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Temporospatial techno-economic analysis of heat pumps
for decarbonising heating in Great Britain

Yang Wang, Wei He∗

School of Engineering, University of Warwick, Coventry, CV4 7AL, United Kingdom

Abstract

The electrification of heat using heat pumps with renewable power presents an attractive and technically feasible pathway for
decarbonising heating. However, until now, the uptake of heat pumps has been much slower than fossil-fuel-based heating,
particularly in the UK. To accelerate the use of heat pumps for national-scale heat decarbonisation, this study proposes new
approaches to synthesise high-quality temporospatial energy datasets (e.g. hourly depth-dependent region-based ground source
temperature), a new framework that facilitates national-scale cost analysis using synthesised datasets rather than individual
location-based analysis, and forward-looking analysis and discussions on potential subsidy structures and R&D directions for
facilitating the transition to low-carbon heat using heat pumps. The results suggest that currently Renewable Heat Incentive
(RHI) subsidised ground source heat pumps have the lowest levelised cost of heat (10-40% lower than gas boilers), benefiting
from the high heating efficiency and the ‘feed-in-tariff’ style RHI subsidy. However, considering the change of future subsidies,
required advances are analysed to improve the cash flow of owning heat pumps, improve heating efficiency,improve integration
with low-cost power sources, and reduce heat demand via domestic energy efficiency improvements. These insights will help
engineers and policy-makers to decarbonise domestic heat using heat pumps.
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Nomenclature

U Weight coefficient
¤&HP,>DC Heat released [W]
¤,HP,8= Power consumed by heat pump [W]

[boiler Boiler efficiency

2elec,C Electricity rate [p/kWh]

2gas,C Electricity rate [p/kWhgas]

�HP Capital cost of the heat pump [£/kW]

3 Day number [day]

��3,C Predicted domestic gas demand [kW]

�)3 Effective temperature [°C]

5) Geothermal gradient [°C m−1]

� Depth [m]

8 The year index during lifetime

; Location index

#. Lifetime [year]

# Number of occupied dwellings

%HP Heating power capacity of the heat pump [kW]

%C ,1 Normalised heating profile

&C Heat demand [kW]

A Interest rate

)3 Average daily outdoor air temperature [°C]

)g1,; Ground temperature at depth of 1 metre [°C]

)gH,; Ground temperature at the depth of H [°C]

C Time [hour]

ASHP Air source heat pump

Capex Capital Expenditure

CHG Clean Heat Grant

COP Coefficient of performance

DHW Domestic hot water

GHG Greenhouse gas

H-GSHP Horizontal ground source heat pump

IPCC Intergovernmental Panel on Climate Change

LCOE Levelised cost of electricity

LCOH Levelised cost of heat

OpEx Operational expenditure

RHI Renewable Heat Incentive

ToU Time of use

V-GSHP Vertical ground source heat pump

1. Introduction

1.1. Background
Climate change is one of the grand challenges faced by all

human beings in the 21st century [1]. To mitigate global
warming, the targeted scenario analysed by the Intergovern-
mental Panel on Climate Change (IPCC) for limiting global
warming to 1.5 °C suggests that direct carbon emissions in
all sectors should decrease to almost zero by 2050 [2].

Although significant greenhouse gas (GHG) reductions
have been achieved over the last decade, this has been largely
led by significant progress in the power and industrial sec-
tors [3]. A carbon-neutral or net-zero system requires further
deep decarbonisation of the power sector and radical cuts in
emissions across the global economy. Heat provision has his-
torically relied heavily on fossil fuels in many countries. The
incumbent fossil-fuel-based technologies are well established
worldwide [4], making them costly to replace. Currently, res-
idential and commercial buildings account for 36% of global
final energy use (mainly for heating and cooling) and 39%
of global energy-related carbon dioxide emissions [5]. In par-
ticular, heating accounts for over 36% of total emissions in
Europe [6], over 29% in the US [7] and 30-50% in China
[8]. Compared to power decarbonisation, decarbonising heat
is also technically more challenging due to the much higher
energy consumption involved (could be 10x peak electrical
demand) and larger weather-dependent temporal variations
over multiple timescales [9]. As a consequence, unlike the
transition that has been unfolding in the power sector and
gaining speed in the transportation sector, the decarbonisa-
tion of heat has been modest to date.

In the UK, heating accounted for over 35% of final energy
consumption and one-third of net emissions in 2018 [10]. In
the UK at present, heat pumps have much lower carbon emis-
sions per kWh thermal energy delivered than gas boilers [11];
this is why heat pumps have been proposed as a key solution
to decarbonise domestic heat through electrification since the
early 2010s [12]. One of the major factors that negatively af-
fects the adoption of heat pumps as replacements for gas
boilers is their high cost [13]. Although the predicted cost
of heat pumps will consistently drop with the growth of the
market [14], financial support is essential to build the mar-
ket at an early stage [15]. The UK government launched
the Renewable Heat Incentive (RHI) in 2011 to provide a
‘feed-in-tariff’ style subsidy to customers who use low-carbon
heating including heat pumps [16], but the number of heat
pump installations has been increasing more slowly than ex-
pected [17]. Follow-up support through the Clean Heat Grant
(CHG) was proposed for continuing the financial support with
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a flat-rate upfront reduction scheme [18]. Nevertheless, per-
ceptions of heat decarbonisation in the UK have so far been
disruptive, and technological pathways are seen as deeply un-
certain at present [19].

This study, therefore, aims to clarify the cost-attractiveness
of heat pumps in comparison to gas boiler, which currently
account for 85% of heating appliances in UK homes. In or-
der to reflect location-based factors within the economics of
heat pumps, we develop a new framework using hourly tem-
porospatial datasets of ambient temperature, ground source
temperatures at different depths, and heating demands to
evaluate the cost-effectiveness of heat pumps as a replace-
ment of gas boilers for decarbonising heat. Using this frame-
work, this study also analyses and discusses potential struc-
tural changes of subsidies and other R&D directions to im-
prove the attractiveness of heat pump going forward.

1.2. Literature review of techno-economic analysis of heat
pumps in the UK

The economic viability of heat pumps over fossil fuels is
complex as it is closely associated with region-based weather
conditions, adopted technologies, available policy choices and
local electricity and gas rates.

For heating in the UK, previous studies in the 2000s mainly
focused on the potential carbon savings of using heat pumps
in residential [20] and commercial buildings [21]. With the
increasing awareness of heat pumps’ potential environmental
benefits and the introduction of RHI in 2011, cost analysis of
heat pumps emerged. Kelly et al. assessed the performance
of a retrofitted ASHP in a Scottish dwelling [22]. Their re-
sults indicate 12% CO2 savings with 10% higher operational
cost to run a subsidy-free ASHP in comparison to a gas boiler
due to the high electricity cost [22]. Cabrol et al. investigated
ASHPs in three locations in the UK and found reduced oper-
ating costs and CO2 emissions [23]. Renaldi et al. optimised
an 8.5 kW ASHP system with different sizes of thermal en-
ergy storage on standard and time-of-use (ToU) tariffs for
the Milton Keynes Energy Park (England) [24]. The results
indicate a critical impact of the subsidy on reducing the total
cost of HP-based systems [24], although all HP-based sys-
tems have higher costs than gas boilers. Vijay et al. studied
an individual residential heating system and demonstrated the
significantly higher capability of heat pumps in reducing CO2
emissions [25]. They also pointed out that heat pumps have
less cost-effectiveness due to the high capital cost and high
electricity price [25]. However, prior studies of heat pumps
for heat decarbonisation in the UK only focused on individ-
ual heating systems in a limited number of selected loca-
tions, which failed to quantify the techno-economic potential
of heat pumps as a national-scale low-carbon alternative to
gas boilers to decarbonise heat across the country.

