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SUMMARY
Heat pumps are essential for decarbonizing heating, as shown by numerous studies. Their adoption depends
significantly on economic attractiveness. Using Great Britain (GB) as a case study, this paper examines the
total cost of ownership (TCO) for heat pumps versus gas boilers. TCO is calculated using official energy sta-
tistics, field trial data, and residential energy prices, alongside scenario analyses on business as usual, shift-
ing levies from electricity bills to general taxation or to gas bills. Findings reveal that heat pumps provide cost
savings for units performing at an above-average efficiency under standard tariffs but yield significant sav-
ings with smart tariffs. Results indicate that a carbon tax on gas, matching electricity permit prices, has
limited impact. However, shifting levies from electricity to general taxation significantly enhances TCO
compared to gas heating, with even greater incentives when levies are shifted to gas heating.
INTRODUCTION

Heat pumps are a mature technology that has achieved domi-

nant market concentrations in a few countries—notably Norway,

Sweden, and Finland.1 But in many markets, including North

America, Europe, and Northern and Eastern Asia where they

are expected to play an increasingly central role in the future,

heat pumps face a variety of social, economic, and technical bar-

riers.2 Overcoming these barriers is a central energy policy chal-

lenge around the world.

By 2050, if cost-effective decarbonization is to be achieved,

approximately 55% of all buildings are expected to be using a

heat pump, equating to about 1.8 billion heat pumps across

the global building stock.3 In Europe, the European Union (EU)

has set a target of installing an additional 30 million hydronic

heat pumps across Europe by 2030, increasing the total stock

to 60 million installed units.4 Meanwhile, the United Kingdom

(UK) has set a target of 600k heat pump installations per year

by 2028.5 Achieving these levels of deployment will require the

transformation of contemporary heating systems and will neces-

sitate overcoming a variety of known (and potential some un-

known) obstacles.

One of these challenges is the economics of heat pumps

compared to fossil fuel heating system and how to make heat

pumps economically attractive through consistent price signals

that encourage heat pump deployment and use. If overall lifetime

costs and running costs of heat pumps remain higher than fossil

fuel equivalents, deployment is expected to remain low and

emissions reductions targets are unlikely to be met.6 In this pa-
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per, we review options open to policy makers to make operating

a heat pump economically attractive compared to fossil fuel

heating systems. We use the UK as a case study as a country

that has set ambitious targets yet struggled to deliver significant

market growth in the past.

Wedevelop fourpolicyscenarios for rebalancing taxesand levies

between electricity and gas and assess their impact on the total

cost of ownership (TCO) of a residential air source heat pump

compared to a gas boiler, the most common heating system in

the UK.7 In doing so, we contribute to contemporary debate within

the UK and further afield about policy options available to national

governments tocreateconsistentpricesignals that encourageheat

pump deployment and use. Most TCO analyses of electrification

have been carried out in the transport sector e.g.,8 with less work

on heating systems that is no longer up to date for theUK.9,10 There

ismore advancedcost-benefit analysis of heat pumps available for

other countries such as the United States.11

Scenarios for rebalancing taxes and levies
The scenarios analyzed in this paper have been presented else-

where as potential options based on real-world examples,12

which also featured in the Mission Zero review ordered by the

former UK Prime Minister.13 In the following, we briefly outline

the core characteristics of each scenario, which will be

compared against a business as usual scenario (BAU) in the

following analysis. Finally, we set out how expected shifts to dy-

namic time-of-use pricing also requires consideration when

reviewing the economics of heat pumps under different policy

scenarios. Our four scenarios are as follows:
uary 21, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Table 1. Levies forecast methodology

Scheme Forecast methodology

Renewable obligation The RO scheme is closed and so using the average contract length, the year in which funding requirements

for certain capacities of generation could be estimated using historic data on the scheme.59

Feed-in tariff The FiT scheme is closed to new applicants and so a phase out of funding requirements was assumed

according to average contract lengths and historical data on Feed-in Tariff contracts.60

Contracts for difference Forecasts for the average weighted strike price and total funded capacities were taken from the Low

Carbon Contracts Company.61 Using forecasted wholesale electricity prices, the subsidy per unit of

generation could be estimated as well as total funding requirements.

Energy Company Obligation It was assumed that current funding requirements for the core ECO scheme continued at the current rate,

according to data on historic ECO scheme costs.60 The scheme costs were also adjusted according to

the Great British Insulation scheme, with estimated total funding requirements divided equally

across the scheme’s lifetime.

Warm Homes Discount Current funding requirements were assumed to continue, accounting for inflation and historic

data on funding requirements.

Green Gas Levy The scheme was assumed to continue until the financial year 2036/2037 at the current rate.
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(1) Business as usual (BAU)

(2) Shifting levies from electricity to general taxation

(3) Shifting levies from electricity to gas

(4) Applying a carbon tax on gas

Value added tax (VAT) is currently at 5% on electricity and gas

for domestic consumers, and VAT could be used as a tool for re-

balancing. However, there is no evidence that this is currently

being considered for the UK and other countries, so the wider

value of VAT modification consideration may be limited.
Shifting levies from electricity to general taxation
Levies recover costs associated with environmental and social

policy objectives via consumer energy bills (Table 1).12 The appli-

cation of levies to consumer energy prices is not new: they have

been widely used across Europe since at least the early 1990s.14

For a variety of historical reasons such as every household hav-

ing an electricity meter, levies have been applied to electricity

more heavily than gas.9,15,16

One option to limit upward price pressures on electricity that

encourages the shift away from fossil fuel heating to heat pumps

is to remove all levies from electricity to general taxation. This

approach has been adopted by Germany with changes having

come into force in June 2022. The approach lowers electricity

costs proportionate to the amount of levies previously allocated

to electricity.12
Shifting levies from electricity to gas
Since most environmental and social levies are attributed to

electricity (see for instance9), a second means to create more

consistent price signals in favor of heat pumps is to shift levies

currently allocated to electricity on to gas. One approach could

be to immediately allocate all levies to gas that are currently

applied to electricity, an approach adopted in our analysis.

