances to power (Yohanis et al., 2008; Baker & Rylatt,
2008; Guerra Santin et al., 2009; Chatterton et al., 2016; Karatasou & Santamouris,
2019). In contrast, at the other end of the spectrum exists some households who
deliberately choose to under consume energy due to a combination of having a low
income and occupying an energy inefficient dwelling which require larger heating
bills to maintain thermal comfort (Broad et al., 2020; Legendre & Ricci, 2015). As
energy consumption is demonstrated to vary across different property characteristics
and household behaviours, the appropriate policy response to both decarbonise the
residential sector and to reduce vulnerabilities will also vary socially and spatially.

Despite there being a host of academic literature observing the spatial variations
of energy consumption drivers and patters, one overlooked aspect is the temporal
dynamics of these (Brand & Boardman, 2008; Karatasou & Santamouris, 2019;
Biichs & Schnepf, 2013; Druckman & Jackson, 2008). This temporal overlook lim-
its the understanding of how gas consumptions within an area are changing, which
in turn provides uncertainty about the progress towards low carbon transitions. To
address this research gap, this paper uses sequence and clustering analysis to iden-
tify common trajectories in the social-spatial dynamics of gas consumption in Eng-
lish and Welsh neighbourhoods between 2010 and 2020. Areas of continual high
and low consumption across the analysis period will be identified as areas of inter-
est, with housing and socio-economic datasets used to contextualise these spatial-
temporal clusters. We advocate implementing policies focussed on energy saving
retrofits and the adoption of renewably generated electrification within these areas.
The objective of which aims to both decarbonise the residential sector and to reduce
vulnerabilities.

The paper is structured as follows. The literature review (Sect. 2) is split into
three key themes: decarbonisation of the residential sector; social-spatial varia-
tions of energy consumption within the residential sector; and spatial-temporal
approaches to studying household energy consumption. Section 3 describes our
methodology, including the data preprocessing and the application of sequence and
clustering algorithms. The results and discussion sections are integrated. This begins
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with analysis of individual years to set the scene for the subsequent analysis. The
results highlight spatial unevenness in gas consumption within England and Wales
across the analysis period. The clusters are then contextualised using housing and
social-economic data and then mapped to explore the spatial-temporal variations.
We conclude with a summary of findings and policy implications (Sect. 5).

Background
Decarbonising the Residential Sector

To reach net zero the UK follows “Carbon Budgets” which are five-year interim tar-
gets that limit the amount of carbon that can be emitted (BEIS, 2021a). The UK suc-
ceeded in its third carbon budget (2018-2022) which was a 37% reduction compared
to 1990 levels. This has mostly been achieved through decarbonisation of some of
the historically most polluting sectors, such as eliminating coal within the energy
sector, combined with the collapse of the iron and steel industry within the business
sector (BEIS, 2022b). However, the UK is currently within its 4th carbon budget
(2023-2027) which requires a 52% reduction in carbon compared to 1990 levels
(Priestley, 2019). This is a substantial reduction, but the UK can capitalise on the
‘low hanging fruit’ within the overly polluting residential sector to better progress
towards these decarbonisation targets.

A main contributor to the excess carbon within the residential sector is that the
housing stock is very old, with over 35% built before World War 2 and over 55%
built before 1964 (Building Research Establishment, 2020). These older dwellings
lack the energy retaining technologies that characterise newer properties, such as
cavity wall insulation (Clinch & Healy, 2000). Wilkinson et al. (2001) demonstrated
a clear trend between newer builds having a higher median temperature compared to
their older counterparts (Wilkinson et al., 2001). These older and more energy inef-
ficient dwellings require greater levels of energy to provide the occupant with ther-
mal comfort, which in turn accelerates environmental damage and raises the finan-
cial cost to the occupant (Broad et al., 2020). Summerfield et al. (2015) supported
these findings through highlighting a higher extent of empirical and modelled gas
consumption within older solid brick properties. However, whilst older properties
were found to consume a higher extent of gas, the estimated gas consumptions were
below the modelled consumptions. Whilst it’s expected that gas consumptions are
higher within older and more energy inefficient properties, the difference between
modelled and actual usage demonstrates how household behaviour can influence
energy usage. This will create potential issues regarding the extent of energy sav-
ings that can be made following a retrofit within a household that deliberately under
consumes energy.

Combined with inefficient dwellings, the English Housing Survey (EHS) reaf-
firmed the overall reliance on natural gas within the housing stock, with 88% of
homes using this fuel for space and water heating (DLUHC, 2022a). Relatedly,
many rural areas, such as North Wales, are not on the gas grid and instead rely on
other carbon intensive fuel, such as oil or bottled gas (Williams & Doyle, 2016). The
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overreliance of fossil fuel within this sector significantly enhances climate risk, con-
tradictory to the need for the residential sector to decarbonise.

However, energy inefficient housing stock has the potential to be improved
through energy saving retrofits, such as cavity wall insulation. By the end of 2022,
71% of all Great British homes with a cavity wall had a certain degree of insula-
tion to help better retain warmth within the dwelling (DESNZ, 2023). Although the
effectiveness of an energy saving retrofit will depend on the dwellings size, loca-
tion, operation, cooling and ventilation strategies (Chidiac et al., 2011) it’s largely
agreed that this method is an effective way of retaining greater portions of house-
hold energy. For instance, Nabinger and Persily (2011) demonstrated that following
a retrofit, the building envelope leakage (energy loss through roof, doors, windows,
floors and walls) reduced by 18%, with overall energy consumption reducing by 10%
(Nabinger & Persily, 2011). Furthermore, following a retrofit program within Dan-
ish flats, occupants saw a reduction in energy consumption and started to occupy
greater portions of their dwelling (Thomsen et al., 2016).

Coupled with the retrofitting of dwellings, transitioning households off natural
gas and towards electrification from renewable sources is an additional approach to
aid decarbonisation. As 88% of dwellings use gas for space and water heating it pro-
vides scope to replace these with alternate renewably powered systems, such as heat
pumps (BEIS, 2021b). Whilst the bulk of the housing stock is old and energy inef-
ficient with an overwhelming reliance on natural gas, it furthermore provides low
hanging fruit to initiate rapid decarbonisation through retrofits and electrification.
However, the need for these measures and their benefits are not evenly distributed.

Energy Consumption is not Uniform

There is a host of previous research that has evaluated the imbalance of resource
consumption across different groups within societies and their spatial manifesta-
tions. A study in the UK highlighted that the top 10% of earners were responsible
for 43% of total emissions (Brand & Boardman, 2008). Such disparity exists within
the residential sector, where Chatterton and colleagues observed household energy
consumption through gas, electricity and vehicle consumption data. Using cluster-
ing analysis, a select few households were characterised as “Energy Decadent” who
behave in a way to consume way beyond their needs due to their advantageous finan-
cial position (Chatterton et al., 2016). Furthermore, when it comes to carbon reduc-
tion, great attention is paid to percentage reduction, rather than real term reduction
(Chatterton et al., 2016). Policy aimed at reducing energy consumption targeted
towards higher energy consumers will therefore typically result in the biggest overall
reduction, but have less significant damages to health and well-being due to their
advantageous financial position (Garcia et al., 2021).

Household energy consumption is shaped by the property size, the structure and
the behaviour of the occupants, where they can be active agents of decarbonisa-
tion, or visa versa (Dubois et al., 2019). Karatasou and Santamouris (2019) used
the United States Residential Energy Consumption Survey and found a positive
correlation between affluence and energy consumption, likely explained by such
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groups occupying dwellings with larger floor areas and having a greater number of
appliances to power. The size of the property itself is a significant determinant of a
household’s energy consumption, with the literature identifying a clear relationship
between larger properties having a higher degree of energy consumption (Yohanis
et al., 2008; Baker & Rylatt, 2008; Wilson & Boehland, 2008; Guerra Santin et al.,
2009). Additionally, income levels play a substantial role in the energy consump-
tion of a household. Druckman and Jackson’s study within the UK demonstrated a
positive relationship between larger incomes and energy consumption, whilst tenure,
location and dwelling consumption were also observed as important (Druckman &
Jackson, 2008). Biichs and Schnepf also reported similar findings, but observed how
household energy consumption varies significantly according to household struc-
ture. This was especially true for dwellings occupied by older persons who are more
likely to spend greater proportion of the day at home compared to other demograph-
ics (Biichs & Schnepf, 2013).

However, households who are living in fuel poverty and alter their behaviour to
deliberately under consume energy due to financial pressures are equally an impor-
tant group of interest. Fuel poverty is broadly related to where an individual lives
within an energy inefficient home and are faced with high energy bills and are on a
low income (Legendre & Ricci, 2015). However, the drivers are also known to be
complex, multidimensional and spatially variegated (Robinson et al., 2018; Halkos
& Gkampoura, 2021). The consequences of a household falling into fuel poverty are
diverse, incorporating a range of dangerous financial and health implications.