Compared to ASHPs, there are fewer studies focusing on
techno-economic analysis of GSHPs for heat decarbonisation
in the UK. Several studies of the technical performance of
GSHPs were conducted, such as the development of different
horizontal ground heat exchanger [26] and simulation models
[27], but the cost analysis of GSHPs in the context of the

British climate is limited. Garber et al. investigated a GSHP
system installed in Oxford, England, and suggested that a
full-size GSHP with auxiliary back-up heater was potentially
the most economical system configuration over several con-
ventional and low-carbon heating technologies [28]. Very re-
cently, Kozarcanin et al. analysed the impact of global warm-
ing on the cost optimal technologies for heating in Europe
using an average load factor method and constant ground
temperatures [29]. They showed that GSHP may be a cost
optimal solution for most of the UK in the future with in-
creased ambient temperatures [29]. Similar results were ob-
tained by Barnes et al. [30] by comparing the net present
values (NPV) of six heating systems (i.e. gas boilers, ASHP,
GSHP, hybrid HP, direct electric heating and storage-based
heating) in a predefined heating system that represented a
typical semi-detached house. However, similar to studies of
ASHPs, most GSHP studies were developed with only one
or several specific locations in mind. In addition, no stud-
ies considered the temporospatial variation of ground source
temperature and its resulting impact on the performance and
cost of heat pumps, which led to inaccurate estimations of
GSHPs’ cost-effectiveness.

1.3. Objectives of this study
Based on our literature review, it was found that prior stud-

ies of heat pumps for heat decarbonisation in Great Britain
and other regions either focused on individual heating systems
in a limited number of selected locations or used temporally
average weather or ground temperature data to assess heat
pumps’ performance, cost and emissions. To use heat pumps
to replace incumbent gas boilers, a comprehensive national-
scale analysis to investigate the cost-viability of heat pump
technologies with considerations of high-resolution temporal
and spatial variations of weather conditions, ground thermal
sources and heating demands is missing. Therefore, this study
aims to address this issue by 1) building a set of tools for syn-
thesising high-quality temporospatial data of weather condi-
tions, ground source temperatures at different depths, space
and hot water heating demands in different regions; and 2)
developing a new framework for assessing the improvements
required in technologies, policies, and markets, aimed at eval-
uating heat pump’s cost-competitiveness in comparison to
gas boiler over different locations. The novelty of this study
includes the tools that have been developed for synthesising
high-quality datasets, which will improve understanding of
the economics of heat pumps, as well as the temporospatial
analysis framework for conducting a national-scale analysis
unlike previous studies which have focused on specific loca-
tions. To the best of our knowledge, this is the first study
to use and prepare high-quality temporospatial datasets of
ground source temperatures for analysing the cost perfor-
mance of heat pumps over numerous locations with varied
heat demands.

These insights could help countries that are currently rely-
ing on fossil fuels for heating to understand the potential cost
for customers to use heat pumps. Although Great Britain is
used as a case study to exemplify the proposed methodology
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in this study, the framework and models are applicable to
guide heat decarbonisation in other regions of the world with
location-based inputs (e.g. global heating demands from [31]
and global weather data from MERRA datasets [32]).

To achieve these objectives, in this paper we
1. develop a set of tools to prepare high-quality hourly data

on weather conditions, ground source temperatures at
different depths, space heating demands, and domestic
hot water (DHW) demands in different regions as inputs
for the national-scale analysis;

2. develop a techno-economic framework that assesses and
compares levelised costs of heat (LCOH) and year-wise
NPV between heating technologies (i.e. ASHP, GSHP
and gas boilers) using the prepared high-quality temporal
and spatial data;

3. evaluate the current and future cost-effectiveness of heat
pumps as replacements for gas boilers for domestic heat
decarbonisation; and make recommendations for facili-
tating a smooth and affordable domestic heat decarbon-
isation from now to the future.

2. Methodology

The methodology used in this study to conduct the
national-scale techno-economic analysis is shown in Figure
1. Three heating systems, i.e. ASHP, GSHP, and gas boilers,
are simulated and economically assessed to meet hourly heat
demand profiles over different regions in Great Britain. The
hourly weather data is from NASA’s MERRA-2 and satellite
imaging data, which is also used to generate the hourly heat-
ing demand data. The hourly ground source temperature at
different depths is estimated using the datasets from Busby
et al. [33, 34], which were collected by the UK Met Office.
The selection of these datasets is based on data availabil-
ity. Further studies may be needed to analyse the potential
impact of using data from different sources. The detailed
method to generate the hourly heating demand and ground
source temperature as well as the models devised to simulate
heating system performance and costs are introduced below.

2.1. The heating demand model
This study uses a heating demand model developed by

Watson et al. [35] to synthesise hourly domestic heat demand
profiles in different British regions. Domestic heat demand for
space heating and DHW can be estimated using daily outdoor
ambient temperature. Regression models are demonstrated
to be suitable in predicting high-resolution national-scale do-
mestic heat demands on half-hourly or hourly timescales [36].

A regression model is developed to estimate the daily heat
demands of dwellings based on outdoor temperature and gas
demand (which is mainly for heating purposes) [35]. Based
on the model, in this study, domestic heating demand is es-
timated as follows:

��3,C = 2# 5 %C ,1

{
(−6.71�)3 + 111), for �)3 < 14.1°C,
(−1.21�)3 + 33), for �)3 > 14.1°C,

(1)

where ��3,C is the predicted domestic gas demand on day 3
at time C. # is the number of occupied dwellings. 5 is the
correction coefficient. %C ,1 is the normalised gas profile at
time C for the temperature band 1 (see the Appendix). �)3
is the effective temperature on the day 3. �)3 is a weighted
moving average of outdoor air temperature [35], which is,

�)3 = U)3 + (1 − U)�)3−1, (2)

where )3 is the average daily outdoor air temperature and U
is the weight coefficient. This effective temperature aims to
consider the effects of the thermal inertia that may slow/raise
down/up indoor heat demand in response to changes in out-
door temperature.

Furthermore, to obtain data on the demand for space heat-
ing and DHW, it is assumed that cooking accounts for 2%
on average of annual gas consumption and that this con-
sumption is spread evenly through the year [35]. Based on
field trials of over 6,000 dwellings in the UK, it is found that
above an outdoor temperature of 18 °C all heating demand is
for DHW and that no space heating is needed [35]. Cutting
off daily heating demand at an ambient temperature of 18
°C and a regressed linear model that scales daily DHW de-
mand with the outdoor temperature (see the Appendix), daily
DHW demand (in kWh) can be estimated. The normalised
power profile for heating demand at effective temperatures
over 18 °C is then used to convert daily DHW demand (in
kWh) to a DHW demand time series (in kW). The conver-
sion is based on the assumed unchanged pattern of DHW
use. With DHW heating demand, the space heating demand
profile can be estimated by subtracting the DHW demand
from the total heating demand. The detailed methods and
models used to generate half-hourly or hourly space heating
and DHW heating demand timeseries can be found in [35].

2.2. Model to estimate hourly ground source temperature at
different depths

Accurate estimations of ground temperatures are impor-
tant for optimally sizing GSHPs. Depending on the heat col-
lector type in GSHPs, underground heat at different depths
could be utilised. For horizontal GSHPs (H-GSHP) in which
thermal pipes are often installed at 1–2 m [37], heat at the
surface layer or in the soil is used as the heat source for the
heat pumps. For vertical GSHPs (V-GSHP), pipes are ver-
tically inserted into the ground, usually 15 – 122 m [37], to
extract geothermal energy at an increased temperature.