Another approach could see levies apportioned according to

environmental externalities as suggested by Rosenow et al.12

This implies a gradual transfer of levies from electricity to fossil

fuels as electricity is progressively decarbonized. Such an

approach has been adopted in the Netherlands for energy taxes,

where policy makers have increasingly shifted taxes from elec-
2 iScience 28, 111784, February 21, 2025
tricity to gas. The energy tax on gas has experienced a consis-

tent rise, coupled with a reduction in the energy tax on electricity.

Tax rates for the typical household consumer have surged by

84% for gas but declined by 25% for electricity from 2013 to

2020.12 To offset the impact of high energy taxes, a lump sum

tax reduction is provided per household.

Over time, as householdsmove away from gas and adopt heat

pumps, fewer and fewer households would have to pay for levies

applicable in a given year. This has important equity implications.

Applying a carbon tax on gas
Environmental taxes have been applied to elements of energy in

the UK since the introduction of the European Union’s Emissions

Trading Scheme (EU ETS) in 2005. In a ‘‘cap and trade’’ scheme,

the EU ETS caps the amount of carbon that can be emitted by

large business and creates a market for trading carbon allow-

ances, which have to be surrendered by companies at the end

of each year. Following Brexit, the UK Emissions Trading

Scheme came into force on 1 January 2021 with many of the fea-

tures of the EU ETS. The EU and UKETS place costs on large en-

ergy generators, which are passed through to consumers as

increased wholesale energy costs. In April 2013, a UK Carbon

Floor Price (CFP) on electricity generation was introduced to

further support the price of carbon in the UK.

Costs associated with emissions trading and the price floor

affect electricity but do not cover gas or other fossil fuels burned

in domestic boilers, leading to an obvious carbon tax imbalance.

In the following analysis, a carbon tax of £50/t CO2 is applied

to gas. Many other countries in Europe have started applying

carbon taxes to fossil heating fuels.12 From 2027, the EU will

also extend the European Emissions Trading System to build-

ings, transport, and smaller industrial energy users. No such

plans currently exist for the UK.

(Smart) Time-of-use pricing and heat pump tariffs
ToU tariffs charge a higher or lower price for electricity depend-

ing on the extent of demand on the energy grid at any one time.

Smart ToU tariffs are enabled by smart meters and vary dynam-

ically according to demand throughout the day, rewarding con-

sumers for using less energy during peak times of demand and



Figure 1. TCO under BAU scenario, for a range of SCOPs

Installation cost data for heat pumps have been obtained fromMCS.22 For gas

boiler installation costs, HM Government23 data are applied. Average gas

demand has been used to derive the average heat demand using Department

for Energy Security and Net Zero statistics on household gas use,24 energy

end-use data tables from the Department for Business, Energy & Industrial

Strategy,25 and Energy Saving Trust26 field data on boiler efficiency. Electricity

and gas price data projections have been obtained fromDESNZ27 Green Book

Assumptions. Future standing charges were estimated according to the

average historical ratio of unit charges to standing charges from the Ofgem20

price cap methodology. A discount rate of 3.5% has been used based on HM

Treasury28 Green Book guidance used for policy appraisal.

Figure 2. TCO under removing levies scenario

The same input data were used as for Figure 1. In addition, data on levies was

computed. Energy regulator Ofgem20 provides cost data for levies on elec-

tricity and gas bills. All levies have been recalculated in £/kWh using the me-

dian electricity consumption.24 To calculate future levies in £/kWh, the

following assumptions have beenmade: to estimate the future energy levies on

consumer bills, complementary data on the current and historic consumption

of natural gas and electricity by end use was taken from the Department of

Energy Security and Net Zero’s annual Energy Trends data.30,31 This allows for

the estimation of current funding pots for relevant schemes funded via levies

on domestic consumer bills and is a useful cross reference for future levy

forecasts. For each individual scheme funded via levies on consumer bills, a

different approach was taken to forecasting the total funding requirement over

time. Where appropriate, total funding requirements were scaled down ac-

cording to projections in future energy usage32 and the share of non-domestic

consumption. Total funding requirements were then mutualized across the

total eligible energy consumption or total eligible customer base according to

the current funding structure and data from the National Grid ESO’s Consumer

Transformation scenario33 on future energy consumption.
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using more when there is surplus renewable generation. The

overall aim of ToU tariffs is to incentivize consumers to shift their

energy use to times when demand is lower, reducing total gen-

eration capacity needed and grids stress.17 In the UK, ToU tariffs

sit alongside smart metering and renewable generation as core

elements in the Government’s approach to create smarter,

cleaner, more flexible energy systems.18,19

By their nature, smart ToU tariffs are variable and therefore

hard to model. In the following analysis, we model results for

Octopus Energy’s Agile Tariff. This tariff was introduced to

encourage households to shift their energy consumption

away from the peak period of 4:00 p.m. to 7:00 p.m., during

which the supplier incurs high wholesale prices. By avoiding

this peak, consumers contribute to significant savings. When

wholesale costs are low or even negative, this allows Octopus

Energy to pass on those benefits to customers. The Agile Tariff

varies every 30 min with customers receiving the next day’s

rates, per 30 min interval, around 4:00 p.m. the day before. In

our model, we assume the same relative cost reduction per

year as in January to March 2024 averaging £0.16p/kWh

(https://agileprices.co.uk/), resulting in a per unit cost reduction

of 45% compared to the Ofgem energy price cap during the

same period,20 a benchmark for retail energy prices in the

UK. To what extent time-varying prices will offer similar cost

savings in the future is uncertain. For the purpose of this paper

we model the TCO assuming a 45% unit cost reduction of

future projected time-varying electricity prices. It is uncertain

to what extent time-varying tariffs will continue to provide sav-

ings of this magnitude and the results need to be treated with

caution.
OVO Energy started offering a special heat pump tariff

recently (currently limited to the first 100 customers) that offers

a flat rate, reduced electricity price for heat pump customers.

