Impact of heat pumps and future energy prices on regional inequalities
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Abstract

The adoption of heat pumps to displace the use of gas for domestic heating is a major component of the strategy to
reduce emissions in the UK. This study examines the impact of adopting heat pumps on regional inequalities in the
UK. An index is used to assess how variations in household fuel costs could affect regional disparities across different
future price scenarios. The findings reveal that, at 2019 prices, most households would face higher heating costs with
heat pumps. However, following the 2022 energy price shock, heat pump adoption would lead to lower heating costs
for most households compared to gas heating. The effect is sensitive to the electricity-to-gas price ratio, with regions
experiencing high fuel poverty being most vulnerable to negative impacts. By mapping these geospatial effects, the
study enables the forecasting of future inequality trends, providing insights for informed policy development. The
results suggest that, under appropriate price structures, heat pump adoption could contribute to both decarbonisation
and reduced social inequality. An example mechanism for financial support to mitigate the impact of adopting heat
pumps on inequality is demonstrated. This study highlights the novel capability of The World Avatar (TWA) approach
to integrate cross-domain data sets, combining energy policy with social equity goals. By forecasting future inequality
trends based on energy price scenarios, the study provides a route to valuable insights to support informed policy
development, highlighting how the adoption of heat pumps can influence regional inequalities and emphasising the
need for targeted interventions to support vulnerable regions.
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1. Introduction favourable momentum for adopting renewable electric-
ity in the heating sector. The UK government has out-
lined the ambition to phase out the installation of natural
gas boilers by 2035 [11], and have introduced incen-
tives to stimulate the adoption of heat pumps, includ-
ing the Domestic Renewable Heat Incentive [12], the
Boiler Upgrade Scheme [13], and the Heat Pump Ready
Programme [14]. Although the target was recently re-
laxed [15], the subsidy to support the upfront cost of
heat pumps has increased. Additionally, the previous
scheme that supported payments over several years has
been replaced by an increased grant that offers a one-
off payment. In addition, energy companies are offering
loans to pay the remaining cost of installation [16].

The last nine years were the warmest since modern
records began. This is yet another symptom of climate
change caused by greenhouse gas emissions. Heating
contributes 37% of total UK greenhouse gas emissions
— more than any other sector — of which 17% of the
total is due to space heating [1]. The decarbonisation
of heating poses profound challenges [2]. As of 2021,
74% of UK households used mains gas heating. Cen-
sus data shows that this proportion has remained largely
unchanged over the past decade [3].

The UK has introduced measures to reduce green-
house gas emissions. Examples include improving
household infrastructure and energy performance [4, 5,
6], development of renewable energy [7, 8], and pro-
moting low-carbon technologies [9, 10]. There has been

The challenges and consequences of decarbonisation
will impact all areas of society. For example, Sher-
riff et al. [17] cautioned that ‘fuel poverty may rise in
*Corresponding author the rush to decarbonise’. This is attributed to the fact
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cess new technologies and afford the high upfront costs.
The government emphasises the severe financial hard-
ship and health implications for households in extreme
fuel poverty [18, 19], highlighting the importance of
addressing inequality. The government committed to
dealing with fuel poverty and the energy transition in
a comprehensive manner [20]. Surveys [11] highlight
that severe fuel poverty stems from subpar infrastructure
and insulation, such that enhancing home energy effi-
ciency remains pivotal in addressing both fuel poverty
and climate change [21]. The target set by the govern-
ment is to upgrade as many fuel-poor homes as pos-
sible meeting a minimum energy efficiency rating by
2030 [22]. Support has been provided to meet this tar-
get, for example the Home Upgrade Grant [4], which
aims to bolster building infrastructure for vulnerable
households. Despite the considerable financial support
offered by the government [20] and National Energy
Action (NEA) [23], analysis suggests that more than
double the current level of committed funding will be
needed by 2030 to meet the fuel poverty target [20].