Therefore, this study uses ground temperature variations at
two depths (1 m and 100 m) for estimating the ground source
temperature in H-GSHPs and V-GSHPs respectively. The es-
timates are based on the data from Busby et al. [33, 34].
For estimating the heat source in H-GSHPs, a seasonally fit-
ted soil temperature at 1 m from the Wallingford Met Office
weather station is used to generate a normalised hourly tem-
perature time series (see the Appendix). Then, a national-
scale database of hourly ground temperatures at a depth of
1 m is synthesised, based on the normalised temperature se-
ries and the measured soil temperature data (i.e. max and
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Figure 1: The methodology used for the national-scale analysis of heat pumps in heat decarbonisation. Three parts of the framework are included:
tools and datasets (in red boxes), HP modelling (in green boxes), and evaluation and discussions (in blue boxes), differentiated by different color
schemes as shown in the figure.

min temperature per year) [34] from the other UK Met Of-
fice weather stations across the country. Thus, the ground
temperature is estimated by:

)g1,; = )g1,=>A< ()<0Gg1,; − )
<8=
g1,; ) + )

<8=
g1,; (3)

where )g1,; is the ground temperature at a depth of 1 m in the
location ; and )g1,=>A< is the normalised ground temperature
time series at a depth of 1 m in the Wallingford Met Office
weather station. )<0Gg1,; and )<8=g1,; are the recorded maximum
and minimum ground temperatures per year respectively at
the other Met Office weather stations.

Although the soil temperature varies temporally in daily
and seasonal cycles, at a depth of about 15 m the tempera-
ture is approximately constant and equal to the mean annual
air temperature [33]. Below a depth of 15 m, the ground
temperature is primarily affected by geothermal heat mov-
ing upwards from the interior of the earth. Therefore, the
ground temperature at a depth deeper than 15 m, �, can be
estimated by,

)gH,; = )̄g1,; 5) (� − 15) (4)
where )gH,; is the ground temperature at a depth of � in
the location ;, )̄g1,; is the mean ground temperature at the
depth of 1 m and 5) is the geothermal gradient. The average
UK geothermal gradient is 0.026 °C m−1 [33], which is used
to estimate the ground temperature at 100 m used for the
modelling of V-GSHPs.

2.3. Heating system model
A key metric used for describing the performance of heat

pumps is the COP, which is defined as,

�$% =
¤&HP,>DC
¤,HP,8=

, (5)

where ¤&HP,>DC is the heat released and ¤,HP,8= is the power
consumed by the heat pump.

Based on the field trial data, the realistic COP of both
ASHP and GSHP in the UK can be estimated using the tem-
perature lift (Δ)) and a regressed model [38],

for 15°C ≤ Δ) ≤ 60°C

�$%ASHP = 6.81 − 0.121Δ) + 0.000630Δ)2

for 20°C ≤ Δ) ≤ 60°C

�$%GSHP = 8.77 − 0.150Δ) + 0.000734Δ)2

(6)

For gas boilers, constant conversion efficiency by burning
fossil fuel to generate heat is considered in this study.

2.4. Cost model – levelised cost of heat (LCOH)
To assess the overall cost of heat pumps and compare the

costs between different heat pumps and gas boilers, similar
to the use of LCOE (levelised cost of electricity) in the com-
parison between different power generation approaches, this
study uses LCOH (levelised cost of heat), which is:

LCOH =
lifetime cost of the heat pump system, �C>C0;

lifetime heat generated, &C>C0;
, (7)

in which

�C>C0; = �0?�G +
#.∑
8=1

$?�G8

(1 − A)8 , and

&C>C0; =

#.∑
8=1

&8

(1 − A)8 ,
(8)

where �0?�G is the upfront cost that includes the heat pump
cost and its installation cost, $?�G8 is the annual running
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cost (e.g. energy cost), A is the interest rate, #. is the
lifetime (i.e., the number of years), and 8 is the year number
during its lifetime.

The capital cost of heat pumps can be estimated using a
regressed model developed by Staffell et al. [38] that is based
on the data of heat pumps from European manufacturers.
The model is:

�HP = 200 + 4750
%HP

1.25 , (9)

where �HP is the capital cost in £/kW. %HP is the heating
power capacity in kW.

The $?�G8 of heat pumps and gas boilers can be estimated
on a preliminary basis, respectively, by:

$?�GHP =
8760∑
C=1

[
24;42,C&C

�$%C
− (D1

]
, and

$?�Gboiler =
8760∑
C=1

2gas,C
&C

[boiler

(10)

where 2elec,C and 2gas,C are the electricity rate and the gas
rate at time C and &C is the heat demand at time C. [boiler
is the boiler’s efficiency. (D1 is the subsidy rate of ASHP or
GSHP. In the UK, the subsidies under the RHI scheme are:

(D1 = &C (1 −
1

('�
)', (11)

where ' is the unit subsidy rate, and ('� is the average
seasonal performance factor (SPF) of the heat pump, which
is:

(%� =

∑8760
C=1 &C∑8760
C=1 �C

=

∑8760
C=1 &C∑8760

C=1 (&C/�$%C )
(12)

where �C is the electricity consumption by the heat pump.

3. Results

This section presents the results of the national-scale anal-
ysis with the use of the proposed framework and synthe-
sised datasets. It starts with a validation of the synthesised
datasets and then presents a techno-economic analysis of heat
pumps in the UK.

3.1. Generation and validation of hourly ground temperature
time series at different depths

Using the data from the UK Met Office weather stations
and the normalised ground temperature time series [34], time
series of ground temperatures at a depth of 1 m are gener-
ated for each weather station. Figure 2a plots the calculated
mean annual ground temperature of the considered weather
stations. Compared to the recorded mean ground tempera-
ture by the Met Office weather stations, the mean root square
error of the estimated mean annual ground temperature at
a depth of 1 m is 3.5%, indicating a good accuracy in the

ground temperature prediction. Figure 2b plots the estimated
ground temperature at a depth of 100 m from the considered
locations. Therefore, at each location, hourly ground tem-
perature time series can be generated using Eq. 3, as shown
in Figure 2c. Similar temporal ground temperature readings
of different locations at a depth of 100m can be generated.

To simulate For simulating the performance of H-GSHPs
and V-GSHPs in this study at a particular location (i.e. lati-
tude and longitude), the ground temperature series from the
closest weather station is used.

Figure 2: Estimates of the ground temperature time series from the UK
Met Office weather stations in the UK. (a) the mean annual ground
temperature at a depth of 1 m. (b) the mean annual ground tempera-
ture at a depth of 100 m. (c) one illustrated hourly ground temperature
time series at a depth of 1 m. Similar temporal ground source tem-
perature profiles can be generated in different locations labeled in (a).
The horizontal and vertical GSHP uses heat from the ground at the two
depths respectively.

3.2. Heat demand
This study considers the effects of temporal and spatial

ambient temperature variations on domestic heat as heating
demand changes constantly due to varying daily and sea-
sonal weather conditions. It should be noted that individual
domestic heat demand also depends on other factors, such
as occupancy and a household’s energy efficiency, which are
outside the scope of this study.