Their Heat Pump Plus tariff is £0.15/kWh (https://www.

ovoenergy.com/heat-pumps), representing a 48% unit price

reduction compared to the price cap. Note that the OVO offer-

ing is contingent on working with a specific accreditation

scheme only covering part of the market and achieving average

SCOPs of 4.0.21 We calculated TCO under the OVO heat pump

tariff, assuming a 48% unit price discount in the future. Whether

or not the OVO offering will be available in the future is of

course uncertain and needs to be considered when interpreting

the results.

In our modeling, we also assess the impact on TCO of those

tariffs by applying the average saving made by a standard

customer on Octopus’ Agile Tariff and OVO Energy’s flat rate

heat pump tariff. Further details are provided below.

RESULTS

A series of scenarios weremodeled, using Equations 1, 2, 3, 4, 5,

6, 7, and 8 in the methodology. These cover business as usual,

levies shifted from electricity to the public budget, levies shifted

from electricity to gas, and a carbon tax on gas.
iScience 28, 111784, February 21, 2025 3
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Figure 3. TCO under moving levies to gas scenario, for range of

values of SCOPs

The same input data as for Figure 2 were used with levies on electricity reat-

tributed to gas unit prices.

Figure 4. TCO under carbon tax scenario, for range of values of

SCOPs
To calculate the impact of a carbon tax on gas, a carbon price of £50/t CO2 has

been assumed, which is similar to the current carbon price in the UK Emissions

Trading Scheme.34

Figure 5. TCO with Octopus Agile tariff

The same inputs as for Figure 1 were used except for electricity prices where

average Octopus Agile tariffs in the period 01 January–31 March 2024 were

used.35
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Business as usual
As described earlier, under the BAU scenario we assume no pol-

icy changes are introduced (levy reform, carbon tax or else) and

prices are forecasted using recent projections based on current

market conditions. Figure 1 depicts the TCO following the meth-

odology set out above for a range of SCOPs (2.5–4.5) and gas

boilers at two different levels of efficiency (92% and 85%). The

results show that cost parity with a gas boiler at 85% efficiency

is reached for a heat pump with an SCOP of 3.3 or more.

The Electrification of Heat Trial29 showed a median SCOP of

2.9. At an SCOP of 2.9, the TCO of heat pumps exceeds the

TCO of gas boilers at 85% efficiency. At an SCOP of 3.3, heat

pumps become cheaper than gas boilers from a TCO perspec-

tive. Although this is certainly achievable as data show,21 this

is not currently the situation for the majority of homes where

heat pumps have been fitted.

Shift levies from electricity to general taxation
If the levies were to be removed from electricity bills and put into

the public budget, the TCO of heat pumps would be reduced by

£1,642. The recalculated TCO are presented in Figure 2, showing

gas boilers under BAU scenario compared to heat pumps with

levies removed.

The required SCOP to break even from aTCOperspective is 2.8,

less thanwhat has been achieved as amedian under the recent tri-

als.29 In other words, if an SCOP of 2.9 remains the median of UK,

heat pump installs shifting levies to the public budget are sufficient

to reachTCOparitybetweengasboilersandheatpumps.However,

this of course relies on the BUS grant to be available in the future.

Shift levies from electricity to gas
By shifting levies from electricity to gas, rather than to the public

budget, the impact on TCO would be more substantial, as de-

picted by Figure 3.

The required SCOP to break even under this scenario is just

2.3 and well below SCOPs from recent field trials.
4 iScience 28, 111784, February 21, 2025
Carbon tax on gas
Finally, the impact of a carbon tax on gas of £50/t CO2 is shown in

Figure 4.

A carbon tax at this level would reduce the required SCOP to

reach TCO parity from 3.3 to 3.0 but it would not be sufficient to

achieve TCO parity for the median SCOP of 2.9 under recent UK

trials.
(Smart) Time-of-use pricing and heat pump tariffs
In addition to selected policy scenarios, we provide the TCO re-

sults for two different electricity tariffs accessible to heat pump

owners as described earlier.

At the time of writing, a time-varying tariff like Octopus Agile

provides 45% average electricity cost reductions for customers



Figure 6. TCO with OVO Energy tariff

The same inputs as for Figure 1 were used except for electricity prices where

the OVO heat pump tariff was used.36
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(based on data shared with the authors by Octopus Energy as

well as personal experience with the Agile Tariff over more

than 4 years by one of the authors) and will result in lower TCO

for any heat pump with an SCOP above 1.9 (Figure 5).

Using the heat pump tariff fromOVO Energy, a heat pumpwith

an SCOP larger than 1.8 will achieve lower TCO than an average

gas boiler (Figure 6).

Summary of results
Figure 7 depicts a comparison of the TCO for a heat pump with

an SCOP of 2.9 (median in Electrification of Heat Trial) and an

85% efficient gas boiler for all policy scenarios analyzed

earlier.

Evidently the greatest impact on the TCO of heat pumps of the

scenarios modeled is achieved by moving levies from electricity

to gas bills, the second greatest by shifting levies from electricity

bills to the public budget, and the third greatest by applying a

carbon tax of £50/t CO2 on gas used for heating.

Across each of the scenarios modeled, a key metric of interest

is the SCOP needed for a heat pump to achieve a lower TCO than

an 85% efficient gas boiler. Figure 8 gives this value for each of
the scenarios. It allows for a comparison of average SCOPs from

recent trials (2.9) against the different scenarios.

For those households willing to switch to either a time-varying

tariff or a heat pump tariff, TCO today are positive compared to

an average gas boiler though running costs can vary significantly

by how the heat pump is run and variable rates are not guaran-

teed to be low.

Figure 9 depicts a comparison of the TCO for a heat pumpwith

an SCOP of 2.9 (median in Electrification of Heat Trial) and an

85% efficient gas boiler for both a time-varying tariff or a heat

pump tariff.