A significant consequence of living within an energy inefficient dwelling is that it
can cost up to three times as much for the occupant to reach thermal comfort com-
pared to an energy efficient property (BEIS, 2019). The UK assigns properties with
Energy Performance Certificates (EPC) bands from A (most efficient) to G (least
efficient) each time the property is purchased or rented (Committee on Fuel Poverty,
2021). For properties with a very inefficient EPC band of F-G, the fuel poverty gap
(the total reduction in energy costs needed to lift the households out of fuel poverty)
(Hinson et al., 2022) can be six times as great than D-E rated properties (BEIS,
2019). Many fuel poor households are unable to afford the energy bills required for
thermal comfort and alter their behaviour by deliberately consuming below their
needs, or instead make challenging compromises, such as “Heat or Eat”, due to lit-
tle flexibility to achieve both (Butler, 2013 and Bhattacharya et al., 2003). This is a
threat to their health and integrity (Healy, 2003; Gascoigne et al., 2009; Longhurst
& Hargreaves, 2019) and reiterates the need to extend attention to those on the other
end of the energy consumption spectrum to foster a more equitable residential sector
by reducing vulnerabilities.

Spatial-temporal Approaches to Energy Consumption

In addition to energy consumption varying across different spatial settings and
groups, energy consumption can vary over time. Taylor et al. (2014) observed
energy demand at a 1 km resolution across Great Britain using gas and electric-
ity data. Energy demand in urban areas was substantially higher than the rural
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counterparts. In addition to this, they observed a number of future ‘scenarios’ rep-
resenting fractional change in energy demand up until 2050. The ‘Low Carbon’ sce-
nario was found to require 10-22% reduction in demand for domestic heat, requiring
large scale energy efficient measures to reduce demand, but to also still ensuring
thermal comfort for occupants. Pan and Li (2017) carried out a spatial-temporal
analysis of electricity consumption within China between 2000-2012 using night-
time light data. Over this period, energy consumption substantially increased, but
coastal regions accounted for a greater amount than the inland regions (Pan & Li,
2017).

However, the evidence of spatio-temporal variations regarding household gas
consumption has been limited to date. Building on these spatio-temporal approaches,
we use yearly metered gas consumptions over a ten-year period to better understand
the spatio-temporal dynamics of gas consumption within English and Welsh MSOA.
The benefit of which facilitates the identification of both very high and low consum-
ing areas to be of key targeting for policy of energy saving retrofits and electrifica-
tion in order foster a more equitable residential sector through decarbonising and
reducing vulnerabilities.

Methodology

The methodology is split into three key stages. The first stage outlines the preproc-
essing stages for the gas consumption, socio-economic and housing datasets. The
final two stages outline the sequence analysis used to generate gas consumption
trajectories, combined with the clustering algorithm to group together those areas
which underwent a similar gas consumption trajectory.

Datasets

We analyse annual-weather corrected median gas consumption per domestic meter
(kWh) at the Middle Super Output Area (MSOA) in England and Wales between
2010 and 2020, courtesy of the Department for Business, Energy and Industrial
Strategy (BEIS) (BEIS, 2022c). There is a total of 7,201 MSOA across England and
Wales, each with a population between 2,000 and 6,000 households (ONS, 2021).
The gas meter readings within this dataset are provided by Xoserve who compile
these data from gas shippers and suppliers. Xoserve calculate an annual quantity of
gas consumption by taking two-meter readings, at six and 18 months apart (BEIS,
2022d). This gas consumption dataset is also available at the Lower Super Output
Area (LSOA), but the analysis was carried out at the MSOA as it showed sufficient
spatial-temporal granularity for analysis, and allowed us to make comparisons with
the socio-economic datasets which were at the MSOA level across England and
Wales.

There was a total of 35 MSOA which had no gas consumption record across
every year as there were no domestic postcodes which could be matched to the
MSOA, or there were less than five meters matched which were removed due
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to data disclosure reasons. Seven MSOA had partially missing data as a result
of the number of meters falling below the five-meter threshold (BEIS, 2022d).
Sequence analysis works best with complete sequences, and the 45 fully or par-
tially missing MSOA were removed to leave 7,156 MSOA for the subsequent
analysis (please refer to supplementary material for further data cleaning stages).

Our study utilised data on the average unit and standing charges for gas,
alongside scoio-economic and housing characteristics to contextualise the spa-
tial-temporal fluctuations in our gas consumption trajectories. We used the aver-
age variable unit and fixed costs of gas for regions across England and Wales
at 2020 to estimate the annual gas bills across our clusters (DESNZ, 2024).
The gas distribution networks across England and Wales are divided into 12
primary regional zones which align with the Public Electricity Supplier (PES)
boundaries. Each of these zones have slight variations into the standing and unit
charges of gas that households will pay (DESNZ, 2024; BEIS, 2020). However,
as these PES boundaries are developed through the postcode level, some MSOA
overlapped with different PES boundaries, resulting in some households within
the same MSOA paying a different unit rate and standing charge to others. As
there were negligible pricing fluctuations across different PES zones, we instead
opted to find the average unit price of gas (3.56p per kWh) and standing charges
(£98.51 / Year) to calculate the average estimated gas bill per MSOA at 2020
(DESNZ, 2024).

We use the EPC open data register to contextualise our gas consumption
clusters using the energy efficiency and floor size of properties at the MSOA
level (DLUHC, 2024). We calculated the proportion of properties falling within
the A-C EPC band and determined the average floor size for each MSOA. To
ensure data integrity with the average floor sizes of dwellings, we removed the
small proportion of dwellings which were substantially large (> 1,000m?) which
appeared to be outliers and would skew our results. In regard to the EPC band,
we ensured that the most recent EPC for each dwelling was chosen, with expired
certificates (older than 10 years) still used should this be the most recent EPC
available for the dwelling. Furthermore, we removed all records after May 2021
to ensure our datasets align with our final median gas consumption data (May
2020-May 2021). Overall, 14 million EPC records were present which offered a
comprehensive representation of the energy efficiency and average floor size of
MSOA across England and Wales.

To explore the relationship between affluence and gas consumption across dif-
ferent spatial dimensions, we used the net annual household income estimates
(ONS, 2023). This income data details the sum of the income of every house-
hold member, with income tax/national insurance, council taxes, pension and
child support payments all deducted (ONS, 2023).

These datasets are all aligned with the latest gas consumption year within our
analysis (May 2020 — May 2021) to provide a comprehensive context for ana-
lysing the calculated gas consumption trajectories (ONS, 2023; DLUHC, 2024;
DESNZ, 2024).
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Sequence Analysis

The objective of sequence analysis is to identify representative sequences of yearly
gas consumptions, aiming to isolate similar sequences of trajectories between areas by
measuring their similarity or dissimilarity to others (Patias et al., 2019). Sequence analysis
is a widely used methodology which has multiple applications (Eisenberg-Guyot et al.,
2020; Newsham and Rowe, 2022; Jgrgensen et al., 2022). The method has not been
implemented within an energy consumption setting despite its ability to better analyse and
visualise the change in energy consumption states over time.

For sequence analysis to operate, categorical data is required (Gabadinho et al.,
2011). Each of our MSOA were assigned a consumption state each year from ‘1’ for
the lowest median consumption, to ‘10” for the highest. A process of splitting the
data to equal intervals was opted for, where Fig. 1 below outlines the breaks points
for the entire gas consumption dataset. To do this, the lowest and highest median gas
consumption within an MSOA stood at 4,518 kWh and 34,513 kWh respectively.

200 1

Frequency

100 1

5000 10000 15000 20000 25000 30000 35000
Medium Consumption (kWh)

Fig. 1 Distribution of gas consumption within MSOA in England and Wales 2010-2020. Data Source:
BEIS, 2022¢
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This is a 29,995-kWh difference; hence each break was specified at 2,995.5 kWh
(i.e. 29,995 divided by 10). The same breaks used for 2010 were used for every year
to ensure sufficient change in states across the analysis period. Using the same spec-
ified breaks for every year ensured greater confidence could be placed in how much
MSOA have changed, as gas consumption in each MSOA would have to increase or
decrease by the same amount each year for their state to change.

A distance matrix was created to quantify the dissimilarity between gas consump-
tion sequences by measuring the number of required transformations to make those
sequences identical. Here, each substitution is assigned a value, where highly dis-
similar gas consumption sequences will incur a larger cost to make such sequences
identical (Newsham and Rowe, 2022). If numerous sequences exist around a few
particular states there will be a low cost compared to sequences which are relatively
infrequent in the distance matrix. The Dynamic Hamming Distance (DHD) meth-
odology was used to calculate the distance matrix. The DHD method adjusts sub-
stitution costs based on the time that they take place making them time sensitive
where other methods are not (Phillippe Blanchard et al., 2014; Lesnard, 2010). Fur-
thermore, a DHD methodology is suitable when all sequences are the same length
(Brzinsky-Fay & Kohler, 2010) and hence this was chosen as the most effective
method with all MSOA having a median annual gas consumption value from 2010
to 2020.

Ward Hierarchical Clustering

Ward Hierarchical Clustering was used to cluster the sequence trajectories (Ward,
1963). Clustering reduces the complexity within our results. For instance, 7,156
sequence trajectories are hard to contextualise individually, whereas, the process of
clustering groups with similar trajectories together is more manageable to compre-
hend. The objective function of Ward Hierarchical Clustering utilises a measure of
cluster compactness and fit (sum of squares) that increases when clusters are merged
(Murtagh & Legendre, 2014). The Ward algorithm merges clusters until a terminus
is reached, where all areas are assigned to a single cluster.