The synthesised heat demand due to the ambient temper-
ature is plotted in Figure 3a. The data of ambient temper-
ature time series used is from NASA’s MERRA-2 database
[32]. Datasets of the 21 X 26 grid locations of the latitude
49°N – 50°N and the longitude 12°W – 4°E are used to rep-
resent the climate in the UK. For individual locations with
specified a latitude and longitude, heating demand is linearly
2-D interpolated using the gridded data.
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Figure 3: The synthesised annual energy consumption for heating by an average British household caused by the spatial and temporal ambient
temperature variations. The energy consumption shown in (a) is the synthesised annual heat consumption in kWh over a year using the weather
data of the year 2018. To illustrate the hourly heat demand variation in the year, four cities/locations are selected: Kingussie (Highlands), Penzance
(Cornwall), Edinburgh and London. Their specific hourly space heating and DHW demands are plotted in (b) – (e) respectively. In (b) – (e), heat
consumption for space heating and DHW are plotted in blue and red, respectively.

Figure 3b, Figure 3c, Figure 3d, and Figure 3e plot the
synthesised hourly space heating and DHW demands in
Kingussie, Penzance, Edinburgh and London, respectively.
These four cities/locations are shown as examples to illus-
trate the variation of hourly heat demand in different loca-
tions, which indicates that both annual heat demand and
their temporal patterns vary from place to place, particularly
for space heating.

3.3. Techno-economic comparison: heat pumps versus gas
boilers

To estimate the performance and costs of heat decarbon-
isation using heat pumps, this study investigates ASHP, H-
GSHP, and V-GSHP. The operations of these heat pumps
are

• ASHPs draw heat from the ambient air to supply DHW
and space heating through hydraulic-based water sys-
tems. Temporally- and spatially-explicit COPs are cal-
culated based on hourly ambient air temperature, heat
sink temperature (55 °C [38]), and an assumed fixed
pinch temperature, Δ) = 5 °C [39] in both heat trans-
fer processes (i.e. evaporation and condensation). The
temperature lift is the difference between the ambient
air source temperature and the heat sink temperature,
with an additional 10 °C for accounting for the heat re-
sistances in heat exchangers. RHI, which subsidises the

use of ASHPs during the first seven years, is considered
in the cost analysis [40].

• GSHPs (including both H-GSHPs and V-GSHPs) have
the same system architecture as the above but draw heat
from the ground instead. GSHPs should provide both
DHW and space heating demands, but the use of ele-
vated temperatures of the ground source leads to higher
COPs and SPFs. Similar to ASHPs, the temporally- and
spatially-explicit COPs are calculated based on hourly
ground temperature, heat sink temperature (55 °C [38]),
and an assumed fixed pinch temperature, Δ) = 5 °C [39],
considered in both the evaporator and condenser. The
temperature lift is the difference between the ground
source temperature and the heat sink temperature, with
an additional 10 °C for accounting for the heat resis-
tances in heat exchangers. In this study, H-GSHPs and
V-GSHPs are assumed to use the ground temperature
at depths of 1 m and 100 m respectively. Compared to
ASHPs, GSHPs involve higher capital investment and in-
stallation fees. RHI, which subsidises the use of GSHPs
during their first seven years, is considered in the cost
analysis [40].

• Gas boilers are assumed to cover both space heating and
DHW demands. A constant energy conversion efficiency
from gas to heat is considered in this study.
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The technical and cost parameters used in the analysis are
listed in Table 1.

ASHPs GSHPs Boilers

CapEx [38, 41] Eq. 9 Eq. 9 £1500
Installation [38] £1500 £800/kWth £1500
Fuel/electricity cost [42] 14.4p/kWh 14.4p/kWh 4p/kWhgas
RHI rate [40] 10.85p/kWhth 21.16p//kWhth N/A
Lifetime[41] 20-year 20-year 15-year
Discount rate [43] 8% 8% 8%
Efficiency/COP [38, 44] Eq. 6 Eq. 6 94%

Table 1: Parameters used for the techno-economic analysis of heat
pumps and gas boilers.
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Figure 4: LCOH of ASHPs, H-GSHP, V-GSHPs w/o RHI of an average
household presumably located in different regions. For each heat pump
technology plotted, the variation of heat demand in the x-axis reflects
the different heat demand in different locations. Four locations are
highlighted: Penzance, London, Edinburgh and Kingussie.

Figure 4 plots the LCOH of ASHPs, H-GSHP, V-GSHPs
with and without the RHI subsidy of an average household.
The results plotted are the LCOH of the selected regions on
the island of Great Britain served by grids (see the Appendix
for the detailed locations considered in the analysis). The an-
nual heat demand significantly affects the LCOH, although
the LCOH may vary slightly at different locations with simi-
lar heating demand. The LCOH decreases as annual heating
demand increases among all considered heat pump technolo-
gies.

The results indicate that without the RHI subsidy, ASHPs,
H-GSHPs, and V-GSHPs are more expensive heating solu-
tions in the considered locations compared to gas boilers.
On average, the LCOH of ASHPs, H-GSHPs, and V-GSHPs
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Figure 5: The economically preferred heat pump systems and the LCOH
of the economically preferred heat pump to the LCOH of an equivalent
gas boiler at the same location. Two scenarios are plotted including
(a) heat pumps with no subsidy, and (b) heat pumps with RHI. The
numbers labelled on figures indicate the economically preferred heat
pump system: 1 – ASHP, 2 – H-GSHP and 3 – V-GSHP.

are about 70%, 81%, and 73% higher than the LCOH of gas
boilers to meet the same heating demand. Among the three
heat pumps considered, for homes with low heat demand (i.e.
lower than about 14,000 kWhth/year), H-GSHPs have the
highest costs due to the higher Capex than those of ASHPs
and lower COPs than those of V-GSHPs; ASHPs are the
cheapest heat pumps without subsidies when heat demand
is low. For example, at Penzance, the LCOH of ASHP is
12% and 8% lower than the LCOH of H-GSHP and V-GSHP,
respectively. However, when the domestic heat demand in-
creases, the lifetime heating cost increases more significantly
for ASHPs than those of GSHPs due to the higher opera-
tional costs of ASHPs. With the parameters listed in Table
1, H-GSHP and V-GSHP become a lower cost option respec-
tively than ASHP for places with heating demands higher
than about 14,000 and 17,000 kWhth/year, respectively. For
example, the LCOH of ASHP is almost the same as the LCOH
of V-GSHP and H-GSHP in London and Edinburgh, respec-
tively. In Kingussie where heat demand is the highest among
the four selected cities, ASHP has the highest LCOH, some
6% and 12% higher than the LCOH of H-GSHP and V-GSHP,
respectively.

The economics of heat pumps are significant changed by
financial support from the RHI subsidy. The RHI subsidy
mechanism is similar to the feed-in-tariff used in residential
solar systems and proportionally subsidises the clean thermal
energy generated by heat pumps. In other words, RHI pro-
vides more subsidies for heating systems with higher COPs.
As a consequence, GSHPs, including both H-GSHPs and V-
GSHPs, have lower costs than gas boilers in the locations
considered in this study. Only at very low heating demands
are H-GSHPs’ costs close to those of gas boilers. For a house-
hold with a high heat consumption, up to 44% and 60% cost
reductions in the LCOH of H-GSHPs and V-GSHPs, respec-
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tively, could be achieved compared to gas boilers. On aver-
age, the LCOH of H-GSHPs and V-GSHPs is 20% and 34%
lower than the LCOH of gas boilers. These results indicate
the cost-effectiveness of GSHPs over gas boilers to meet do-
mestic heat demand across Great Britain with financial sup-
port from RHI. Comparatively, the RHI-subsidised ASHPs still
have higher costs than gas boilers. On average, the LCOH of
RHI-subsidised ASHPs is about 30% higher than gas boilers.