Compared to a gas boiler with an average efficiency of 85%, a

heat pumpwith an SCOP of 2.9 operated on a dynamic ToU tariff

(averaging 45% savings against a standard flat rate tariff), TCO is

reduced by 19%. If a specific heat pump tariff offering savings of

48% per electricity unit is being used, the TCO of a heat pump is

21% lower than that of an average gas boiler. The cost parity

SCoP is 1.8 and 1.9 for theOVO tariff and theOctopus Agile tariff,

respectively.

Sensitivity analysis
To ascertain the impact of our assumptions, we carry out a sensi-

tivity analysis, changing the parameters as following.

(1) doubling the discount rate;

(2) assuming a 10% higher heat demand for buildings heated

with heat pumps;

(3) assuming a 20-year lifetime for a heat pump accounting

only for 3/4 of the capital costs over a 15-year period; and

(4) assuming no BUS grant and a 25% heat pump cost

reduction.

In the methodology section, we described why a discount rate

greater than 3.5% may apply to the household decisions to

adopt heat pumps. This logic justifies including sensitivity anal-

ysis for a 7.0% discount rate.

UK government analysis and recent research suggests that

heating energy demand following a heat pump installation may

increase by 5%–10%37,38 due to higher setback temperatures

during off periods (e.g., during the night).

We assumed a 15-year lifetime for both heat pumps and gas

boilers. However, UK government analysis suggests that for
Figure 7. Comparison of TCO of different

scenarios

Data presented in figure are based on a compar-

ison of the TCO for a heat pump with an SCOP of

2.9 (median in Electrification of Heat Trial) and an

85% efficient gas boiler for all scenarios analyzed

above.

iScience 28, 111784, February 21, 2025 5



Figure 8. Required SCOP in order for a heat

pump to have lower TCO compared to an

85% efficient gas boiler under different sce-

narios

Input data as stated in Figures 1, 2, 3, and 4. SCOP

stated reflects the first digit at which a heat pump

achieves a lower TCO than a gas boiler with 85%

efficiency.
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heat pumps lifetime could be as long as 20 years,37 which we

consider in the sensitivity analysis by only accounting for 3/4 of

the capital costs (15/20).

Table 2 presents the TCO for the central scenario adopted for

this paper and explained in detail above plus for a higher dis-

count rate, higher heat demand for a heat pump, and a longer

lifetime of a heat pump.

The results of the sensitivity analysis (Figure 10) show that

changing the input factors in the way described makes a signif-

icant difference to the TCO. A higher discount rate and a higher

heat pump heating demand result in higher TCO for heat pumps

compared to gas boilers and a longer lifetime in lower TCO for

heat pumps.

A higher discount rate slightly increases the required

SCOP to reach TCO parity under most scenarios. If heating de-

mand after a heat pump install is higher, this will require

higher SCOPs in return to reach TCO parity. If we assume a

longer lifetime of heat pumps even under BAU, a heat pump

with an SCOP above 2.7 has a lower TCO compared to gas

boiler.

Importantly, if the BUS grant was removed, heat pumps

could not achieve the same TCO as a gas boiler as an SCOP

of more than 5 would be required under all scenarios. However,

if a 25% heat pump cost reduction was achieved, which

has been deemed realistic by a recent meta-study39 on

heat pump costs, and the BUS grant was removed, it would

be possible to achieve cost parity in a scenario where levies
Figure 9. Comparison of TCO of existing dynamic ToU and heat

pump specific tariffs

Data presented in figure are based on a comparison of the TCO for a heat

pump with an SCOP of 2.9 (median in Electrification of Heat Trial) and an 85%

efficient gas boiler for all dynamic ToU and heat pump specific tariffs analyzed

above.
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are shifted from electricity to gas with an SCOP of 3.7 and

above.

Table 3 presents the sensitivity analysis carried out for ToU tar-

iff and the heat pump tariff analysed in this paper.

A higher discount rate and a higher heat pump heating de-

mand result in higher TCO for heat pumps compared to gas

boilers and a longer lifetime in lower TCO for heat pumps.

A higher discount has almost no effect on the required SCOP

to achieve cost parity with gas boilers both for the Octopus Agile

and the OVO tariff. If heating demand after a heat pump install is

higher, this will require a slightly higher SCOP to reach cost parity

(1.9–2.1 for Octopus Agile and 1.8–1.9 for OVO). A longer lifetime

of the heat pump reduces the required SCOP to 1.7 and 1.6 for

Octopus Agile and OVO, respectively. If the BUS grant was

removed and installation costs were to fall by 25%, heat pumps

with SCOPs of 3.5 and 3.3 using Octopus Agile and OVO tariffs,

respectively, are sufficient to achieve cost parity.
DISCUSSION

Under the BAU scenario with themedian SCOP in the Electrifica-

tion of Heat Trial, the TCO are higher than for an 85% efficient

gas boiler. This suggests there is need for policy reform unless

median efficiencies can be brought up closer to an SCOP of

3.5 in the near future.

Although the impact on the TCO would be fairly modest,

removing levies from electricity bills and paying for them via

general taxation would result in a situation where an SCOP of

2.8 would suffice to break even with an 85% gas boiler, mean-

ing typical building owners would see cost savings. This policy

could be applied to all domestic electricity consumption or it

could be applied to electricity supplied to heat pumps only.

The latter approach closely follows the example of Denmark,

where only the minimum tax rate allowable under EU law ap-

plies to heat pump electricity use up to a certain limit.12 This

approach may be more politically feasible because it reduces

the need to increase general taxation. However, it would also

reduce any co-benefits attained through incentivizing other

forms of electrified heating. Moving levies from electricity to

gas would result in a more favorable electricity to gas price ra-

tio and 15% lower TCO for a heat pump with a 2.9 SCOP, thus

providing a significant cost saving. This is by far the most im-

pactful policy option in terms of improving the TCO of heat

pumps.

This paper focused solely on the economics of heat pumps

applying the approach of TCO, which narrowly looks at financial

costs to the homeowner who installs a new heating system.