These considerations extend internationally. Sales
of heat pumps in the US exceeded sales of gas fur-
naces in 2022 [24]. Europe now has more than 19 mil-
lion heat pumps installed, with Sweden accounting for
the largest market having over 2 million operating heat
pumps and offering incentives of a 30% tax rebate of up
to €5,000 a year to reduce the labour cost of retrofit in-
stallations [25]. Despite this success, the Swedish gov-
ernment recognises that climate policies often dispro-
portionately affect lower-income groups. It has received
recommendations that there is a pressing need for poli-
cies that address both emissions reductions and social
equity [26] and has committed to financial support for
low-income households to alleviate the burden of en-
ergy costs associated with climate policies [27].

Recognising the urgency of the situation, it is crucial
to consider a comprehensive policy that not only en-
compasses decarbonisation but also considers on its sys-
temic ramifications in terms of community engagement,
economic and social impact. Such assessments necessi-
tate the integration of diverse models and data spanning
multiple domains and encompassing geographical and
temporal descriptions [28]. In the UK, National Grid
ESO [29] highlighted the significance of such interop-
erability in relation to the digitalisation of the energy
sector. However, current approaches to energy mod-
elling are still encountering limitations in interoperabil-
ity [30, 31]. The challenge of effectively integrating
data while ensuring openness and transparency in such
assessments also remains unsolved [32].

Knowledge graph technology is an appropriate candi-

date for addressing interoperability issues. Knowledge
graphs use ontologies to represent data and the rela-
tionships between data items as a directed graph. This
provides a structured, uniform, and expandable frame-
work, facilitating semantic connections across data and
models [33]. The World Avatar (TWA) project has pro-
posed the use of dynamic knowledge graphs to integrate
data and models from multiple domains, creating a liv-
ing digital twin, to allow holistic, self-consistent analy-
sis [34]. Dynamic behaviour is conferred by semantic
computational agents that operate on TWA knowledge
graph to process information. For example, providing
a mean to automate data input, analyse the data to cal-
culate quantities of interest, and to cascade changes in
data through connected parts of knowledge graphs [34].
Successful applications span a range of length scales,
ranging from quantum [35] and molecules [36, 37, 38],
to buildings [39, 40], industries [41, 42], cities [43, 44]
and countries [28].

Savage et al. [28] used TWA to investigate the im-
pact of the deployment of heat pumps on regional in-
equality. The study showed that large-scale heat pump
deployment would reduce CO, emissions but exacer-
bate inequality. Since that analysis, the world has ex-
perienced significant political changes [45] and social
disruptions [46]. The COVID-19 outbreak has caused
substantial disruptions to socioeconomic activities [47],
and the Russia-Ukraine conflict triggered a global en-
ergy crisis and energy prices [48]. The effect on energy
prices is shown in Figure 1, This raises questions about
the social consequences of such large-scale heat pump
promotion under current energy prices, and how the im-
pact of heat pumps on inequality might fluctuate if en-
ergy prices were to change in the future.

The purpose of this paper is to explore how changes
in fuel prices might influence regional inequality in the
UK under the scenario that heat pumps are adopted in
place of gas for domestic heating. The study uses the
TWA to integrate cross-domain geospatial datasets, en-
compassing domestic gas and electricity consumption,
climate, and fuel poverty. It calculates the change in
domestic heating costs resulting from using heat pumps
instead of gas. An inequality index is calculated to un-
derstand how changes in cost intersect with regional fuel
poverty under various future fuel price scenarios. The
study identifies regions that are particularly sensitive to
changes in fuel prices. Understanding the impact of fu-
ture fuel prices on the change in household heating cost
incurred by adopting heat pumps for domestic heating
allows for the assessment of policy choices for how to
decarbonise heating on regional inequality. The geospa-
tially explicit analyses reveal the hidden consequences



of governmental decarbonisation actions and changes in
energy prices on inequality. This raises the possibility of
identifying current and forecast trends, to allow policy
interventions to address social inequality while simulta-
neously incentivising decarbonisation.
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Figure 1: Domestic energy price: Historic electricity (top) and gas
(bottom) prices from 2010 to 2022 [data from 49] and projected prices
from 2023 to 2050 [data from 50]. The solid lines are projected from
central assumptions. The shaded region shows the upper and lower
bounds derived from high and low assumptions [data from 51].