Figure 5 plots the spatial variation of the economically re-
ferred heat pump systems and the relative LCOH of these
preferred heat pumps to a gas boiler’s LCOH at the same
location. Without a subsidy, in most places considered, the
preferred heat pump solution is V-GSHP. In the south coastal
areas where heating demand is low, ASHP is economically
preferred. When RHI is taken into consideration, V-GSHP is
the solution with lower costs than those of ASHP, H-GSHP
and gas boilers in all considered locations due to the higher
rewards for the high energy efficiency of V-GSHP.

4. Other influential factors affecting cost-effectiveness
of heat pumps for heat decarbonisation
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Figure 6: LCOH of ASHPs, H-GSHP, V-GSHPs with RHI/CHG of an av-
erage household presumably located in different regions in Great Britain.
For each of the heat pump technologies plotted, the variation of heat
demand in the x-axis reflects the different heat demand in different lo-
cations across the country. Four locations are highlighted: Penzance,
London, Edinburgh and Kingussie.

The cost-effectiveness of heat pumps will vary with changes
in related policies, improvements in technical performance,
progress in power system decarbonisation, the efficiency en-
hancement of buildings, and climate change effects. This
section aims to analyse and discuss the impacts of these fac-
tors on the future cost-effectiveness of heat pumps.

4.1. Heating costs with subsidies from Clean Heat Grant
(CHG) Scheme

RHI will be replaced by a new grant, the CHG, through a
CapEx reduction scheme recommended at a flat-fee of £4,000
for all low-carbon heating technologies [18]. In this section,
a cost comparison between heat pumps and gas boilers is
developed by considering the proposed CHG [18]. Figure 6
shows the LCOH of the ASHPs, H-GSHPs, and V-GSHPs
funded by the CHG scheme compared with the cost of gas
boilers in an average household presumably located across
different locations.

It is shown that the considered fixed CapEx reduction (i.e.
£4,000) through the CHG scheme will reduce the LCOH of
heat pumps, but they are still more expensive than gas boil-
ers. On average, the CHG-subsidised ASHPs, H-GSHPs and
V-GSHPs are always more expensive than gas boilers, with
costs increased by about 24%, 35% and 37% respectively.
The flat-fee reduction for the CapEx changes the relationship
between the LCOH of ASHP and annual heat demand. The
CHG-subsidised ASHP LCOH increases when annual heat de-
mand increase. The reverse trend is due to the significantly
higher contribution of the CHG to the ASHP at lower heating
demands compared to the reductions for ASHP at higher heat
demands, which leads to bigger LCOH drops at low heating
demand levels.

The different subsidy mechanisms between RHI and CHG
result in different cash flows for customers who own the heat-
ing system. Using Edinburgh as an example, Figures 7a and
7b show the year-wise NPV of ASHP, H-GSHP, and V-GSHP
used in an average household over 20 years, subsidised by
RHI and CHG, respectively. The year-wise NPV of gas boil-
ers is also included for comparison purposes. As gas boilers
are considered to have a lifetime of 15 years in this study, a
replacement cost of £1,500 is added in the 16th year of own-
ing a gas boiler. The year-wise NPV closely associates with
customers’ cash flows to own the heating equipment. For
example, a clearly increasing year-wise NPV indicates a high
year-wise OpEx. And the shape of year-wise NPVs could indi-
cate the differences in costs from year to year. The year-wise
NPV also can indicate the payback period, which is usually
used for a comparison between different solutions. The pay-
back period of a heat pump system is defined as the number
of years when the year-wise NPV of owning a heat pump sys-
tem is equal or lower than the year-wise NPV of owning an
equivalent gas boiler that can meet the same heat demand.
If the heat pump’s NPV is always higher than that of the
gas boiler, it means the investment on the heat pump system
cannot be paid back economically in comparison to using an
equivalent gas boiler.

The different shapes of the year-wise NPV between RHI-
subsidised and CHG-subsidised heat pumps are due to differ-
ences in the structure of the two subsidies. RHI is a ‘feed-in-
tariff’ style subsidy, so RHI reduces the yearly OpEx of owning
a heat pump by providing an efficiency-dependent subsidy. In
contrast, CHG is a flat-fee reduction scheme that directly re-
duces the CapEx of owning a heat pump regardless of the type
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Figure 7: Year-wise NPV of ASHP, H-GSHP, V-GSHP used in Edinburgh with RHI/CHG of an average household. The year-wise NPV over 20 years
with the RHI subsidy and the CHG subsidy are plotted in (a) and (b) respectively.

of heat pump. Therefore, for an RHI-subsidised heat pump,
in the first seven years, financial support from RHI helps to
reduce customers’ yearly OpEx. Because the yearly subsidy is
higher than the yearly operational cost for GSHPs, in the first
seven years, the overall yearly net cost is negative for running
an RHI-subsidised GSHP. Based on these results, although
the RHI subsidy can lead to an overall lower cost of GSHP,
their year-wise NPV are clearly in a V-shape, requiring much
higher upfront costs compared to gas boilers. As shown in
Edinburgh, the upfront costs of GSHPs (both H-GSHPs and
V-GSHPs) are 540% higher than for gas boilers, which turns
out to be close to £10,000 on average for a GSHP compared
to £1,500 for a gas boiler. These high upfront costs may
negatively affect the purchase decision-making for a GSHP,
although the overall lifetime cost is relatively low with the
RHI subsidy.

For a CHG-subsidised heat pump, the year-wise NPV has
lower CapEx than an RHI-subsidised heat pump due to the
flat-fee CapEx reduction. Then, the year-wise NPV keeps in-
creasing with the yearly OpEx (without any yearly subsidy)
added to the year-wise NPV. With the assumed £4,000 re-
duction under the CHG scheme, ASHP can have a similar
upfront cost compared to current gas boilers. These reduced
costs could stimulate uptake of ASHPs for decarbonising do-
mestic heat. This is particularly suitable for small properties
and/or in warmer regions in Great Britain, such as the South
West, due to the low LCOH and relatively low upfront cost.
However, over the period of 20 years, using the CHG sub-
sidy, customers likely pay more for owning heat pumps in
comparison with gas boilers, although the CHG scheme can
reduce the LCOH of H-GSHP and V-GSHP by 25% and 27%
respectively on average (Figure 6) compared to the subsidy-
free GSHPs. Based on the simulation with the current costs

and technical performance listed in Table 1, although there
is a lower operational cost to run a GSHP (i.e. SPF of 2.6–
3.2 among the considered locations), the 20-year NPVs of
GSHPs are higher than gas boilers, mainly due to the signif-
icantly higher CapEx. As shown in Edinburgh, the H-GSHP,
and V-GSHP have about 47%, and 38% higher 20-year NPV
than the gas boiler respectively, which is much higher than
the costs of RHI-subsidised GSHPs. For ASHP, although the
upfront cost is similar to owning a gas boiler, the 20-year NPV
of CHG-subsidised ASHP is about 48% higher than the cost
of an equivalent gas boiler. This is a result of higher opera-
tional costs to run ASHP with the high electricity price (i.e.
14.4p/kWh which is more than three times the gas rate) and
relatively low SPFs (i.e. 1.7–2.2 among the considered loca-
tions). Therefore, to achieve the cost-viability of the newly
proposed CHG-subsidised heat pumps over gas boilers, com-
plementary developments in policy, technology and/or the
market are needed.