When modeling costs for the entire building stock or energy



Table 2. Sensitivity analysis, giving the TCO for different scenarios (gas boiler at 85% efficiency, heat pump with SCOP of 2.9)

Central scenario 7% discount rate

10% higher heat demand

for heat pump

No BUS grant and

25% cost reduction

20 years lifetime

heat pump

BAU—gas boiler £15,640 £13,495 £15,640 £15,640 £15,640

BAU—heat pump £16,861 £14,877 £17,924 £21,339 £15,714

Shift levies from electricity to

general taxation—heat pump

£15,287 £13,594 £16,193 £19,765 £14,140

Shift levies from electricity

to gas—gas boiler

£17,958 £15,327 £17,958 £17,958 £17,958

Carbon tax on gas—gas boiler £16,572 £14,175 £16,572 £16,572 £16,572
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systems as a whole, a much wider range of costs and benefits

such as grid infrastructure costs would need to be taken into ac-

count for a more comprehensive analysis.40

Financial considerations are of course an important factor

when homeowners make decisions on what heating system

they decide to install. In addition, there are many other non-

financial factors such as familiarity with the technology,

perceived disruption, trust of installers, internal and external

space for the heat pump, and (where needed) a hot water tank.

These factors are not part of the analysis carried out in this paper

but it is clear that they do affect the decisions made by home-

owners. Public policy will need to address all of these issues ho-

listically in order to maximize heat pump uptake (Barnes et al.,

2023; Lowes et al., 2021, 2020; Rosenow et al., 2022; Rosenow

and Lowes, 2020) but reducing the relative costs of heat pumps

is in any case vital.

Conversely, enacting any of the policy scenarios modeled

earlier has the potential to result in a wider range of impacts

than changes to TCO alone. To evaluate whether to enact any

of these changes, policymakers will therefore need to consider

these broader implications, including the impact of any reforms

on energy efficiency, the public budget, and equity.

In our calculations, we assumed grant support for heat

pump installs at the current BUS levels. Governments may

decide to reduce the level of support in the future once the

costs of heat pump installs fall. Recent research on heat
Figure 10. Sensitivity analysis of the required SCOP to achieve cost pa

Varied input data as follows: (A) changed discount rate from 3.5% to 7%; (B) assum

heat pump; (D) assumed no BUS grant and 25% heat pump cost reduction.
pumps indicates that significant cost reductions of up to

25% could be achieved in particular through cost savings in

the installation process.39 To what extent future cost reduc-

tions can be realized remains to be seen but recent invest-

ment by major companies in the UK heat pump sector could

pave the way to a lowering of the capital costs of heat pumps

(Barnes et al., 2023).

For policy makers working to decarbonize the building sector,

we suggest that the following considerations should be core to

energy policies:

Upfront grants may form an important part of the policy pack-

age, managing retrofit cost impacts and supporting positive

relative heat pump lifetime costs.

Levies can be shifted to rebalance prices and support heat

pump adoption. Upward pressure on electricity bills should

be avoided.

Upward pressure on fossil fuel heating via carbon taxation

can also drive positive heat pump economics but issues of

equity need to be managed.

Efforts should be taken to reduce upfront heat pump costs

and increase heat pump performance though managing

both simultaneously may be difficult.

Heat pump operating efficiency is a key determinant of the

TCO. Policy makers are well advised to ensure that heat

pumps operate at high SCOPs to maximize cost savings.
rity against a gas boiler (85% efficiency)

ed 10%higher heat demand for heat pumps; (C) assumed 20 years lifetime for

iScience 28, 111784, February 21, 2025 7



Table 3. Sensitivity analysis, giving the TCO for different scenarios (gas boiler at 85% efficiency, heat pump with SCOP of 2.9)

Central scenario 7% discount rate

10% higher heat

demand for

heat pump

No BUS grant

and 25% cost

reduction 20 years lifetime heat pump

BAU—gas boiler £15,640 £13,495 £15,640 £15,640 £15,640

BAU—heat pump £16,861 £14,877 £17,924 £21,339 £15,714

Dynamic ToU

tariff—heat pump

£14,522 £10,870 £15,352 £16,577 £10,952

Heat pump specific

tariff—heat pump

£12,189 £10,619 £12,354 £16,280 £10,655
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Overall, the economics of heat pumps can be supported

through the utilization of traditional policy tools but efforts to

encourage innovation in installation and performance can also

drive cost reductions. Flexible pricing can also have a very pos-

itive impact on heat pump economics. Efforts to reduce relative

heat pump costs will likely need to come alongside efforts to

reduce wider social and political barriers.

Our analysis offers insights that are complementary to other

techno-economic cost studies on heating carried out elsewhere.

Future work could segment housing types and further refine the

sensitivity analysis by looking at a wider range of variations. This

will require a better and more granular collection of input data

currently not available.

Limitations of the study
This analysis uses averages in the calculations including the

average heat demand of a building, average electricity and gas

prices, average installation costs, and average efficiencies. We

also did not model different load profiles of households in the

analysis of ToU tariffs. In reality, all of these factors will differ

building by building. The sensitivity analysis we carried out ad-

dresses some of those limitations but not all of them. Future

research could provide more granularity of different housing

architypes and expand the sensitivity analysis based on a wider

range of input parameters.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should

be directed to and will be fulfilled by the lead contact, Jan Rosenow

(jan.rosenow@ouce.ox.ac.uk).

Materials availability

This study did not generate new unique materials.