2. Methods

The geographical units used in this study are Lower
Layer Super Output Areas (LSOAs), reported by the
Office for National Statistics (ONS) [52]. The input
datasets were collected from a series of open resources
and are summarised in Table 1.

Data provided by the HadUK-grid -climate
dataset [58] offer a raster map of the UK with
1 km resolution. The data include the minimum, mean,
and maximum monthly air temperature at each grid
point. The approach detailed by Savage et al. [60] is
followed to convert the gridded temperature data into
temperature values specific to each LSOA.

Electricity and gas consumption statistics are avail-
able at the LSOA level [54, 55]; however, they are re-
ported annually. The disaggregation method outlined
by Savage et al. [28] is adopted to estimate the temporal
energy consumption via gas and electricity, G and E.

Fuel poverty statistics describe the proportion of
fuel-poor households for each LSOA in England [59].
Broadly speaking, a household is classified as fuel poor
if its disposable income is below the poverty line and
living in a low energy efficiency property [18].

The LSOA boundaries are updated every ten
years [61]. It is worth noting that the fuel poverty statis-

tics in 2021 use the new LSOAs from the 2021 cen-
sus [59], while gas and electricity consumption data in
2021 still use LSOAs from the 2011 census [54, 55],
leading to an inconsistency in the geographical units.
Moreover, the year 2020 saw significant disruptions in
energy consumption patterns, particularly in the domes-
tic sector, due to the COVID-19 pandemic and associ-
ated lockdown measures [62, 63], resulting in statistics
that are atypical. The 2019 electricity and gas consump-
tion, mean air temperature, and fuel poverty statistics
were therefore used to carry out the following analyses,
with only fuel prices varying between scenarios.

The change in energy consumption via domestic gas
resulting from the adoption of heat pumps is calculated

AG=UG ¢heatingv (1)

where U is a parameter describing the uptake of heat
pumps. U = 0 corresponds to no change in gas con-
sumption, while U = 1 corresponds to the complete
substitution of all gas used for domestic heating. G de-
notes the total energy consumption via domestic gas,
and @peaing indicates the proportion of domestic gas
used for heating. This study uses @neaing = 0.9 based
on data that shows that 90% of gas is used for heating
in UK households [64].

The calculation follows the same procedure as Sav-
age et al. [28] and assumes that the same amount of
energy would be needed for domestic heating using a
heat pump compared to gas. The heat, Q, produced by
displaced gas boilers was estimated as

Q = Nboiler AG7 (2)

where npoiler 1S the efficiency of the boiler. This study
uses poiler = 0.8 based on the efficiency of modern boil-
ers [65]. On the heat pump side, Q is estimated as

0= COPhealing AE, 3)

where COPpeqiing s the coeflicient of performance of the
heat pump, and AFE is the change in electricity consump-
tion resulting from the adoption of heat pumps. Com-
bining equations (1), (2), and (3), an equation can be
derived for the change in electricity consumption

U ¢heating G
AE = fogiter—mm® 2 4
Mboilel COPheating 4)

While the value AE is affected by npoiter and Pheating, the
values of these parameters are applied uniformly such

that the trends in the differential geospatial impacts are
insensitive to the choice of values for these parameters.



Table 1: Summary of data sources used by The World Avatar in this study.

Name Description Format Frequency
LSOA boundaries [53] Digital boundaries of LSOAs. .shp 10 years
Annual electricity consumption statistics [54] Estimates of number of electricity meters Xxlsx Annual
and electricity consumption in each LSOA.
Annual gas consumption statistics [55] Estimates of the number of gas meters and Xlsx Annual
gas consumption for each LSOA in the UK.
Monthly profile of national electricity consumption [56]  Estimates of the total monthly electricity Xxlsx Two months in arrears
consumption in the UK.
Monthly profile of national gas consumption [57] Estimates of the total monthly gas xlsx Two months in arrears
consumption in the UK.
HadUK-grid climate data set [58] The maximum, mean and minimal climate netCDF  Annual
temperature data for each month in a
uniform 1 km X 1 km grid covering the UK.
Fuel poverty statistics [59] Estimates of the proportion of number of xlsx Annual
fuel poor households in each LSOA in
England.
Annual domestic energy bills [49] Annual electricity and gas unit prices in xlsx Quarterly
domestic sector from 2010 to 2022.
Forecast retail fuel prices [50] Annual retail electricity and gas unit prices Xlsx Annual

predicted up to 2050.