4.2. OpEx reduction through subsidy: a combined CHG and
RHI

The current development of the heat pump market in the
UK is driven by government support schemes. As shown in
Figure 7, RHI and CHG could positively affect customers’
ownership of heat pumps but in different ways. RHI mainly
rewards efficiencies in producing heat through subsidises for
an OpEx reduction mechanism while the CHG simply reduces
customers’ upfront costs. Heat pumps with high SPFs can
benefit from the RHI, as indicated by Figure 5. In other
words, if the future CHG scheme only subsidies the upfront
costs, the cost-effectiveness of highly efficient GSHPs will be
mitigated.
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Figure 8: Effects of a new subsidy structure in (a), an improved COP in (b), a reduced electricity price in (c), and reduced heat demand in (d), on
the year-wise NPV of ASHP, H-GSHP, V-GSHP used in Edinburgh with CHG of an average household.

As the UK Government recently claimed, a target is set
to install 600,000 heat pumps every year by 2028 in its ‘Ten
Point Plan’. To support a fast low-carbon heat transition
across the country, the financial support should be tailored
to a variety of customers with different houses, heat demands
and heat systems. A flat-fee of £4,000 may not be sufficient
to drive this national-scale heat decarbonisation, as suggested
in Figure 6. Using gas boilers as the benchmark to assess
affordability, a thought experiment of a combination of the
CapEx reduction and the ‘feed-in-tariff’ style OpEx reduction
is investigated.

Using Edinburgh as an example, Figure 8a plots an as-
sumed combination scheme in which CHG (£4,000) plus a
modified RHI (50% of the current subsidy rate over the first
seven years) is considered to improve customer cash flow with
both CapEx and OpEx reductions. The combined subsidy al-
most eliminates the V-shaped year-wise NPV and reduces the

lifetime NPV of heat pumps, improving the balance between
CapEx and OpEx over the heat pump’s lifetime. The overall
20-year NPV of the ASHPs is about 26% higher than for a
gas boiler. H-GSHPs and V-GSHPs have 11% and 24% lower
lifetime costs compared to gas boilers respectively, although
with more than triple the CapEx.

Different percentages of the RHI subsidy are considered in
the hypothetical combined subsidy. Figure 9 shows the con-
sidered RHI scheme at 10%, 30% and 50% of the current
rate, respectively. The results indicate the increased cost-
effectiveness of V-GSHP with RHI increasing. The preferred
heat pump solution becomes V-GSHP for all the considered
locations when RHI is used with a 30% RHI rate in combina-
tion with CHG. It is also noted that the LCOH of V-GSHP
subsidised with the 30% RHI and CHG among all considered
locations is lower or similar to that of gas boilers.

This new subsidy structure can plausibly enable heat pumps
12



to have similar lifetime costs and improved year-wise NPVs
compared to gas boilers. Although it may not be realistic
to implement the studied subsidy (e.g. a combination of
CHG and 50% RHI), the test here indicates the importance
of using both CapEx and OpEx reductiosn to shape the year-
wise NPV of owning heat pumps. The shape of year-wise
NPVs determines customers’ cash flows of owning such a
low-carbon heating system, which will affect the uptake of
heat pumps.

4.3. OpEx reduction through improvement of COP
In this study, the simulated SPFs are 1.7–2.2 for ASHPs

and 2.6–3.2 for GSHPs. These are simulated using a re-
gressed model using UK field trial data. These COPs re-
ported from previous field trials in the UK are often opposed
to manufacturer tests [30], and lower than heat pumps field
trialled in Germany in which ASHPs have attained average
SPFs of 2.6 – 2.9 and GSHPs averaged 3.3 – 3.9 [38]. The
decreased performance is reported to be about 40-50% lower
than the manufacturer tests, partially caused by improper
system sizing and less experienced installation [38]. The per-
formance of heat pumps should be further improved with the
increasing installation of heat pumps in the UK. The market
growth could result in the maturity of manufacture, installa-
tion, maintenance, and use of heat pumps, which in turn will
reduce heat pump capital and installation costs. Increased
deployment of heat pumps has the potential to improve the
specialised expertise and skills for heat pumps through market
expansion and competition. All of these will likely improve
the performance of heat pumps. Therefore, heat pump per-
formance is likely to be further improved with increased use
of heat pumps in the UK.

Using Edinburgh as an example, Figure 8b plots the CHG-
subsidised year-wise NPV of ASHP, H-GSHP, and V-GSHP
with 40% increased COPs. The increased effectiveness in us-
ing electricity to generate heat significantly reduces annual
energy costs, i.e. OpEx, leading to much-reduced lifetime
heating costs and improved cash flows for heat pumps. The
overall 20-year NPV of ASHP, H-GSHP, and V-GSHP are
about 11%, 21% and 14% higher than the mean lifetime costs
of gas boilers, respectively. Figure 10 shows the impacts of
increased COPs on the economically preferred heat pump sys-
tems and their relative LCOHs at different locations. An in-
creased COP can significantly improve the cost-effectiveness
of ASHPs compared to GSHPs. With an increase of COP
by 20%, ASHPs become the lower-cost heat pump solution
for locations in coastal areas and many locations in England
and Wales. When the COP is further improved, ASHP be-
comes economically preferable in more locations. The COP
improvement could also make ASHPs more cost-effective or
cost-competitive in relation to gas boilers.

Therefore, by improving system sizing and installation of
heat pumps and ensuring heat pumps operated at their
favourable design operations, the potential increase in COPs
could reduce costs of heat pumps, potentially enabling low-
carbon heating technology to be economically competitive
to gas boilers. In addition, R&D on efficiency improvement

through system optimisation [24], improved use of available
additional heat sources from the environment [45] or waste
heat [46], working fluid selection [47] and component im-
provement [48] can further enhance the COPs of heat pumps
and reduce their cost. In particular this will benefit the cost-
effectiveness of ASHPs and help them become an econom-
ically preferred heat pump solution. Given the low upfront
costs of ASHPs, improved heating efficiency may have a crit-
ical impact on accelerating the uptake of heat pumps and
ultimately help to decarbonise heating.

4.4. OpEx reduction through access to low-cost electricity

Another potential way to reduce the cost of heat pumps is
to use low-cost electricity. In the above analysis, the cost of
electricity is fixed at 14.4p/kWh, which is the current average
unit rate in the UK [42]. There are several ways to access
lower electricity rates that could reduce the OpEx of heat
pumps.

The first option is ToU variable electricity tariffs. In the
UK, ToU tariffs can have an electricity price as low as 7-
8p/kWh in off-peak periods [24]. Two ToU tariffs are often
used: Economy 7 offers off-peak rates during 00.00-07.00,
and Economy 10 offers off-peak rates during 00.00-05.00,
13.00-16.00, and 20.00-22.00. Another option to access lower
electricity rates may arise from decentralised (rooftop) so-
lar panels. The LCOE of solar PV power has dropped to
$65/MWh and will reduce to $40/MWh by 2040, according
to International Energy Agency [49]. A recent study also
indicated that wind farm costs are decreasing in a uniform
fashion and have dropped below e50/MWh, reaching com-
petitiveness in a mature market without subsidy [50]. Using
the latest solar PV cost data (2019/20) published by the UK
Government [51], for the smallest (0-4kW) installations, the
mean cost has decreased to £1,562 per kW installed. This is
the lowest average cost on record, 14% lower than in 2018/19
and 25% lower than in 2013/14 [51]. The cost value associ-
ated with each installation includes the cost of the solar PV
generation equipment, the cost of installing and connecting
to the electricity supply and VAT. Simply translating the solar
system’s capital cost to the LCOE using a predicted energy
yield in London in 2019 [52], the current unit rate of electric-
ity from these small-scale solar PV systems is about 13p/kWh
without the feed-in-tariff subsidy for solar. Although the cur-
rent electricity rate of solar PV systems is similar to the av-
erage unit electricity rate from the grid, it has the potential
to further decrease with the development of clean energy in-
frastructure.