Data and code availability

d Data: the source data are available as listed in the key resources table.

d Code: no code was generated for the analysis. The Excel file with all cal-

culations has been deposited at Mendeley at https://doi.org/10.17632/

xdzxmt2zg6.1 and is publicly available as of the date of publication.

d All other items: any additional information required to reanalyze the data

reported in this paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

Jacob Barnes received funding from the Centre for Research into Energy De-

mand Solutions (grant reference number EP/R 035288/1).
8 iScience 28, 111784, February 21, 2025
AUTHOR CONTRIBUTIONS

Conceptualization, J.R; methodology, J.R. and S.O.; investigation, J.R. and

S.O.; writing—original draft, J.R., J.B., S.O., R.G. and R.L.; writing—review

and editing, J.R., J.B., R.G., and R.L.; supervision, J.R.
DECLARATION OF INTERESTS

The authors declare no competing interests.
STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

d METHOD DETAILS
B TCO calculation

B Heat demand

B Gas boiler efficiency

B Heat pump efficiency

B Fuel price

B Standing charge

B Capital costs

B Discount rate

B Levies

B Carbon tax

d QUANTIFICATION AND STATISTICAL ANALYSIS

Received: September 12, 2024

Revised: November 1, 2024

Accepted: January 8, 2025

Published: January 10, 2025

REFERENCES

1. Rosenow, J., Gibb, D., Nowak, T., and Lowes, R. (2022). Heating up the

global heat pump market. Nat. Energy 7, 901–904. https://doi.org/10.

1038/s41560-022-01104-8.

2. IEA (2022). The Future of Heat Pumps.

3. IEA (2021). Net Zero by 2050. A Roadmap for the Global Energy Sector.

4. Santini, M., Cowart, R., Thomas, S., Gibb, D., Lowes, R., and Rosenow, J.

(2023). Clean heat standards: New tools for the fossil heat phaseout in

Europe.

5. BEIS (2021). Heat and buildings strategy.

6. Lowes, R., Gibb, D., Rosenow, J., Thomas, S., Malinowski, M., Ross, A.,

and Graham, P. (2022). A policy toolkit for global mass heat pump

deployment.

mailto:jan.rosenow@ouce.ox.ac.uk
https://doi.org/10.17632/xdzxmt2zg6.1
https://doi.org/10.17632/xdzxmt2zg6.1
https://doi.org/10.1038/s41560-022-01104-8
https://doi.org/10.1038/s41560-022-01104-8
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref2
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref3
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref4
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref4
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref4
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref5
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref6
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref6
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref6


iScience
Article

ll
OPEN ACCESS
7. Olympios, A.V., Aunedi, M., Mersch, M., Krishnaswamy, A., Stollery, C.,

Pantaleo, A.M., Sapin, P., Strbac, G., and Markides, C.N. (2022). Deliv-

ering net-zero carbon heat: Technoeconomic and whole-system compar-

isons of domestic electricity- and hydrogen-driven technologies in the UK.

Energy Convers. Manag. 262, 115649. https://doi.org/10.1016/j.encon-

man.2022.115649.

8. Liu, Z., Song, J., Kubal, J., Susarla, N., Knehr, K.W., Islam, E., Nelson, P.,

and Ahmed, S. (2021). Comparing total cost of ownership of battery elec-

tric vehicles and internal combustion engine vehicles. Energy Pol. 158,

112564. https://doi.org/10.1016/j.enpol.2021.112564.

9. Barnes, J., and Bhagavathy, S.M. (2020). The economics of heat pumps

and the (un)intended consequences of government policy. Energy Pol.

138, 111198. https://doi.org/10.1016/j.enpol.2019.111198.

10. Kokoni, S., and Leach, M. (2021). Policy mechanisms to support heat

pump deployment: A UK case study based on techno-economic model-

ling. Renew. Sustain. Energy Transition 1, 100009. https://doi.org/10.

1016/j.rset.2021.100009.

11. Wilson, E.J., Munankarmi, P., Less, B.D., Reyna, J.L., and Rothgeb, S.

(2024). Heat pumps for all? Distributions of the costs and benefits of res-

idential air-source heat pumps in the United States. Joule 8, 1000–1035.

https://doi.org/10.1016/j.joule.2024.01.022.

12. Rosenow, J., Thomas, S., Gibb, D., Baetens, R., De Brouwer, A., and Cor-

nillie, J. (2023). Clean heating: Reforming taxes and levies on heating fuels

in Europe. Energy Pol. 173, 113367. https://doi.org/10.1016/j.enpol.2022.

113367.

13. Skidmore, C. (2023). Mission Zero: The Independent Net Zero Review (Bi-

teback Publishing).

14. Heptonstall, P., and Gross, R. (2018). What’s in a bill? How UK household

electricity prices compare to other countries.

15. Rosenow, J., Platt, R., and Flanagan, B. (2013). Fuel poverty and energy

efficiency obligations - A critical assessment of the supplier obligation in

the UK. Energy Pol. 62, 1194–1203. https://doi.org/10.1016/j.enpol.

2013.07.103.

16. Rosenow, J. (2012). Energy savings obligations in the UK—A history of

change. Energy Pol. 49, 373–382. https://doi.org/10.1016/j.enpol.2012.

06.052.

17. Hildermeier, J., Burger, J., Jahn, A., and Rosenow, J. (2022). A Review of

Tariffs and Services for Smart Charging of Electric Vehicles in Europe. En-

ergies 16, 88. https://doi.org/10.3390/en16010088.

18. BEIS (2017). Upgrading Our Energy System: Smart systems and flexi-

bility plan.

19. BEIS (2020). Powering our Net Zero Future.

20. Ofgem (2023). Energy price cap (default tariff): 1 October to 31

December 2023.

21. HeatGeek (2023). The secret to high heat pump efficiencies. https://www.

heatgeek.com/the-secret-to-high-heat-pump-efficiencies/.

22. MCS (2024). MCS Data Dashboard. https://datadashboard.mcscertified.

com/InstallationInsights.

23. HMGovernment (2023). Heat pumpgrants increased by 50%. https://www.

gov.uk/government/news/heat-pump-grants-increased-by-50-per-cent.

24. Department for Energy Security and Net Zero (2023). National Energy Ef-

ficiency Data-Framework (NEED): consumption data tables 2023.

https://www.gov.uk/government/statistics/national-energy-efficiency-

data-framework-need-consumption-data-tables-2023.

25. Department for Business, E. and I.S. (2022). Energy consumption in the UK

2021. https://www.gov.uk/government/statistics/energy-consumption-

in-the-uk-2021.