The coefficient of performance for heating purposes
is calculated as

Ty
Ty -T¢’
where 7 is the efficiency of the heat pump, acting as a
correction factor for deviations from the ideal Carnot
cycle. Ty and T denote the absolute temperature of the
hot and cold sides of the heat pump cycle. The calcula-
tion is based on the standard industry practice of using a
hot side temperature of Ty = 45 °C [66], and a refriger-
ation cycle efficiency i = 0.35, corresponding to a COP
in the range 2—4 at typical operating temperatures [28].

The change in fuel cost due to the adoption of heat
pumps in place of gas for heating was calculated as

AC = AG - Cg + AE - C, (©6)

COPheating =n ®)

where Cg and Cg are the unit costs of gas and electricity
respectively. AG represents a decrease in gas consump-
tion and AE represents an increase in electricity con-
sumption. While it is possible to associate each LSOA
with a specific Public Electricity Supply (PES) area and
different unit prices, the study uses a uniform unit price
across all LSOAs, which enables a straightforward com-
parison between regions. The paper uses predictions of
the future gas and electricity prices to assess how the
adoption of heat pumps would affect the cost of domes-
tic heating compared with the continued use of gas heat-
ing [50].

An inequality index is calculated as a function of AC
and fuel poverty

AC .
¢inequality = ?¢fp’ @)

where @inequaiity denotes the inequality index, AC is the
change in domestic heating cost, o is the standard de-
viation of the distribution of AC across LSOAs, and ¢,
is the proportion of fuel poverty. $fp is the normalised
proportion of fuel poverty

~ ¢fp - min(¢fp)

b = ®)

"~ max(¢r,) — min(¢g)

where the parameterisation of min(¢g) and max(¢g,)
follows Savage et al. [28]. For the purpose of compari-
son, it is useful to define a normalised change in annual
household domestic heating cost:

A~ AC
AC = —, 9
C ©))
where AC is the annual change in household heating
cost, as per equation (6), and C is the annual household
domestic heating cost
C=G-Co+E-Cg (10)

where Cg and Cg are the unit costs of gas and electric-
ity as per equation (6), and G and E are the gas and



electricity consumption respectively. This normalisa-
tion represents AC as a proportion of the total cost and
removes the dependence of AC on the individual fuel
prices, making it solely reliant on the price ratio (see
section SI.2 of the Supplementary Information).

The scenarios constructed by this study are based on
the full deployment of heat pumps, subject to differ-
ent fuel prices. To isolate the effect from other vari-
ables such as fuel consumption, the scenarios were con-
structed using the same set of 2019 data, except for gas
and electricity unit prices. It should also be noted that
the mean air temperature for 2019 was used in the anal-
ysis.

The study employs a dynamic knowledge graph ap-
proach to manage data and information as per The
World Avatar [67]. Calculations in this study are pro-
cessed by a series of computational agents that read in-
formation from and return information to The World
Avatar knowledge graphs. A graph-native derived infor-
mation framework [68] was used to manage information
updates and track interdependencies.

3. Results

3.1. Change in domestic heating costs using 2019 and
2022 fuel prices

The change in domestic heating cost (AC) is cal-
culated using equation (6), using the average electric-
ity and gas unit prices in 2019 (Cg 0.188 £/kWh,
Cg = 0.043 £/kWh) and 2022 (Cg = 0.322 £/kWh,
Cg = 0.083 £/kWh) [49]. The results are shown in Fig-
ure 2.

In the 2019 scenario, most regions show an increase
in domestic heating costs, with more pronounced in-
creases in northern England. In the 2022 scenario, the
change in domestic heating cost shows similar geospa-
tial variation, but now with a decrease in domestic heat-
ing cost in the south of England and an increase in do-
mestic heating cost in the north of England. Each sce-
nario has the potential to result in a significant reduction
in emissions. Example calculations describing the re-
duction in emissions are provided in section SI.1 of the
Supplementary Information.