Using Edinburgh as an example, Figure 8c plots the CHG-
subsidised year-wise 20-year NPV of ASHP, H-GSHP, and
V-GSHP with a unit electricity rate of 8p/kWh. The reduced
electricity price significantly reduces annual energy costs, i.e.
OpEx, leading to similar year-wise NPV between ASHP and
gas boiler, including both the upfront cost and operational
costs. Over 20 years, the overall NPV of ASHP used in Ed-
inburgh is 10% lower than the cost of the gas boiler; while
the overall NPV of H-GSHP and V-GSHP costs are about
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Figure 9: Impacts of the considered combined subsidy with different RHI rates on the economically preferred heat pump systems at considered
locations and the cost ratios of the heat pump’s LCOH to the gas boiler’s LCOH at considered locations. The numbers labelled on figures indicate
the economically preferred heat pump system: 1 – ASHP, 2 – H-GSHP and 3 – V-GSHP.
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Figure 10: Impact of considered heating efficiency improvements with different increased COPs on the economically preferred heat pump systems
at considered locations. The cost ratios of the heat pump’s LCOH to the gas boiler’s LCOH at considered locations are also plotted. The numbers
labelled on the charts indicate the economically preferred heat pump system: 1 – ASHP, 2 – H-GSHP and 3 – V-GSHP.
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7% and 1% higher than the overall NPV of gas boilers, re-
spectively. Figure 11 shows the impacts of different electricity
prices on preferred heat pump solutions at all considered loca-
tions. Similar to the improvement on COPs, the reduced elec-
tricity price could significantly improve the cost-effectiveness
of ASHPs. When the electricity price reduces to 8p/kWh, all
the considered locations in the UK prefer to use ASHPs and
their LCOHs are lower than those of gas boilers.

Although a lower cost of electricity can substantially re-
duce the OpEx and thus the lifetime costs of heat pumps,
using these low-electricity sources usually requires the abil-
ity to decouple the electricity used for heat production and
the heat used for heating space and/or water. This could
be achieved by using thermal energy storage (e.g. DHW
tanks, preheating space, or additional heat storage devices)
and/or electrical storage (e.g. batteries), which may require
additional investment in heating systems. Further studies are
needed to analyse and optimise heating systems with various
means of energy storage (e.g. DHW tank, space, and bat-
teries) and explore the potential cost reductions through a
holistic energy system design.

4.5. Effect of heat demand
Variations in heat demand will change the cost-

effectiveness of heat pumps in future. As indicated by the
heating demand model [35], heating demand will decrease
as average ambient temperatures increase globally. Based
on temperatures predicted by several climate models, heat-
ing demand is estimated to reduce by approximately 16-42%
in 2100 [29]. The decreasing effect on heating demand will
also be accompanied by improved energy efficiency standards
of buildings. The recently announced Green Home Grants
for homeowners and landlords to insulate properties – one
of the economic recovery programmes in place post-Covid-19
– will fundamentally facilitate a transition to higher energy
efficiency and lower heat demand across the UK. In addi-
tion, there are other technologies to help lower heat demand.
For example, smart heating could optimally and automati-
cally manage heat demand by eliminating non-essential heat
consumption. Therefore, lifetime costs of heat pumps are
analysed with assumed reduced heat demands.

Gas boilers are currently widely used across regions in the
UK, so the current heating cost of using a gas boiler that
meets current heat demand is used as an indication of afford-
ability for analysing the costs of heat pumps with potential
reduced heat demand in future. Using Edinburgh as an ex-
ample, Figure 8d plots the CHG-subsidised year-wise 20-year
NPV of ASHP, H-GSHP, and V-GSHP with a 40% reduction
on all considered heat demands. The reduced heat demand
reduces both the capital costs and the annual energy costs,
i.e. CapEx and OpEx, leading to much lower lifetime heating
costs for heat pumps and improved cashflows for customers.
Over 20 years, the overall NPV of ASHP, H-GSHP, and V-
GSHP are about 5%, 12%, and 18% lower than the 20-year
NPV of the gas boiler with current heat demand, respec-
tively. These results indicate potential affordable price points
of heat pumps if the heat demand can be reduced. Thus,

rather than subsidising the uptake of heat pumps, ‘indirect’
financial support for improvements in home energy efficiency
or smart heating technologies to reduce heat demand could
help improve the cost-effectiveness of CHG-style subsidised
heat pumps for end-users. However, as shown in Figure 12,
the LCOHs of heat pumps increase at all considered locations
when heat demand is reduced, although heating costs overall
are reduced.

4.6. Discussion
Our analysis indicates that the cost-effectiveness of heat

pumps could be enhanced through improved financial sup-
port, further developments in technology to improve heating
efficiency, access to low-cost electricity, and a reduction in
heat demand. A hybrid of these methods could accelerate
the growth in uptake and use of heat pumps. There are also
technical developments to improve the sustainability of heat
pumps, such as the use of natural refrigerants [53, 54]. These
findings are applicable to guide affordable and environmen-
tally friendly deployments of heat pumps for domestic heat
decarbonisation in countries currently relying on fossil fuels
for domestic heating.

In particular, improving the COPs of heat pumps and ac-
cess to low-cost electricity can significantly improve the cost-
effectiveness of ASHPs. The reduced costs of owning ASHPs
may stimulate uptake of heat pumps as ASHPs have simi-
lar upfront costs to gas boilers and require less space than
GSHPs. As the simulated ASHPs in this study have relatively
low SPFs, which were based on previous trial data, the COP
of ASHP could be relatively easy to improve to the rated stan-
dards as installation methods are improved and systems are
right-sized for the UK households. Also, the lowest electricity
price is likely to decrease in advanced ToU tariffs following
the trend of renewable electricity prices over the last decade.
This ‘low-hanging fruit’ may catalyse the cost-effectiveness
of heat pumps in the near future – particularly ASHPs.

Although heat pumps seem a promising low-carbon heat-
ing technology that could replace Great Britain’s current gas-
dominant heating infrastructure, significant challenges to the
power system’s capacity and operations would remain. Limi-
tations posed by the power system infrastructure may affect
the number of heat pumps that could be installed as well
as their location. Large-scale deployment of heat pumps re-
quires an upgrade of the distribution network, which will re-
quire investment. On the other hand, heat pumps on the grid
are also able to offer flexibility in demand-side management,
which could mitigate the required investment through well-
coordinated use of heat pumps to reduce peak loads. During
the planning process, life cycle assessments of the use of heat
pumps [55] and power systems [56] will be needed.

The acceptance of heat pumps and the customers’ atti-
tudes towards gas boiler replacement by low-carbon heating
should also be investigated. Compared to gas- and oil-fired
boilers, the current use of heat pumps is low globally, al-
though uptake in the UK is even further behind than in Eu-
rope and the US. Despite the high cost of heat pumps, which
is one major barrier for customers, Pan et al. also indicated
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Figure 11: Impacts of the considered electricity prices with different rates on the economically preferred heat pump systems at considered locations
and the cost ratios of the heat pump’s LCOH to the gas boiler’s LCOH at considered locations. The numbers labelled on figures indicate the
economically preferred heat pump system: 1 – ASHP, 2 – H-GSHP and 3 – V-GSHP.
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economically preferred heat pump system: 1 – ASHP, 2 – H-GSHP and 3 – V-GSHP.
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that non-cost factors have presented significant commercial
implications in housebuilders’ selection of appropriate tech-
nology for heating [57]. In addition to technical performance
factors (e.g. COP) and the availability of gas, supply chain
competency, market and statutory acceptance, and the rep-
utation of the equipment manufacturers are also found to
be important factors affecting builders’ decisions to use heat
pumps [57]. All of these could be improved when the heat
pump market grows over the next few decades but this will
require hybrid learning and collective efforts from manufac-
turers, suppliers, engineers, and policymakers to remove the
barriers and keep abreast of market changes and develop-
ments in technology from year to year.