26. Energy Saving Trust (2009). Final Report: Insitu monitoring of efficiencies

of condensing boilers and use of secondary heating.

27. DESNEZ (2023). GreenBook supplementary guidance: valuation of energy

use and greenhouse gas emissions for appraisal. https://www.gov.uk/
government/publications/valuation-of-energy-use-and-greenhouse-gas-

emissions-for-appraisal.

28. HM Treasury (2022). The Green Book: Central government guidance on

appraisal and evaluation.

29. Energy Systems Catapult (2023). Electrification of Heat - Interim Heat

Pump Performance Data Analysis Report.

30. DESNZ (2023). Energy Trends: UK gas. https://www.gov.uk/government/

statistics/gas-section-4-energy-trends.

31. DESNZ (2023). Energy Trends: UK electricity. https://www.gov.uk/

government/statistics/electricity-section-5-energy-trends.

32. DESNZ (2023). Energy and emissions projections: 2021 to 2040. https://

www.gov.uk/government/publications/energy-and-emissions-

projections-2021-to-2040.

33. National Grid ESO (2023). Future Energy Scenarios. https://www.

nationalgrideso.com/future-energy/future-energy-scenarios.

34. Ember (2023). The price of emissions allowances in the EU andUK. https://

ember-climate.org/data/data-tools/carbon-price-viewer/.

35. Octopus Energy (2024). Agile Portal. Historical Data. https://agile.

octopushome.net/historical-data.

36. OVO (2024). Heat Pump Plus. Our heat pump tariff add-on. https://www.

ovoenergy.com/heat-pump-plus.

37. DESNEZ (2023). Clean Heat Market Mechanism. Impact Asssess.

38. Terry, N., and Galvin, R. (2023). How do heat demand and energy con-

sumption change when households transition from gas boilers to heat

pumps in the UK. Energy Build. 292, 113183. https://doi.org/10.1016/j.en-

build.2023.113183.

39. Heptonstall, P., and Winskel, M. (2023). Decarbonising Home Heating: An

Evidence Review of Domestic Heat Pump Installed Costs.

40. Rosenow, J., and Hamels, S. (2023). Where tomeet on heat? A conceptual

framework for optimising demand reduction and decarbonised heat sup-

ply. Energy Res. Social Sci. 104, 103223. https://doi.org/10.1016/j.erss.

2023.103223.

41. Ofgem (2023). Energy price cap. https://www.ofgem.gov.uk/energy-

price-cap.

42. Ofgem (2024). Annex 4 - Policy cost allowance methodology. https://

www.ofgem.gov.uk/energy-policy-and-regulation/policy-and-regulatory-

programmes/energy-price-cap-default-tariff-policy/energy-price-cap-

default-tariff-levels.

43. (2023). Department for Energy Security and Net Zero, and Office for Prod-

uct Safety and Standards. Regul.: Ecodesign Energy Consum. Prod.

https://www.gov.uk/guidance/placing-energy-related-products-on-the-

uk-market

44. Alsop, J. (2020).Why our condensing boilers do not condense. https://www.

theheatinghub.co.uk/why-our-condensing-boilers-do-not-condense.

45. Bennett, G., and Elwell, C. (2020). Effect of boiler oversizing on efficiency:

a dynamic simulation study. Build. Serv. Eng. Technol. 41, 709–726.

https://doi.org/10.1177/0143624420927352.

46. Elwell, C.A., Biddulph, P., Lowe, R., and Oreszczyn, T. (2015). Determining

the impact of regulatory policy on UK gas use using Bayesian analysis on

publicly available data. Energy Pol. 86, 770–783. https://doi.org/10.1016/j.

enpol.2015.08.020.

47. Bennett, G. (2020). Heating systems through the lens of the boiler:

Detailed case studies to inform current and future heating system design.

Build. Serv. Eng. Res. Tecnol. 41, 332–342. https://doi.org/10.1177/

0143624419893662.

48. Gibb, D., Rosenow, J., Lowes, R., and Hewitt, N.J. (2023). Coming in from

the cold: Heat pump efficiency at low temperatures. Joule 7, 1939–1942.

https://doi.org/10.1016/j.joule.2023.08.005.

49. Lowes, R., Rosenow, J., Qadrdan, M., and Wu, J. (2020). Hot stuff:

Research and policy principles for heat decarbonisation through smart

electrification. Energy Res. Social Sci. 70, 101735. https://doi.org/10.