Figure 2 shows the monthly variation in AC, in an
example region E01004731. The shaded region on the
graph represents the range of AC corresponding to the
difference between the minimum and maximum tem-
perature each month. The extensive range underscores
the sensitivity to temperature, corresponding to a varia-
tion in cost of about £20 per month per household in the
2022 scenario.
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Figure 2: Top: Geospatial distribution of the estimated change in an-
nual household fuel costs (AC), under a scenario with full adoption of
air-source heat pumps in place of gas for domestic heating. Bottom:
Monthly variation in AC for area LSOA: E01004731. The shaded area
signifies the range of AC corresponding to the minimum and max-
imum air temperatures in 2019. The change in gas and electricity
prices between 2019 and 2022 has a major impact on whether adopt-
ing a heat pump in place of gas heating increases or decreases monthly
household fuel costs.

3.2. Impact of price ratio

While there was a significant surge in fuel prices in
2022, the magnitude of AC is holistically smaller in the
2022 scenario compared to the 2019 scenario. This find-
ing demonstrates the significance of the ratio of electric-
ity to gas price, as opposed to just the absolute price. It
is important to examine the range of applicable price
ratios to define the scope of the current analysis.

Figure 3 replots the price data from Figure 1 as the
ratio of electricity to gas price. The projected price ra-
tios predominantly fall within the range 3.25 to 5. This
encompasses the majority of the historic data over the
past 13 years with the exception of the lowest price ra-
tio in 2013, as well as notably high price ratios in 2020
and 2021 (attributed to COVID-19 lockdowns and low
wholesale gas prices). This range was used to repre-
sent price ratios in the future in the subsequent analysis.
As highlighted earlier, fuel prices is the only variable
changed across different scenarios while other variables
were held constant in this study.
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Figure 3: Trend in price ratio of domestic energy costs (2010 to
2050): Historic ratio of domestic electricity to gas prices from 2010 to
2022 [49] and projected price ratio from 2023 onward [50]. The solid
line from 2023 shows forecast price ratios based on central assump-
tions. The shaded region shows the upper and lower bounds derived
from high and low assumptions [51].

The subsequent calculations were conducted by vary-
ing the electricity prices while keeping the gas price the
same as in 2019, creating different scenarios within the
price ratio range 3.25 to 5.

Figure 4 shows the geographical variation of the nor-
malised change in cost and inequality index across dif-
ferent price ratio scenarios.

Figure 4(a) shows that an increase in the price ra-
tio leads to a corresponding increase in AC, which
aligns with the expectation that as electricity becomes
more expensive relative to gas, AC also increases. The
geospatial distribution follows a trend of increasing
from south to north. However, the disparities between
regions are not as pronounced as observed in Figure 2.

Figure 4(b) shows the geospatial variations of the in-
equality index. A comprehensive increase in the in-
equality index with increasing price ratio is apparent,
both on a local and national scale. From a national per-
spective, the most notable increase in inequality occurs
between the price ratios of 3.5 and 4, with the north-
south regional disparities not observed for price ratios
of 3.25 and 3.5. However, the differences in inequality
become substantial for price ratios exceeding 3.5. The
geospatial distribution seems to be static for price ratios
surpassing 4.25.

3.3. Impact on future decarbonisation policy

Figure 5 shows the inequality index @inequatity, calcu-
lated as per equation (7), for all regions using 2019 and
2022 electricity and gas prices. The bars in the top and
bottom subplots represent the LSOA regions and are ar-
ranged in order of increasing proportion of fuel poverty.
As shown on the map in the middle left of the Figure 5,
the regions with the lowest proportions of fuel poverty
are primarily located in the south of England, particu-
larly around London, while the regions with the high-
est proportions of fuel poverty are typically situated in
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Figure 4: Impact of price ratio on the geospatial distribution of (a)
normalised estimated change in annual household heating costs (AC)
and (b) inequality index.

the north of England. Comparing the plots in 2019 and
2022 fuel prices, regions with severe fuel poverty tend
to exhibit higher inequality at 2019 fuel prices but lower
inequality at 2022 fuel prices.