We adopted a combination of standard diagnosis checks and personal judgement
to select the optimal number of clusters that best represent the significant patterns
within the gas consumption trajectories. Figure 2 outlines a silhouette plot to serve
as a valuable tool for assessing the quality of our clustering algorithms. A larger
average silhouette width demonstrates that the clustering algorithm is better opti-
mised for the data. The analysis revealed four clusters were seen as optimal.

Furthermore, through integrating our judgement with insights from the state
distribution plots of gas consumption trajectories across clusters (Fig. 7), the deci-
sion of four clusters was solidified. The values within each cluster exhibited high
similarity, while there was a notable degree of dissimilarity between clusters. This
approach demonstrated superior efficacy compared to alternate three and five cluster
approaches.
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Fig.2 Silhouette Plot

Research Findings
The section first outlines the gas consumptions at the beginning (2010) and end

(2020) of the analysis period to demonstrate the overall fall in gas consumption per
meter (Sect. 4.1). We then present the results of the sequence and clustering analy-
sis, highlighting significant disparities across groups which are later contextualised
using socio-economic and housing data (Sect. 4.2). The section is finalised with

findings of the spatial-temporal analysis (Sect. 4.3).

Overall Trends in Gas Consumption
Figure 3 outlines the spatial distribution of median gas consumption in 2010 (left)

and 2020 (right) with the breaks outlined within Fig. 1. Figure 4 outlines the number
of gas meters in operation in 2010 (left) and 2020 (right), with Fig. 5 displaying the

change in gas meter frequency over this period. Overall, the median gas consump-
tion per meter has decreased throughout the analysis timeframe. However, there are
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Consumption (kWh)
. <7518
N 7,518 - 10,517
B 10,517 - 13,517
. 13,517 - 16,516
B 16,516 - 19,516
B 19,516 - 22,516
W 22,516 - 25,515
W 25,515 - 28,514
28,514 - 31,514

31,514 - 34,513
Not on gas grid

0
S S|

Fig. 3 Median gas consumption 2010 (left) and 2020 (right). Data Source: BEIS, 2022c

Gas Meters
Not on Gas Grid
I < 100
I 100 - 1,000
I 1,000 - 2,000
W 2,000 - 3,000
19 3,000 - 4,000
4,000 +

Fig. 4 Number of gas meters 2010 (left) and 2020 (right). Data Source: BEIS, 2022¢

notable variations within urban and rural settings across Figs. 3, 4 and 5. In urban
areas, whilst the number of gas meters has decreased (Potentially due to safety rea-
sons, as dense gas grid connection in urban high-rise flats can pose fire risks [Stew-
art & Bolton, 2024]), there are still a high number of operating gas meters. However,
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Difference in Number of Gas Meters
Not on Gas Grid
I Reduction in Meters
M <50
Il 50 - 100
I 100 - 250
I 250 - 500
77 500 - 1,000
1,000 +

0
L1 1

Fig.5 Difference in number of gas meters between 2010-2020. Data Source: BEIS, 2022¢

gas consumption per meter in urban zones is lower compared to rural counterparts.
Within rural areas there has been an increase in the number of gas meters. Despite
higher median gas consumptions within these areas compared to urban areas, gas
usage per meter has still predominantly decreased over the analysis period. These
trends will be further unpacked within the spatial-temporal analysis which maps the
clusters of gas consumption trajectories (Sect. 4.3).

Confidence can be placed in the reduced gas consumption trends identified within
the analysis. From 2005 to 2020 gas consumption per meter fell by 27.5% in England
and 32.6% in Wales (BEIS, 2021c). Although this paper has reiterated the UK resi-
dential sector is energy inefficient (Broad et al., 2020), there have been small gains
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in the energy efficiency of the housing stock which can explain the falls in metered
gas consumption. Within the EHS a Standard Assessment Procedure (SAP) is taken
to compare the energy and environmental performance of dwellings ranked from 1
(very inefficient) to 100 (highly efficient) (MHCLG, 2020a). The average SAP score
in 1996 was 45, with the 2019 average scored at 65. Higher energy efficiency was
mostly achieved through enhanced insulation, improved energy efficiency of boilers
and the installation of double and triple glazed windows to better retain greater por-
tions of energy (MHCLG, 2020a).

Furthermore, the introduction of new in-home technologies can contribute
towards a downward trend in household gas consumption. The Smart Meter Pro-
gramme was introduced in 2008 and enables occupiers to observe real time energy
usage to make controlling their energy usage and finances more straightforward
(BEIS, 2022e, Van Gerwen et al., 2011). Such rollout has been extensive, where as
of June 2022 over 9.9 million gas meters were operating in smart mode (meter auto-
matically sends consumption to the supplier) (BEIS, 2022¢). Although, the energy
savings are judged to be overestimated due to incorrectly installed meters, combined
with a limited engagement from customers, the estimated savings from having a
smart meter fitted can still range between 1 and 3% (Sovacool et al., 2017).

Combined with enhancements to the energy efficiency of dwellings and the
increase in home technologies to reduce gas consumption, the presence of enhanced
vulnerability across the analysis period may have also been a significant contribu-
tor in changing household behaviours. The temporal period of this analysis incor-
porates the ramifications from the 2008 Global Financial Crisis. This period was
met with significant reductions in energy consumption following a shrinking of
incomes, reduced state support and an overall increase in poverty. European wide
studies observed multiple households were found to reduce their use of lighting in
Greece and self restrict consumption in Austria (Petrova, 2017; Eisfeld & Seebauer,
2022). Periods of such economic downturn and reduced state supervision are likely
to present more caution within a household regarding energy consumption for space,
heat and light.

Sequence and Clustering Analysis

Sequence analysis calculates the distance between yearly sequence trajectories as
the number of transformations or substitutions that would be required to create
identical sequences. Figure 6 below outlines a state distribution plot demonstrating
how each MSOA transitioned across the gas consumption states from one (lowest
consumption) to ten (highest consumption) each year between 2010 and 2020. In
2010 a total of 45.6% of MSOA belonged to the lowest consumption states of 1-3
(X<16,516 kWh), with this rising to 72.5% of MSOA in 2020. This is a near 30%
increase and reaffirms that median gas consumption per meter within England and
Wales has fallen.

Figure 7 below shows the state distribution plots for each of the four clusters
identified. These four clusters were identified and labelled: “Very High to High Con-
sumption”; “High to Medium Consumption”; “Medium to Low Consumption” and
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Fig.6 State distribution of gas consumption in MSOA each year between 2010-2020. Data Source:
BEIS, 2022¢

“Low to Very Low Consumption”. Every cluster shows higher portions of MSOA
falling into lower gas consumption states. Also important from a decarbonisation
perspective is the size of each cluster group. The two largest are the lower consum-
ing clusters of “Low to Very Low Consumption” (n=1,779) and “Medium to Low
Consumption” (n=3,832). The large variation in gas consumption across the analy-
sis period demonstrates that household gas consumption can highly fluctuate across
different property characteristics and socio-economic behavioural factors.

The clustering results evidences significant inequalities in gas consumption
within the residential sector across different groups (Brand & Boardman, 2008;
Yohanis et al., 2008; Baker & Rylatt, 2008; Druckman & Jackson, 2008; Guerra
Santin et al., 2009; Biichs & Schnepf, 2013; Chatterton et al., 2016; Karatasou &
Santamouris, 2019). Although the results specifically outline a downward trend of
gas consumption, there are a select few MSOA on either end of the gas consump-
tion spectrum which have not experienced this downward trajectory. Within the
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Fig. 7 Clustering analysis of gas consumption in MSOA from 2010-2020. Data Source: BEIS, 2022¢

“Very High to High Consumption” cluster group a total of 19 MSOA consistently
fall within the highest consumption states of 7-10 (25,514.5 kWh — 34,513.0 kWh).
Using population estimates, these MSOA have a combined population of 141,550
persons who are likely to be consuming high amounts of gas for a prolonged period
of time (ONS, 2021). Alternatively, a total of 43 MSOA within the “Low to Very
Low Consumption” cluster are consistently within the lowest gas consumption states
of 1-2 (<10,517.0 kWh), which totals 444,416 individuals who are more likely to
be living in fuel poverty and altering their behaviour to under consume gas as a
result (ONS, 2021).

Figure 8 below contextualises the clusters using the proportion of properties with
an A-C EPC band, estimated annual gas bills, and lastly the net annual household
income (Sect. 3.1). The first finding highlights the overall poor energy efficiency
of the housing stock. Although the average SAP rating has gradually improved
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(Sect. 4.1), the median proportion of properties with an EPC band of A-C is below
50% across every cluster. This poor energy efficiency is directly linked towards gas
consumption, as the “Very High to High Consumption” cluster is seeing the lowest
proportion of energy efficient dwellings. This has a knock-on impact towards their
gas bills- where they are estimated to have annual gas bills which are 50% more
than the “Low to Very Low Consumption” cluster. On the other hand, this “Very
High to High Consumption” cluster has the highest net annual household income
of £43,850- which is £9,350 higher than the net annual household income (ONS,
2023).