This study is based on the developed framework and syn-
thesised datasets, as well as the technical and economic pa-
rameters listed in Table 1. As discussed in Section 4, the
cost-effectiveness of heat pumps will vary with changes in
policy, developments in technology, improvements in heat-
ing performance, and many other factors related to domestic
heating. Therefore, dynamic monitoring of the costs of using
heat pumps to decarbonise domestic heat will be needed.

Electrification of heat is emerging as a technologically fea-
sible and scalable solution to reduce the world’s reliance on
fossil fuels for heating. Waite and Modi indicated that the
use of currently available electric heat pumps could reduce
the consumption of fossil fuels in the US space heating mar-
ket by about 39% while maintaining a similar peak load [58].
Ruhnau et al. indicated that low-carbon heating in Germany
favours direct electrification using heat pumps and heaters
[59]. Narula et al. indicated an over 80% reduction of
the aggregated CO2 emissions from heating in Switzerland,
plausibly achieved by installing heat pumps, expanding dis-
trict heating networks and improving building efficiency [60].
Studies could be also found on policy-making to improve the
cost-effectiveness of heat pumps and facilitate energy sys-
tem decarbonisation in Europe and worldwide [61, 2]. In this
context, the developed framework will be applicable to these
regions with location-specific inputs, e.g. weather conditions
and heating demands, to assess the cost-effectiveness of heat
pumps used for domestic heat decarbonisation. Also, some of
the UK-centric findings in this study will also apply to other
regions, including the use of CapEx- and OpEx-reduction sub-
sidy schemes to reduce heating costs and reshape customers’
cashflows for different types of heat pump. This study has
also demonstrated the importance of increasing the heating
efficiency of heat pumps, reducing the electricity price and en-
hancing home energy efficiency. These insights will help engi-
neers and policy-makers facilitate the uptake of heat pumps.

5. Conclusions

Heat decarbonisation needs to be transformed over the
next few decades in order to mitigate climate change and
realise the ambitious net-zero goal by the mid-century. Elec-
trification using heat pumps has been viewed as one of the
most promising and significant pathways towards decarbon-
ising heating for many years. However, the cost-feasibility

of heat pumps as a national-scale solution considering tem-
porospatial weather conditions, ground source temperature
at different depths and demand variations is not well under-
stood. To address this knowledge gap and improve under-
standing of heat pumps’ potential over different locations,
this study presents new approaches to synthesise high-quality
temporospatial energy datasets, a new framework that en-
ables a comprehensive national-scale analysis of the cost-
viability of heat pumps, and forward-looking analysis and
discussions on various factors of performance, markets and
policies.

Our results clearly indicate the cost-effectiveness of heat
pumps under the current RHI scheme in the UK compared to
gas boilers. On average, the LCOH of RHI-subsidised ASHPs
is 30% higher than gas boilers while RHI-subsidised GSHPs
are 20% and 34% lower than gas boilers respectively among
all the heat demands considered. Compared to RHI, the new
CHG scheme, which is a flat-fee CapEx reduction scheme,
leads to different economics for heat pumps. The flat-fee sub-
sidy can allow small-scale ASHPs to be more cost-competitive
than gas boilers. For other ASHPs and GSHPs, innovations
are required to further drive down costs – particularly the
OpEx of heat pumps.

We also evaluated and discussed several potential improve-
ments in policy, technology and the market that may improve
the economics of heat pumps. The findings are as follows:
1) by combining a capex-reduction subsidy (e.g. CHG) and
a subsidy rewarding heating efficiency (e.g. RHI), we demon-
strated that heat pumps could become cost-competitive with
similar lifetime costs and improved year-wise NPVs compared
to gas boilers; 2) The potential increase in COPs by improv-
ing the sizing of heat pump systems and installation could
significantly increase the cost-effectiveness of heat pumps.
A 40% increase in COPs for ASHPs that are close to the
manufacturer’s test results could enable ASHPs to be more
cost-effective than gas boilers in many locations in the UK;
3) Low-cost electricity can substantially reduce the OpEx and
lifetime costs of heat pumps. The low electricity price could
make ASHP the economically preferred technology in all con-
sidered locations with lower LCOH compared to gas boilers.
However, to use potential energy sources that offer low-cost
electricity, such as ToU tariffs and renewable energy, high
thermal insulation and/or affordable energy storage need to
be established; and 4) The cost-effectiveness of heat pumps
could be improved in future through improvements in build-
ing envelope design and/or global warming effects. Reduced
heating demand could therefore make heat pumps increas-
ingly cost-effective in terms of the overall heating cost but
with a higher LCOH. These findings are not limited to the
UK and are applicable to countries that currently rely on fossil
fuels for domestic heating.

This study has demonstrated the potential of using heat
pumps as a cost-effective replacement for gas boilers when
switching to low-carbon heating. In the short term, subsi-
dies can substantially reduce the lifetime costs incurred and
reshape the cash flows of owning these high-CapEx heating
systems, making heat pumps a cost-effective and appropri-
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ate heating solution over gas boilers. However, over the long
term, the financial support tailored to different customers,
the improvement of heat pump performance (e.g. COP and
flexibility) and the development of the market through well-
coordinated collective efforts from manufacturers, suppliers,
engineers, customers and policymakers are critical to achiev-
ing the cost-effectiveness of heat pumps without subsidies.
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Appendix

A1. Heating demand

The normalised gas demand profile is based on gas demand
profiles during the winter and from 1st May 2009 to 31st
July 2010. The EDPR-weighted mean daily effective outside
air temperature readings are divided into eight bands with
3 °C temperature intervals from -4.5 °C to 19.5 °C. The
data are presented by Watson et al. [35], which is available
from the repository on the Loughborough University’s website
[62]. The normalised profile of half-hourly gas demand is
reproduced, which is shown in Figure 13 using data from
[62].

Figure 13: Half-hourly gas demand per dwelling at mean daily outdoor
effective temperature (reproduced using the data from [62]).

To scale the mean daily gas demand at 18 °C in order to
obtain the DHW demands at higher temperatures, a scaling
factor is obtained by dividing the DHW demand at various
temperatures by the DHW demand at 19.1 °C [35]. The
scaling factor is regressed to be:

5��, = −0.0458�)3 + 1.8248 (13)

where 5��, is the scaling factor. Detailed models and pa-
rameters for estimating the heating demand are presented in
[35].

A2. Ground temperature

The normalised hourly time series of the soil temperature
at 1 m from the Wallingford Met Office weather station is
plotted in Figure 14. Normalisation is achieved using the
temperature ()61) collected from [33] using,

)61,=>A< =
)61 − <8=()61)

<0G()61) − <8=()61)
(14)

Figure 14: Normalised soil temperature at 1 m from the Wallingford
Met Office weather station.

A3. Locations considered in the study

The results plotted are LCOH of the selected gridded re-
gions on the island of Great Britain, which are shown in Figure
15. The results only considered the locations in Great Britain.

Figure 15: The gridded data points of locations plotted in Figure 4-7.
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