The sensitivity to the price ratio and the lower values
of the inequality index in the 2022 scenario suggest that
the adoption of heat pumps could help decrease inequal-
ity under the right conditions. A more detailed demon-
stration of the sensitivity can be found in section SI.3 of
the Supplementary Information.

3.4. Interventions to reduce inequality

The effect of heat pump installations on regional in-
equality is influenced by the electricity-to-gas price ra-
tio. In scenarios with high price ratios like in 2019, heat
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prices.

pumps could worsen regional disparities. This is be-
cause their efficiency differs because of regional differ-
ences in climate, leading to regional differences in how
they affect heating costs. However, previous funding for
incentivising the adoption of heat pumps only focused
on reducing the capital cost of heat pumps. The follow-
ing section explores a hypothetical subsidy plan based
on heating costs, to consider how much financial help
might be needed to lessen the impact on equality.

The subsidy is designed to reflect the regional change
in domestic heating cost, along with the proportion of
fuel poverty in that region and a target inequality index.
This target represents a maximum permitted level of in-
equality across all regions. Hence, the subsidy aims to
reduce the inequality index for regions exceeding this
target. The distribution of subsidies to regions is calcu-

lated as follows.

¢[Zlf et b
AC — o ===, if Pinequality = @
> quality < Prargets
Csubsidy = { o (11)

5 if ¢inequality < ¢target,

where Cgupsigy represents the subsidy amount for a
household a year, AC represents the change in domestic
heating cost per household per year as per equation (6),
o represents the standard deviation of the distribution
of all AC across regions (in this case, LSOAS), arget
is the target inequality index, and g?ﬁfp is the normalised
proportion of fuel poverty as per equation (9). A sub-
sidised inequality index is calculated as:

AC - Csubsidy ~
Gsubsidised inequality = BE— S (12)

The change in cost AC is calculated based on gas con-
sumption, temperature, gas and electricity prices. While
this analysis has access to all the data that are needed for
the exploration of the hypothetical subsidy, if the sub-
sidy were to be adopted it should be assumed that it will
significantly affect the use of gas. It would therefore
be necessary to estimate a pre-adoption-of-heat-pumps
value of the gas consumption for the purpose of eval-
uating equation (12). This could be achieved by using
historic gas consumption records, for example.

Figure 6 illustrates the effect of the subsidy on in-
equality, with @gubsidised inequaliy = 2 et as a reference
point.

The effect of the subsidy is readily apparent. Re-
gions with an inequality index that exceeds the target
see their inequality reduced to the target level. Re-
gions below the target receive no subsidy. The 2019
pricing scenario demands a substantially larger bud-
get compared to 2022 (£557M versus £4M). The 2019
costs far exceed typical schemes like the Boiler Up-
grade Scheme [13] (£150M/year) and the Home Up-
grade Grant [4] (£320M/year).

Unsurprisingly, the cost of the subsidy required to
mitigate increasing inequality varies significantly with
fuel prices. The 2019 scenario shows that the cost could
exceed the cost of current funding schemes for heat
pump installation and the improvement of the housing
fabric. Despite uncertainties about the long-term ef-
fects of such subsidies on heat pump adoption and re-
gional inequality, questions persist regarding the effec-
tiveness of distributing funds compared to enhancing
household infrastructure. The availability of household-
level data would offer granular insights into individ-
ual energy consumption patterns, home infrastructure
quality, and socio-economic conditions. It is believed
that such micro-level data would be valuable in helping
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Figure 6: Inequality index before (@inequatity, left) and after (Gsubsidised inequality Tight) applying a subsidy with ®inequality target = 2. Each bar represents
a single LSOA region. The regions are arranged in order of increasing proportion of fuel poverty (left to right). Inset text shows the cost of the
subsidy in each scenario. The density plots (top right) show the distribution of the inequality index before and after the subsidy. Regions with an
inequality index that exceeds the target see their inequality reduced to the target level. Regions below the target receive no subsidy.

understand the association between household charac-
teristics and energy consumption [69]. Future studies
could use such data to identify the best course of ac-
tion for each individual household, facilitating tailored
data-driven policy action.