The “Very High to High Consumption” cluster experiencing the highest incomes
further supports the idea of the residential sector housing a select few who consume
heavily and create disparities (Chatterton et al., 2016; Karatasou & Santamouris,
2019). This is especially true for the 19 MSOA that have not reduced their consump-
tions across the analysis period. As this high gas consuming cluster houses MSOA
which have the lowest proportion of energy efficient properties, this analysis has
identified key areas that should be of key policy focus for energy saving retrofits and
electrification (Nabinger & Persily, 2011; Thomsen et al., 2016; BEIS, 2021b). Such
an approach will create a meaningful real term reduction in carbon emissions (Chat-
terton et al., 2016) which will narrow the extreme gas consumptions outlined within
Fig. 1 to facilitate a cleaner and more equitable residential sector to make greater
strides towards net zero obligations.

Alternatively, the “Low to Very Low Consumption” cluster house 43 MSOA who
have consistently been within the very low gas consumption states of 1-2 across the
analysis period (< 10,517 kWh). Although this cluster houses the most energy effi-
cient properties, there are still over 50% of MSOA which have a median energy inef-
ficient EPC band of D-G. When you combine this with the lowest median incomes,
there are portions of individuals living within these MSOA that are at significant
risk of fuel poverty. This could likely explain their low gas consumptions where may
are forced to under-consume and be faced with multiple physical and mental health
consequences (Mohan, 2021; Butler, 2013; Evans et al., 2001; Wilkinson et al.,
2001). Targeting electrification and energy saving retrofitting policies to these low
consuming areas won’t produce the significant reduction in carbon emissions in the
way that the targeting of high consumption areas might (Chatterton et al., 2016).
However, it would help eliminate a number of associated consequences of living in
entrenched fuel poverty, achieving a more equitable residential sector.

Spatio-temporal Variations in Gas Consumption

Figure 9 maps the spatial-temporal gas consumption clusters across England and
Wales. A key trend identified is how lower gas consumption clusters concentrate
within urban centres compared to their periphery. Figure 10 illustrates a selection
of these urban conurbations to explore this further, with London demonstrating this
trend most clearly. We believe a substantial factor influencing these urban and rural
trends exists because of the type of properties which are most prominent within
these spaces. The EHS 2018-19 report demonstrated that purpose-built flats which
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Fig.9 Location of gas consumption trajectory clusters within England and Wales. Data Source: BEIS,
2022¢

are much more abundant within urban zones had a much lower floor area of 58m?
compared to 149m? of floor space in detached properties which dominate rural and
peripheral areas (MHCLG, 2020b).

Figure 11 contains a multiplot to delve deeper into the influence of floor size and
gas consumption using the average floor size (M?) within the EPC register (Sect. 3.1)
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Fig. 10 Spatial-temporal variation of gas consumption based on clusters in urban centres. Data Source:
BEIS, 2022¢

(DLUHC, 2024). This figure first outlines the average floor size, with vast portions
of MSOA within these urban spaces having an average property size below 75m?.
These properties are much smaller than the average sizes of dwellings on the wider
periphery. Figure 11 further demonstrates the close relationship between our most
recent gas consumption year and the average floor size across our clusters, where
a correlation of 0.69 is obtained. Overall, our results of smaller properties having a
lower degree of gas consumption aligns with the literature and provides a credible
explanation for the spatial-temporal trends identified within this analysis (Yohanis
et al., 2008; Baker & Rylatt, 2008; Wilson & Boehland, 2008; Guerra Santin et al.,
2009). However, whilst property size is an important factor, gas consumption can be
determined by wider factors such as occupant behaviour. For example, within each
cluster there are a magnitude of MSOA which have larger properties on average, but
also have smaller gas consumptions which make them key areas of interest.

The relationship between property size and gas consumption within North Wales
is interesting. Here, large portions of MSOA within this area are assigned towards
the smallest gas consumption clusters, but the area has quite a large average prop-
erty size between 100—125m2. North Wales is a region which faces a high extent of
poverty as it has a low skills base resulting in outward migration, high portions of
low paid and fragile employment, and a ‘rural premium’ where goods and services
are expensive due to limited competition (Williams & Doyle, 2016). Such factors
initiate financial pressures, where significant portions of income are taken up with
mortgages and rents whilst occupants are often found to cut back on fuel usage (Wil-
liams and Doyle). The consequence of this is that fuel poverty within rural Wales are
42% compared to 22% within their urban counterpart (National Assembly Research
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Service, 2011). Whilst our results demonstrate a positive relationship between floor
size and gas consumption, there are areas where behavioural differences gener-
ated from multiple social and economic factors can have a profound impact on gas
consumption.

The South West of England shows similar trends to North Wales regarding floor
size and gas consumption. A significant factor contributing to the prevalence of
MSOA assigned to the lower gas consumption cluster is the higher proportion of
second homes or holiday residences within this region. The EHS report of 2018-
19 demonstrated that 27% of all dwellings within this region are second addresses
(MHCLG, 2020c). Those dwellings are likely to be primarily occupied through the
warmer summer months, a period where gas consumption for space heating is sig-
nificantly lower than winter. Whilst our results have demonstrated the size of the
dwelling is a determinant of gas consumption, the dwellings use case in regard to a
second address serves as a key explanation for the large portions of MSOA within
Devon and Cornwall having a low gas consumption cluster classification (MHCLG,
2020c¢; Kulakiewicz, Garton Grimwood and Cromarty, 2022 and ONS, 2012).

Conclusion and Implications for Policy

In the context of a growing need to rapidly decarbonise society, evidence of the
dynamics of energy consumption is diverse and plentiful, where household gas,
electricity and transport consumption have been particular areas of interest (Brand
& Boardman, 2008; Chatterton et al., 2016; Karatasou & Santamouris, 2019; Biichs
& Schnepf, 2013; Druckman & Jackson, 2008; Pan & Li, 2017; Taylor et al., 2014).
However, a key oversight regarding the spatiality of household energy consumption
is the neglection of how this varies over time. Such temporal oversights limit the
evaluation of a household’s progress towards a low carbon transition. We will fill
this temporal neglect through applying a methodological framework of sequence
and clustering analysis to explore the spatial-temporal variation of residential gas
consumption per meter within English and Welsh MSOA between 2010 and 2020.

In summary, our analysis reveals a decline in gas metered gas consumption over
the analysis period. This is attributed by an increase in energy efficiency, the rise
in energy saving home technologies and an increase in vulnerabilities (MHCLG,
2020a; Sovacool et al., 2017; BEIS, 2022e; Eisfeld & Seebauer, 2022; Petrova,
2017). We identified four spatial-temporal clusters in total: “High to Very High
Consumption”, “High to Medium Consumption”, “Medium to Low Consumption”,
and “Low to Very Low Consumption”.

We demonstrate that our clusters of gas consumption are determined by dwell-
ing and socio-economic factors. The “Very High to High Consumption” cluster had
the lowest proportion of properties with an EPC band of A-C, but had the largest
median net income. Alternatively, the “Low fo Very Low Consumption™ cluster had
the lowest median net income, with over 50% of the properties falling within the
energy inefficient EPC D-G bands. Geographical analysis highlighted substantial
portions of this cluster were dominated within urban spaces, an area calculated to
have much smaller average property sizes compared to the periphery. However, the
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relationship between floor size and gas consumption did not hold for South West
England and North Wales. These areas see low levels of gas consumption, but have
comparatively larger dwellings. We conclude that the higher rates of fuel poverty
within North Wales has likely influenced gas consumption behaviours, with the
smaller gas consumption within the South West of England attributed to the higher
proportions of second addresses (MHLCG, 2020b; MHCLG, 2020c; Kulakiewicz
et al., 2022 and ONS, 2012).

Overall, we advocate targeted policy interventions of energy saving retrofits and
electrification to be directed towards the MSOA which did not see a decrease in
gas consumption. These include the 19 MSOA who continuously consumed large
amounts of gas, and the 43 MSOA who consistently consumed small amounts of
gas. These MSOA have a combined population of over half a million, where policy
can be implemented to facilitate a more equitable residential sector which makes
greater strides towards net zero within the high consuming MSOA, whilst tackling
household vulnerabilities in areas with lower gas consumptions (ONS, 2021).

Implications for Policy

Whilst this analysis has formally identified gas consumption trajectories to facilitate
the targeting of policy, the analysis incorporates a number of limitations for policy
to consider. The analysis was captured during a period before the current cost of
living and energy crisis initiated by Russia’s invasion of Ukraine. This event raised
global gas prices as shockwaves were sent through the global energy market. We
expect the proportion of MSOA falling within the “Low to Very Low Consumption”
cluster to increase as the dramatic rise in the cost of gas is met with households
reducing consumptions which will enhance vulnerabilities (Guan et al., 2023; Mor-
ley, 2022; Rubene & Koester, 2022).

The methodological process behind the metered gas consumptions within MSOA
may result in some meters having an incorrect sector allocation. BEIS classify all
meters as domestic should the meter have an “Annual Quantity” below 73,200 kWh/
Year (BEIS, 2022d). Some heavily consuming households, or some apartment
blocks operating on one gas meter on a single heating system may be incorrectly
classified as non-domestic and omitted from these statistics. Additionally, some
small businesses with an annual gas consumption below this threshold may be allo-
cated within these statistics. This is a limitation of the input data beyond our control.
Despite this however, the number of incorrectly sector allocated meters is estimated
to be small, which means it will have limited impact on the gas consumption trends
identified within our analysis (BEIS, 2022d).

The EPC open data register formally starting publishing EPC records from the
Ist of October 2008. We used the EPC open data register to calculate the propor-
tion of properties with an A-C EPC band and the average floor size at the MSOA
level by selecting the most recent EPC within active properties (Sect. 3.1). How-
ever, concerns have arisen regarding the accuracy of the EPC’s across our clusters.
This is due to the inability to match individual gas meters with the dwelling’s EPC
rating, as the gas consumption statistics are aggregated at the MSOA level (BEIS,
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2022c). Consequently, properties with a gas meter which haven’t changed ownership
or rental status since the inception of the EPC dataset in October of 2008 won’t be
included within this analysis. Whilst we believe the trends in EPC ratings and aver-
age floor sizes across our gas consumption clusters are accurate, it’s important to
acknowledge that the gas meters and EPC ratings are not matched (DLUHC, 2024).

Lastly, Although MSOA which have less than five meters are excluded from the
statistics, MSOA with low gas meter counts can heavily skew gas consumption tra-
jectories (BEIS, 2022d). For example, from Figs. 3 and 4 there’s an MSOA in Lin-
colnshire which has very few gas meters, but each meter consumes very highly to
place the MSOA within the highest gas consumption state (Fig. 1). Because of this,
policy makers need to explore the makeup of the MSOA when deciding the best
cause of action.

Despite these limitations, we feel the use of sequence and clustering to develop
gas consumption trajectories is very useful to facilitate the targeting of policy to fos-
ter a more equitable residential sector.
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org/10.1007/s12061-024-09584-9.

Acknowledgements We would like to thank the Geographic Data Science lab at the University of Liver-
pool for their help and support.

This paper is part of a PhD project funded by the Economic and Social Research Council (ESRC),
through the Centre for Doctoral Teaching: University of Liverpool.

Grant Number: ES/P000401/1. Caitlin Robinson’s time is supported by a UKRI Future Leaders Fel-
lowship grant (MR/V021672/2).

Author Contributions Conceptualisation: [Cameron Ward, Caitlin Robinson]; Methodology: [Cam-
eron Ward, Caitlin Robinson, Francisco Rowe]; Software: [Cameron Ward, Caitlin Robinson, Alexan-
der Singleton, Francisco Rowe]; Investigation: [Cameron Ward]; Formal Analysis and Investigation:
[Cameron Ward]; Visualisation: [Cameron Ward]; Project Administration: [Cameron Ward]; Writing-
Original Draft: [Cameron Ward]; Writing- Review and Editing: [Caitlin Robinson; Alexander Single-
ton, Francisco Rowe]; Supervision: [Caitlin Robinson, Alexander Singleton, Francisco Rowe].

Declarations
Conflict of interest The authors declare they have no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

@ Springer


https://doi.org/10.1007/s12061-024-09584-9
https://doi.org/10.1007/s12061-024-09584-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

1296 C.Ward et al.

References

Baker, K. J., & Rylatt, R. M. (2008). Improving the prediction of UK domestic energy-demand using annual
consumption-data. Applied Energy,85(6), 475-482. https://doi.org/10.1016/j.apenergy.2007.09.004

BEIS (2019). Fuel Poverty Factsheet England, 2019. [online] Department for Business, Energy and
Industrial Strategy. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/966517/Fuel_Poverty_Factsheet_2019_data.pdf. Accessed 18 Oct 2022.

BEIS (2020). Domestic Energy Prices: Data sources and methodology. [online] https://assets.publishing.
service.gov.uk/media/65b15ceb160765001118{861/domestic-energy-prices-data-sources-methodol-
ogy-updated-2017.pdf. Accessed 11 Apr 2024.

BEIS (2021a). Carbon Budgets. [online] GOV.UK. https://www.gov.uk/guidance/carbon-budgets.
Accessed 4 Oct 2022.

BEIS (2021b). Cost-Optimal Domestic Electrification (CODE). [online] Available at: https://assets.
publishing.service.gov.uk/media/632038fee90e077dba7762a6/CODE-Final-Report-WHOLE-
FINAL-v20.pdf. Accessed 11 Apr 2024.

BEIS. (2021c). Subnational Electricity and Gas Consumption Statistics Regional and Local Authority,
Great Britain, 2020. [online] Department for Business, Energy and Industrial Strategy. https://assets.
publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1079141/subna
tional_electricity_and_gas_consumption_summary_report_2020.pdf. Accessed 17 Oct 2022.

BEIS. (2022a). Final UK greenhouse gas emissions national statistics 1990-2020. Table 1.3: Esti-
mated territorial emissions of carbon dioxide (CO2) by source category, by million tonnes car-
bon dioxide equivalent (MtCO2e), UK 1990-2020. [online] https://www.gov.uk/government/stati
stics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2020. Accessed 6 Apr 2022.

BEIS. (2022b). 2020 UK Greenhouse Gas Emissions, Final Figures. [online] Department for Busi-
ness, Energy and Industrial Strategy. https://assets.publishing.service.gov.uk/government/uploa
ds/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statisti-
cal-release.pdf. Accessed 30 June 2022.

BEIS. (2022c). MSOA domestic gas 2010 to 2020 [Online] https://www.gov.uk/government/statistics/
lower-and-middle-super-output-areas-gas-consumption. Accessed 12 Feb 2022.

BEIS. (2022d). [Online] Subnational Consumption Statistics Methodology and guidance booklet.
BEIS. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_
data/file/1106768/sub-national-methodology-and-guidance-2022.pdf. Accessed 18 Dec 2022.

BEIS. (2022e). Smart Meter Statistics in Great Britain: Quarterly Report to end June 2022. [online]
Department for Business, Energy and Industrial Strategy. https://assets.publishing.service.gov.
uk/government/uploads/system/uploads/attachment_data/file/1099629/Q2_2022_Smart_Meters_
Statistics_Report.pdf. Accessed 14 Nov 2022.

Bhattacharya, J., DeLeire, T., Haider, S., & Currie, J. (2003). Heat or eat? Cold-weather shocks and
nutrition in poor American families. American Journal of Public Health,93(7), 1149-1154.
https://doi.org/10.2105/ajph.93.7.1149

Brand, C., & Boardman, B. (2008). Taming of the few—the unequal distribution of greenhouse gas
emissions from personal travel in the UK. Energy Policy,36(1), 224-238. https://doi.org/10.
1016/j.enpol.2007.08.016

Broad, O., Hawker, G., & Dodds, P. E. (2020). Decarbonising the UK residential sector: The depend-
ence of national abatement on flexible and local views of the future. Energy Policy,140, 111321.
https://doi.org/10.1016/j.enpol.2020.111321

Brzinsky-Fay, C., & Kohler, U. (2010). New Developments in sequence analysis. Sociological Meth-
ods & Research,38(3), 359-364. https://doi.org/10.1177/0049124110363371

Biichs, M., & Schnepf, S. V. (2013). Who emits most? Associations between socio-economic factors
and UK households’ home energy, transport, indirect and total CO2 emissions. Ecological Eco-
nomics,90, 114—123. https://doi.org/10.1016/j.ecolecon.2013.03.007

Building Research Establishment (2020). The Housing Stock of The United Kingdom. [online] https://
files.bregroup.com/bretrust/The-Housing-Stock-of-the-United-Kingdom_Report_ BRE-Trust.pdf
. Accessed 4 Oct. 2022.

Butler, P. (2013). Fuel poverty: ‘There comes a point where you can’t put more clothes on’. [online] the Guard-
ian. https://www.theguardian.com/society/2013/oct/25/fuel-poverty-heat-or-eat. Accessed 21 Jul 2022.