4. Conclusions

This study used The World Avatar (TWA) approach
to integrate energy and social equity data sets to per-
form a detailed geospatial analysis of the impact of fuel
prices on regional inequality in the context of scenarios
where air-source heat pumps replace gas for domestic
heating in England. The findings show the sensitivity
of regions experiencing fuel poverty to changes in fuel
prices, emphasising the need for targeted interventions
to support vulnerable regions and highlighting the po-
tential for heat pumps to support decarbonisation while
simultaneously reducing regional social inequalities un-
der a suitable price regime.

The temporal and spatial variation in the coefficient
of performance of air-source heat pumps was estimated
using data describing the monthly minimum, mean, and
maximum temperatures throughout regions in England.
Data describing domestic energy consumption through-
out regions in England was used to estimate the increase
in household electricity and the corresponding decrease
in household gas consumption if heat pumps were used
to replace gas for domestic heating. The calculations as-
sumed typical device efficiencies and operating parame-
ters, and assumed an equivalent heat demand before and
after the switch to heat pumps. The latter is potentially
a strong assumption but is a necessary starting point.

The change in energy consumption was used to es-
timate the corresponding change in household heating
costs. An inequality index was used to provide a mea-
sure of whether regions with high proportions of fuel
poverty experience an increase or a decrease in domes-
tic heating costs. An increase in heating costs in re-
gions of high fuel poverty is interpreted as contribut-



ing to an increase in inequality, and conversely to a de-
crease in heating costs in regions of high fuel poverty.
Scenario analyses assessed how adopting a heat pump
might affect inequality under different price scenarios.
The study benefits from using a knowledge-graph-based
approach to manage the data required by the analyses.

It was shown that adopting heat pumps would result
in an increase in household heating costs in all regions
of England at 2019 prices. In contrast, it was shown
that the situation largely reversed in many areas at 2022
prices, such that adopting heat pumps would result in a
decrease in household heating costs. The ratio of elec-
tricity to gas price was shown to be the key factor affect-
ing the change in domestic heating costs. The potential
change in inequality was assessed in the context of fu-
ture predictions of the electricity-to-gas price ratio. At
the low end of the range of predictions (i.e. cheap elec-
tricity compared to gas) it was shown that adopting heat
pumps would result in a decrease in inequality, while at
the high end of the range adopting heat pumps would in-
crease inequality. It was also shown that this vulnerabil-
ity to changing prices was most pronounced in regions
of high fuel poverty.

The assessment offers key insights into the potential
social impact of adopting heat pumps to decarbonise do-
mestic heating and raises the possibility of estimating
the impact on regional inequality. By forecasting fu-
ture inequality trends based on energy price scenarios,
the study provides a route to crucial insights for poli-
cymakers aiming to balance environmental goals with
social equity. For example, policymakers may bene-
fit from understanding the uneven regional impact of
changes in fuel prices, and supporting the development
of specific localised strategies to incentivise decarbon-
isation while addressing social inequality. The study
leaves open questions about the causes of vulnerability
in areas of high fuel poverty. The nature of the avail-
able data limited the scope to consider this in more de-
tail. Future work is expected to combine more granu-
lar data describing housing characteristics, such as en-
ergy efficiency, type of construction, and urban or sub-
urban location to better support the formulation of pre-
cision policy interventions. Notwithstanding the focus
on England in this study, neither the problem of how
to decarbonise heating nor concerns regarding regional
inequalities are unique to the UK. The World Avatar ap-
proach used a dynamic knowledge graph to integrate
and process the cross-domain geospatial data underly-
ing the analyses. The approach is general, scalable and
could be applied anywhere, and has the potential to en-
able automated holistic analyses.

Data and code availability

The data sources used in this paper are thoroughly
cited and can be readily accessed through the hyperlinks
provided with the references. The codes developed for
this work are available under an open-source license at
https://github.com/cambridge-cares/TheWorld Avatar.
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