@ Springer


https://doi.org/10.1016/j.apenergy.2007.09.004
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/966517/Fuel_Poverty_Factsheet_2019_data.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/966517/Fuel_Poverty_Factsheet_2019_data.pdf
https://assets.publishing.service.gov.uk/media/65b15ceb160765001118f861/domestic-energy-prices-data-sources-methodology-updated-2017.pdf
https://assets.publishing.service.gov.uk/media/65b15ceb160765001118f861/domestic-energy-prices-data-sources-methodology-updated-2017.pdf
https://assets.publishing.service.gov.uk/media/65b15ceb160765001118f861/domestic-energy-prices-data-sources-methodology-updated-2017.pdf
https://www.gov.uk/guidance/carbon-budgets
https://assets.publishing.service.gov.uk/media/632038fee90e077dba7762a6/CODE-Final-Report-WHOLE-FINAL-v20.pdf
https://assets.publishing.service.gov.uk/media/632038fee90e077dba7762a6/CODE-Final-Report-WHOLE-FINAL-v20.pdf
https://assets.publishing.service.gov.uk/media/632038fee90e077dba7762a6/CODE-Final-Report-WHOLE-FINAL-v20.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1079141/subnational_electricity_and_gas_consumption_summary_report_2020.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1079141/subnational_electricity_and_gas_consumption_summary_report_2020.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1079141/subnational_electricity_and_gas_consumption_summary_report_2020.pdf
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2020
https://www.gov.uk/government/statistics/final-uk-greenhouse-gas-emissions-national-statistics-1990-to-2020
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1051408/2020-final-greenhouse-gas-emissions-statistical-release.pdf
https://www.gov.uk/government/statistics/lower-and-middle-super-output-areas-gas-consumption
https://www.gov.uk/government/statistics/lower-and-middle-super-output-areas-gas-consumption
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1106768/sub-national-methodology-and-guidance-2022.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1106768/sub-national-methodology-and-guidance-2022.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1099629/Q2_2022_Smart_Meters_Statistics_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1099629/Q2_2022_Smart_Meters_Statistics_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1099629/Q2_2022_Smart_Meters_Statistics_Report.pdf
https://doi.org/10.2105/ajph.93.7.1149
https://doi.org/10.1016/j.enpol.2007.08.016
https://doi.org/10.1016/j.enpol.2007.08.016
https://doi.org/10.1016/j.enpol.2020.111321
https://doi.org/10.1177/0049124110363371
https://doi.org/10.1016/j.ecolecon.2013.03.007
https://files.bregroup.com/bretrust/The-Housing-Stock-of-the-United-Kingdom_Report_BRE-Trust.pdf
https://files.bregroup.com/bretrust/The-Housing-Stock-of-the-United-Kingdom_Report_BRE-Trust.pdf
https://www.theguardian.com/society/2013/oct/25/fuel-poverty-heat-or-eat

Spatial-Temporal Dynamics of Gas Consumption in England and... 1297

Chatterton, T. J., Anable, J., Barnes, J., & Yeboah, G. (2016). Mapping household direct energy
consumption in the United Kingdom to provide a new perspective on energy justice. Energy
Research & Social Science,18, 71-87. https://doi.org/10.1016/j.erss.2016.04.013

Chidiac, S. E., Catania, E. J. C., Morofsky, E., & Foo, S. (2011). Effectiveness of single and multi-
ple energy retrofit measures on the energy consumption of office buildings. Energy,36(8), 5037-
5052. https://doi.org/10.1016/j.energy.2011.05.050

Clinch, J. P., & Healy, J. (2000). Housing standards and excess winter mortality. Journal of Epidemi-
ology & Community Health,54(9), 719-720. https://doi.org/10.1136/jech.54.9.719

Committee on Fuel Poverty. (2021). Committee on Fuel Poverty: Annual Report. [online] Committee
on Fuel Poverty. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/
attachment_data/file/1028724/cfp-annual-report-2021.pdf. Accessed 18 Oct 2022.

Committee on Climate Change (2019). UK housing: Fit for the future? [online] https://www.theccc.org.uk/
wp-content/uploads/2019/02/UK-housing-Fit-for-the-future-CCC-2019.pdf. Accessed 5 May 2021.

DESNZ. (2023). Household Energy Efficiency Great Britain, Data to December 2022. [online] https:/
assets.publishing.service.gov.uk/media/64230bbd3d885d000cdadd20/HEE_Stats_Detailed_Relea
se_-_Mar_23.pdf. Accessed 11 Apr 2024.

DESNZ. (2024). Average unit costs and fixed costs for gas for GB regions (QEP 2.3.4). [online] https://www.
gov.uk/government/statistical-data-sets/annual-domestic-energy-price-statistics. Accessed 11 Apr 2024.

DLUHC (2022). English Housing Survey. [online] Department for Levelling Up, Housing and Communi-
ties. https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/
file/1091144/Energy_Report_2020_revised.pdf. Accessed 12 Jun 2022.

DLUHC. (2024). Energy Performance of Buildings Data: England and Wales [Online] https://epc.opend
atacommunities.org/. Accessed 27 Apr 2024.

Druckman, A., & Jackson, T. (2008). Household energy consumption in the UK: A highly geographically
and socio-economically disaggregated model. Energy Policy,36(8), 3177-3192. https://doi.org/10.
1016/j.enpol.2008.03.021

Dubois, G., Sovacool, B., Aall, C., Nilsson, M., Barbier, C., Herrmann, A., Bruyere, S., Andersson, C., Skold,
B., Nadaud, F., Dorner, F., Moberg, K. R., Ceron, J. P., Fischer, H., Amelung, D., Baltruszewicz, M.,
Fischer, J., Benevise, F., Louis, V. R., & Sauerborn, R. (2019). It starts at home? Climate policies target-
ing household consumption and behavioral decisions are key to low-carbon futures. Energy Research &
Social Science [online], 52(52), 144—158. https://doi.org/10.1016/j.erss.2019.02.001

Eisenberg-Guyot, J., Peckham, T., Andrea, S. B., Oddo, V., Seixas, N., & Hajat, A. (2020). Life-course
trajectories of employment quality and health in the U.S.: A multichannel sequence analysis. Social
Science & Medicine,264, 113327. https://doi.org/10.1016/j.socscimed.2020.113327

Eisfeld, K., & Seebauer, S. (2022). The energy austerity pitfall: Linking hidden energy poverty with self-
restriction in household use in Austria. Energy Research and Social Science,84, 102427. https://doi.
org/10.1016/j.erss.2021.102427

Evans, G. W., Saltzman, H., & Cooperman, J. L. (2001). Housing Quality and Children’s Socioemotional
Health. Environment and Behaviour,33(3), 389-399. https://doi.org/10.1177/00139160121973043

Gabadinho, A., Ritschard, G., Studer, M., & Miiller, N. (2011). Mining sequence data in R with the
TraMineR package: A user’s guide. [Online] http://mephisto.unige.ch/pub/TraMineR/doc/TraMi
neR-Users-Guide.pdf. Accessed Jun 9 2022.

Garcia, A., Ambrose, A., Hawkins, A., & Parkes, S. (2021). High consumption, an unsustainable habit
that needs more attention. Energy Research & Social Science,80, 102241. https://doi.org/10.1016/j.
erss.2021.102241

Gascoigne, C., Morgan, K., Gross, H., & Goodwin, J. (2009). Reducing the health risks of severe winter
weather among older people in the United Kingdom: An evidence-based intervention. Ageing and
Society,30(2), 275-297. https://doi.org/10.1017/s0144686x09990298

Guan, Y., Yan, J., Shan, Y., Zhou, Y., Hang, Y., Li, R., Liu, Y., Liu, B., Nie, Q., Bruckner, B., Feng,
K., & Hubacek, K. (2023). Burden of the global energy price crisis on households. Nature Energy
[online], 8, 1-13. https://doi.org/10.1038/s41560-023-01209-8

Guerra Santin, O., Itard, L., & Visscher, H. (2009). The effect of occupancy and building characteristics
on energy use for space and water heating in Dutch residential stock. Energy and Buildings, 41(11),
1223-1232. https://doi.org/10.1016/j.enbuild.2009.07.002.

Halkos, G. E., & Gkampoura, E. C. (2021). Coping with Energy Poverty: Measurements, drivers,
impacts, and solutions. Energies, 14(10), 2807. https://doi.org/10.3390/en14102807.

@ Springer


https://doi.org/10.1016/j.erss.2016.04.013
https://doi.org/10.1016/j.energy.2011.05.050
https://doi.org/10.1136/jech.54.9.719
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1028724/cfp-annual-report-2021.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1028724/cfp-annual-report-2021.pdf
https://www.theccc.org.uk/wp-content/uploads/2019/02/UK-housing-Fit-for-the-future-CCC-2019.pdf
https://www.theccc.org.uk/wp-content/uploads/2019/02/UK-housing-Fit-for-the-future-CCC-2019.pdf
https://assets.publishing.service.gov.uk/media/64230bbd3d885d000cdadd20/HEE_Stats_Detailed_Release_-_Mar_23.pdf
https://assets.publishing.service.gov.uk/media/64230bbd3d885d000cdadd20/HEE_Stats_Detailed_Release_-_Mar_23.pdf
https://assets.publishing.service.gov.uk/media/64230bbd3d885d000cdadd20/HEE_Stats_Detailed_Release_-_Mar_23.pdf
https://www.gov.uk/government/statistical-data-sets/annual-domestic-energy-price-statistics
https://www.gov.uk/government/statistical-data-sets/annual-domestic-energy-price-statistics
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1091144/Energy_Report_2020_revised.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1091144/Energy_Report_2020_revised.pdf
https://epc.opendatacommunities.org/
https://epc.opendatacommunities.org/
https://doi.org/10.1016/j.enpol.2008.03.021
https://doi.org/10.1016/j.enpol.2008.03.021
https://doi.org/10.1016/j.erss.2019.02.001
https://doi.org/10.1016/j.socscimed.2020.113327
https://doi.org/10.1016/j.erss.2021.102427
https://doi.org/10.1016/j.erss.2021.102427
https://doi.org/10.1177/00139160121973043
http://mephisto.unige.ch/pub/TraMineR/doc/TraMineR-Users-Guide.pdf
http://mephisto.unige.ch/pub/TraMineR/doc/TraMineR-Users-Guide.pdf
https://doi.org/10.1016/j.erss.2021.102241
https://doi.org/10.1016/j.erss.2021.102241
https://doi.org/10.1017/s0144686x09990298
https://doi.org/10.1038/s41560-023-01209-8
https://doi.org/10.1016/j.enbuild.2009.07.002
https://doi.org/10.3390/en14102807

1298 C.Ward et al.

Healy, J. D. (2003). Excess winter mortality in Europe: A cross country analysis identifying key risk fac-
tors. Journal of Epidemiology & Community Health [online], 57(10), 784—789. https://doi.org/10.
1136/jech.57.10.784

Hinson, S., Bolton, P., & Kennedy, S. (2022). Fuel Poverty (HC 8730). [Online]. London. https://resea
rchbriefings.files.parliament.uk/documents/CBP-8730/CBP-8730.pdf. Accessed 11 Oct 2023.

HM Government. (2021). Net Zero Strategy: Build Back Greener. [online] UK: HM Government. Availa-
ble at:https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/
file/1033990/net-zero-strategy-beis.pdf. Accessed 30 Jun 2022

Jgrgensen, T. S. H., Osler, M., Jorgensen, M. B., & Jorgensen, A. (2022). Mapping diagnostic trajectories from
the first hospital diagnosis of a psychiatric disorder: A Danish nationwide cohort study using sequence
analysis. The Lancet Psychiatry, [online] 10(1). https://doi.org/10.1016/S2215-0366(22)00367-4

Karatasou, S., & Santamouris, M. (2019). Socio-economic status and residential energy consumption: A latent
variable approach. Energy and Buildings, 198, 100-105. https://doi.org/10.1016/j.enbuild.2019.06.013

Kulakiewicz, A., Garton-Grimwood, G., & Cromarty, H. (2022). Second homes and holiday-lets in rural
communities. [online] House of Commons Library. https://researchbriefings.files.parliament.uk/
documents/CDP-2022-0001/CDP-2022-0001.pdf. Accessed 3 Nov 2022.

Legendre, B., & Ricci, O. (2015). Measuring fuel poverty in France: Which households are the most fuel
vulnerable? Energy Economics,49, 620—628. https://doi.org/10.1016/j.eneco.2015.01.022.

Lesnard, L. (2010). Setting Cost in Optimal Matching to Uncover Contemporaneous Socio-Temporal Pat-
terns. Sociological Methods & Research, 38(3), 389—419. https://doi.org/10.1177/0049124110362526

Longhurst, N., & Hargreaves, T. (2019). Emotions and fuel poverty: The lived experience of social hous-
ing tenants in the United Kingdom. Energy Research & Social Science,56, 101207. https://doi.org/
10.1016/j.erss.2019.05.017

MHCLG (2020a). English Housing Survey Headline Report, 2019-20. [online] Ministry of Housing, Com-
munities & Local Government. https://assets.publishing.service.gov.uk/government/uploads/system/
uploads/attachment_data/file/945013/2019-20_EHS_Headline_Report.pdf. Accessed 13 Oct 2022.

MLCHG (2020b). English Housing Survey 2018-19 Size of English homes. [online] Ministry of Housing,
Communities and Local Government. https://assets.publishing.service.gov.uk/government/uploads/
system/uploads/attachment_data/file/898369/Size_of_English_Homes_Fact_Sheet_ EHS_2018.pdf.
Accessed 26 Oct 2022.

MHCLG (2020c). English Housing Survey 2018 to 2019: second homes — fact sheet. [Online] https:/
assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898190/
2020_EHS_second_homes_factsheet.pdf. Accessed 11 Nov 2022.

Mohan, G. (2021). Young, poor, and sick: The public health threat of energy poverty for children in
Ireland. Energy Research & Social Science,71, 101822. https://doi.org/10.1016/j.erss.2020.101822

Morley, B. (2022). Energy prices: how COVID helped them to surge — and why they won’t go down any
time soon. [online] The Conversation. https://theconversation.com/energy-prices-how-covid-helped-
them-to-surge-and-why-they-wont-go-down-any-time-soon-175679. Accessed 14 Aug 2022.

Murtagh, F., & Legendre, P. (2014). Ward’s Hierarchical Agglomerative Clustering Method: Which
Algorithms Implement Ward’s Criterion? Journal ofClassification, 31(3), 274-295. https://doi.org/
10.1007/s00357-014-9161-z

Nabinger, S., & Persily, A. (2011). Impacts of airtightening retrofits on ventilation rates and energy con-
sumption in a manufactured home. Energy and Buildings,43(11), 3059-3067. https://doi.org/10.
1016/j.enbuild.2011.07.027

National Assembly Research Service (2011). Key Issues for the Fourth Assembly. [online] https://senedd.
wales/NAfW %20Documents/11-026.pdf%20-%2020102011/11-026-English.pdf. Accessed 10 Oct 2022.

Newsham, N. (2022). Understanding trajectories of population decline across rural and urban Europe: A
sequence analysis. Population Space and Place. https://doi.org/10.1002/psp.2630

ONS (2012). 2011 Census: Number of people with second addresses in local authorities in England and
Wales, March 2011. [online] ONS. https://www.ons.gov.uk/peoplepopulationandcommunity/housi
ng/bulletins/2011censusnumberofpeoplewithsecondaddressesinlocalauthoritiesinenglandandwales/
2012-10-22#type-of-second-address-in-england-and-wales. Accessed 11 Nov. 2022.

ONS. (2021). Middle Super Output Area population estimates (National Statistics). Mid-2020:
SAPE23DT1S5 edition of this dataset [Online] https://www.ons.gov.uk/peoplepopulationandcommun
ity/populationandmigration/populationestimates/datasets/middlesuperoutputareamidyearpopulat
ionestimatesnationalstatistics. Accessed 16 Jun 2022.

ONS. (2023). Net annual household income by middle layer super output area (MSOA), England and
Wales, financial year ending March 2020 (£). [Online] https://www.ons.gov.uk/employmentandla

@ Springer


https://doi.org/10.1136/jech.57.10.784
https://doi.org/10.1136/jech.57.10.784
https://researchbriefings.files.parliament.uk/documents/CBP-8730/CBP-8730.pdf
https://researchbriefings.files.parliament.uk/documents/CBP-8730/CBP-8730.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/1033990/net-zero-strategy-beis.pdf
https://doi.org/10.1016/S2215-0366(22)00367-4
https://doi.org/10.1016/j.enbuild.2019.06.013
https://researchbriefings.files.parliament.uk/documents/CDP-2022-0001/CDP-2022-0001.pdf
https://researchbriefings.files.parliament.uk/documents/CDP-2022-0001/CDP-2022-0001.pdf
https://doi.org/10.1016/j.eneco.2015.01.022.
https://doi.org/10.1177/0049124110362526
https://doi.org/10.1016/j.erss.2019.05.017
https://doi.org/10.1016/j.erss.2019.05.017
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/945013/2019-20_EHS_Headline_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/945013/2019-20_EHS_Headline_Report.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898369/Size_of_English_Homes_Fact_Sheet_EHS_2018.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898369/Size_of_English_Homes_Fact_Sheet_EHS_2018.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898190/2020_EHS_second_homes_factsheet.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898190/2020_EHS_second_homes_factsheet.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/898190/2020_EHS_second_homes_factsheet.pdf
https://doi.org/10.1016/j.erss.2020.101822
https://theconversation.com/energy-prices-how-covid-helped-them-to-surge-and-why-they-wont-go-down-any-time-soon-175679
https://theconversation.com/energy-prices-how-covid-helped-them-to-surge-and-why-they-wont-go-down-any-time-soon-175679
https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.1007/s00357-014-9161-z
https://doi.org/10.1016/j.enbuild.2011.07.027
https://doi.org/10.1016/j.enbuild.2011.07.027
https://senedd.wales/NAfW%20Documents/11-026.pdf%20-%2020102011/11-026-English.pdf
https://senedd.wales/NAfW%20Documents/11-026.pdf%20-%2020102011/11-026-English.pdf
https://doi.org/10.1002/psp.2630
https://www.ons.gov.uk/peoplepopulationandcommunity/housing/bulletins/2011censusnumberofpeoplewithsecondaddressesinlocalauthoritiesinenglandandwales/2012-10-22#type-of-second-address-in-england-and-wales
https://www.ons.gov.uk/peoplepopulationandcommunity/housing/bulletins/2011censusnumberofpeoplewithsecondaddressesinlocalauthoritiesinenglandandwales/2012-10-22#type-of-second-address-in-england-and-wales
https://www.ons.gov.uk/peoplepopulationandcommunity/housing/bulletins/2011censusnumberofpeoplewithsecondaddressesinlocalauthoritiesinenglandandwales/2012-10-22#type-of-second-address-in-england-and-wales
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/middlesuperoutputareamidyearpopulationestimatesnationalstatistics
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/middlesuperoutputareamidyearpopulationestimatesnationalstatistics
https://www.ons.gov.uk/peoplepopulationandcommunity/populationandmigration/populationestimates/datasets/middlesuperoutputareamidyearpopulationestimatesnationalstatistics
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales

Spatial-Temporal Dynamics of Gas Consumption in England and... 1299

bourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlela
yersuperoutputareasenglandandwales . Accessed 11 Apr 2024.

Pan, J., & Li, J. (2017). Spatiotemporal Dynamics of Electricity Consumption in China. Applied Spatial
Analysis and Policy, 12(2), 395-422. https://doi.org/10.1007/s12061-017-9248-0.

Patias, N., Rowe, F., & Cavazzi, S. (2019). A Scalable Analytical Framework for Spatio-Temporal Analy-
sis of Neighborhood Change: A Sequence Analysis Approach. Lecture Notes in Geoinformation and
Cartography, pp.223-241. https://doi.org/10.1007/978-3-030-14745-7_13

Petrova, S. (2017). Illuminating austerity: Lighting poverty as an agent and signifier of the Greek crisis.
European Urban and Regional Studies,25(4), 360-372. https://doi.org/10.1177/0969776417720250

Philippe Blanchard, Biihlmann, F. Jacques-Antoine Gauthier & Springer link (Online Service (2014).
Advances in sequence analysis: Theory, Method, Applications. Springer International Publishing.

Priestley, S. (2019). UK Carbon Budgets. [online] House of Commons Library. https://researchbriefings.
files.parliament.uk/documents/CBP-7555/CBP-7555.pdf. Accessed 11 Apr 2024.

Robinson, C., Bouzarovski, S., & Lindley, S., 2018. ‘Getting the measure of fuel poverty’: The geography
of fuel poverty indicators in England. Energy Research & Social Science, [online] 36, pp.79-93.
https://doi.org/10.1016/j.erss.2017.09.035

Rubene, L., & Koester, G. (2022). Recent dynamics in energy inflation: the role of base effects and taxes.
[online] Marketscreener.com. https://www.marketscreener.com/news/latest/Recent-dynamics-in-
energy-inflation-the-role-of-base-effects-and-taxes--33184331/. Accessed 14 Aug 2022.

Snell, C., Bevan, M., & Thomson, H. (2015). Justice, fuel poverty and disabled people in England.
Energy Research & Social Science, 10, 123—132. https://doi.org/10.1016/j.erss.2015.07.012.

Sovacool, B. K., Kivimaa, P., Hielscher, S., & Jenkins, K. (2017). Vulnerability and resistance in the
United Kingdom’s smart meter transition. Energy Policy [online],109, 767-781. https://doi.org/10.
1016/j.enpol.2017.07.037

Stewart, 1., & Bolton, P. (2024). Households off the gas-grid and prices for alternative fuels. [online]
House of Commons Library. https://researchbriefings.files.parliament.uk/documents/CBP-9838/
CBP-9838.pdf Accessed 6 Apr 2024.

Summerfield, A. J., Oreszczyn, T., Palmer, J., Hamilton, I. G., & Lowe, R. J. (2015). Comparison of
empirical and modelled energy performance across age-bands of three-bedroom dwellings in the
UK. Energy and Buildings,109, 328-333. https://doi.org/10.1016/j.enbuild.2015.09.050

Taylor, S. C., Firth, S. K., Wang, C., Allinson, D., Quddus, M., & Smith, P. (2014). Spatial mapping of
building energy demand in Great Britain. GCB Bioenergy,6(2), 123—135. https://doi.org/10.1111/
gcbb. 12165

Thomsen, K. E., Rose, J., Mgrck, O., Jensen, S. @., @stergaard, 1., Knudsen, H. N., & Bergsge, N. C.
(2016). Energy consumption and indoor climate in a residential building before and after compre-
hensive energy retrofitting. Energy and Buildings,123, 8—16. https://doi.org/10.1016/j.enbuild.2016.
04.049

Van Gerwen, R., Jaarsma, S. & Wilhite, R. (2011). Smart Metering (1, pp.51-78) CRC Press eBooks.
https://doi.org/10.1201/b11300-4

Ward, J. H. (1963). Hierarchical grouping to optimize an objective function. Journal of the American Sta-
tistical Association,58(301), 236-244. https://doi.org/10.1080/01621459.1963.10500845

Wilkinson, P., Landon, M., Armstrong, B., Stevenson, S., Pattenden, S., McKee, M., & Fletcher, T.
(2001). Cold comfort: The social and environmental determinants of excess winter deaths in Eng-
land, 1986-96. The Policy Press. [Online] https://www.jrf.org.uk/report/cold-comfort-social-and-
environmental-determinants-excess-winter-deaths-england-1986-1996. Accessed 11 Nov. 2022.

Williams, E., & Doyle, R. (2016). Rural Poverty in Wales: Existing Research and Evidence Gaps.
[online] Public Policy Institute for Wales. https://orca.cardiff.ac.uk/id/eprint/124562/1/An-introducti
on-to-Rural-Poverty.pdf. Accessed 28 Sep 2022.

Wilson, A., & Boehland, J. (2008). Small is beautiful U.S. House size, Resource Use, and the Environ-
ment. Journal of Industrial Ecology [online], 9(1-2), 277-287. https://doi.org/10.1162/1088198054
084680

Yohanis, Y. G., Mondol, J. D., Wright, A., & Norton, B. (2008). Real-life energy use in the UK: How
occupancy and dwelling characteristics affect domestic electricity use. Energy and Buildings,40(6),
1053-1059. https://doi.org/10.1016/j.enbuild.2007.09.001

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps
and institutional affiliations.

@ Springer


https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales
https://www.ons.gov.uk/employmentandlabourmarket/peopleinwork/earningsandworkinghours/datasets/smallareaincomeestimatesformiddlelayersuperoutputareasenglandandwales
https://doi.org/10.1007/s12061-017-9248-0
https://doi.org/10.1007/978-3-030-14745-7_13
https://doi.org/10.1177/0969776417720250
https://researchbriefings.files.parliament.uk/documents/CBP-7555/CBP-7555.pdf
https://researchbriefings.files.parliament.uk/documents/CBP-7555/CBP-7555.pdf
https://doi.org/10.1016/j.erss.2017.09.035
https://www.marketscreener.com/news/latest/Recent-dynamics-in-energy-inflation-the-role-of-base-effects-and-taxes--33184331/
https://www.marketscreener.com/news/latest/Recent-dynamics-in-energy-inflation-the-role-of-base-effects-and-taxes--33184331/
https://doi.org/10.1016/j.erss.2015.07.012
https://doi.org/10.1016/j.enpol.2017.07.037
https://doi.org/10.1016/j.enpol.2017.07.037
https://researchbriefings.files.parliament.uk/documents/CBP-9838/CBP-9838.pdf
https://researchbriefings.files.parliament.uk/documents/CBP-9838/CBP-9838.pdf
https://doi.org/10.1016/j.enbuild.2015.09.050
https://doi.org/10.1111/gcbb.12165
https://doi.org/10.1111/gcbb.12165
https://doi.org/10.1016/j.enbuild.2016.04.049
https://doi.org/10.1016/j.enbuild.2016.04.049
https://doi.org/10.1201/b11300-4
https://doi.org/10.1080/01621459.1963.10500845
https://www.jrf.org.uk/report/cold-comfort-social-and-environmental-determinants-excess-winter-deaths-england-1986-1996
https://www.jrf.org.uk/report/cold-comfort-social-and-environmental-determinants-excess-winter-deaths-england-1986-1996
https://orca.cardiff.ac.uk/id/eprint/124562/1/An-introduction-to-Rural-Poverty.pdf
https://orca.cardiff.ac.uk/id/eprint/124562/1/An-introduction-to-Rural-Poverty.pdf
https://doi.org/10.1162/1088198054084680
https://doi.org/10.1162/1088198054084680
https://doi.org/10.1016/j.enbuild.2007.09.001

1300 C.Ward et al.

Authors and Affiliations

Cameron Ward'® . Caitlin Robinson? - Alexander Singleton’ - Francisco Rowe'

P4 Cameron Ward
c.ward7 @liverpool.ac.uk

< Caitlin Robinson
caitlin.robinson @bristol.ac.uk

P4 Alexander Singleton
ucfnale @liverpool.ac.uk

P4 Francisco Rowe
fcorowe@liverpool.ac.uk

Department of Geography and Planning, University of Liverpool, L69 7ZT Liverpool, UK

2 The School of Geographical Sciences, University of Bristol, University Rd, BS8 1SS Bristol,
UK

@ Springer


http://orcid.org/0000-0001-5505-8013

	Spatial-Temporal Dynamics of Gas Consumption in England and Wales: Assessing the Residential Sector Using Sequence Analysis
	Abstract
	Introduction
	Background
	Decarbonising the Residential Sector
	Energy Consumption is not Uniform
	Spatial-temporal Approaches to Energy Consumption

	Methodology
	Datasets
	Sequence Analysis
	Ward Hierarchical Clustering

	Research Findings
	Overall Trends in Gas Consumption
	Sequence and Clustering Analysis
	Spatio-temporal Variations in Gas Consumption

	Conclusion and Implications for Policy
	Implications for Policy

	Acknowledgements 
	References