1016/j.erss.2020.101735.
iScience 28, 111784, February 21, 2025 9

https://doi.org/10.1016/j.enconman.2022.115649
https://doi.org/10.1016/j.enconman.2022.115649
https://doi.org/10.1016/j.enpol.2021.112564
https://doi.org/10.1016/j.enpol.2019.111198
https://doi.org/10.1016/j.rset.2021.100009
https://doi.org/10.1016/j.rset.2021.100009
https://doi.org/10.1016/j.joule.2024.01.022
https://doi.org/10.1016/j.enpol.2022.113367
https://doi.org/10.1016/j.enpol.2022.113367
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref13
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref13
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref14
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref14
https://doi.org/10.1016/j.enpol.2013.07.103
https://doi.org/10.1016/j.enpol.2013.07.103
https://doi.org/10.1016/j.enpol.2012.06.052
https://doi.org/10.1016/j.enpol.2012.06.052
https://doi.org/10.3390/en16010088
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref18
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref18
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref19
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref20
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref20
https://www.heatgeek.com/the-secret-to-high-heat-pump-efficiencies/
https://www.heatgeek.com/the-secret-to-high-heat-pump-efficiencies/
https://datadashboard.mcscertified.com/InstallationInsights
https://datadashboard.mcscertified.com/InstallationInsights
https://www.gov.uk/government/news/heat-pump-grants-increased-by-50-per-cent
https://www.gov.uk/government/news/heat-pump-grants-increased-by-50-per-cent
https://www.gov.uk/government/statistics/national-energy-efficiency-data-framework-need-consumption-data-tables-2023
https://www.gov.uk/government/statistics/national-energy-efficiency-data-framework-need-consumption-data-tables-2023
https://www.gov.uk/government/statistics/energy-consumption-in-the-uk-2021
https://www.gov.uk/government/statistics/energy-consumption-in-the-uk-2021
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref36
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref36
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
https://www.gov.uk/government/publications/valuation-of-energy-use-and-greenhouse-gas-emissions-for-appraisal
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref38
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref38
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref22
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref22
https://www.gov.uk/government/statistics/gas-section-4-energy-trends
https://www.gov.uk/government/statistics/gas-section-4-energy-trends
https://www.gov.uk/government/statistics/electricity-section-5-energy-trends
https://www.gov.uk/government/statistics/electricity-section-5-energy-trends
https://www.gov.uk/government/publications/energy-and-emissions-projections-2021-to-2040
https://www.gov.uk/government/publications/energy-and-emissions-projections-2021-to-2040
https://www.gov.uk/government/publications/energy-and-emissions-projections-2021-to-2040
https://www.nationalgrideso.com/future-energy/future-energy-scenarios
https://www.nationalgrideso.com/future-energy/future-energy-scenarios
https://ember-climate.org/data/data-tools/carbon-price-viewer/
https://ember-climate.org/data/data-tools/carbon-price-viewer/
https://agile.octopushome.net/historical-data
https://agile.octopushome.net/historical-data
https://www.ovoenergy.com/heat-pump-plus
https://www.ovoenergy.com/heat-pump-plus
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref23
https://doi.org/10.1016/j.enbuild.2023.113183
https://doi.org/10.1016/j.enbuild.2023.113183
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref25
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref25
https://doi.org/10.1016/j.erss.2023.103223
https://doi.org/10.1016/j.erss.2023.103223
https://www.ofgem.gov.uk/energy-price-cap
https://www.ofgem.gov.uk/energy-price-cap
https://www.ofgem.gov.uk/energy-policy-and-regulation/policy-and-regulatory-programmes/energy-price-cap-default-tariff-policy/energy-price-cap-default-tariff-levels
https://www.ofgem.gov.uk/energy-policy-and-regulation/policy-and-regulatory-programmes/energy-price-cap-default-tariff-policy/energy-price-cap-default-tariff-levels
https://www.ofgem.gov.uk/energy-policy-and-regulation/policy-and-regulatory-programmes/energy-price-cap-default-tariff-policy/energy-price-cap-default-tariff-levels
https://www.ofgem.gov.uk/energy-policy-and-regulation/policy-and-regulatory-programmes/energy-price-cap-default-tariff-policy/energy-price-cap-default-tariff-levels
https://www.gov.uk/guidance/placing-energy-related-products-on-the-uk-market
https://www.gov.uk/guidance/placing-energy-related-products-on-the-uk-market
https://www.theheatinghub.co.uk/why-our-condensing-boilers-do-not-condense
https://www.theheatinghub.co.uk/why-our-condensing-boilers-do-not-condense
https://doi.org/10.1177/0143624420927352
https://doi.org/10.1016/j.enpol.2015.08.020
https://doi.org/10.1016/j.enpol.2015.08.020
https://doi.org/10.1177/0143624419893662
https://doi.org/10.1177/0143624419893662
https://doi.org/10.1016/j.joule.2023.08.005
https://doi.org/10.1016/j.erss.2020.101735
https://doi.org/10.1016/j.erss.2020.101735


iScience
Article

ll
OPEN ACCESS
50. McElroy, D.J., and Rosenow, J. (2019). Policy implications for the perfor-

mance gap of low-carbon building technologies. Build. Res. Inf. 47,

611–623. https://doi.org/10.1080/09613218.2018.1469285.

51. Carroll, P., Chesser, M., and Lyons, P. (2020). Air Source Heat Pumps field

studies: A systematic literature review. Renew. Sustain. Energy Rev. 134,

110275. https://doi.org/10.1016/j.rser.2020.110275.

52. Schleich, J., Gassmann, X., Faure, C., andMeissner, T. (2016). Making the

implicit explicit: A look inside the implicit discount rate. Energy Pol. 97,

321–331. https://doi.org/10.1016/j.enpol.2016.07.044.

53. Copiello, S. (2021). Economic viability of building energy efficiency mea-

sures: a review on the discount rate. AIMS Energy 9, 257–285. https://

doi.org/10.3934/ENERGY.2021014.

54. Hamamoto, M. (2023). Estimating consumers’ discount rates in energy-

saving investment decisions: a comparison of revealed and stated ap-

proaches. SN Bus. Econ. 3, 120. https://doi.org/10.1007/s43546-023-

00504-6.
10 iScience 28, 111784, February 21, 2025
55. Fujita, K. (2023). Commercial, industrial, and institutional discount rate

estimation for efficiency standards analysis: Sector-level data 1998–

2022. https://doi.org/10.2172/1969978.

56. Lowe, J. (2008). Intergenerational wealth transfers and social discounting:

Supplementary Green Book guidance.

57. Garvey, A., and Taylor, P. (2020). Industrial decarbonisation policies for a

UK net zero target.

58. BEIS (2023). Energy Intensive Industries (EIIS).

59. Ofgem (2023). Renewables Obligation (RO) Annual Report: Scheme Year

20 (2021-2022). https://www.ofgem.gov.uk/publications/renewables-

obligation-ro-annual-report-scheme-year-20-2021-22.

60. DESNZ (2023). Household Energy Efficiency Statistics, headline release

October 2023. https://www.gov.uk/government/statistics/household-

energy-efficiency-statistics-headline-release-october-2023.

61. LCCC (2023). Forecast Average Strike Price and Market Price. https://dp.

lowcarboncontracts.uk/dataset/forecast-average-strike-price-and-market-

price.

https://doi.org/10.1080/09613218.2018.1469285
https://doi.org/10.1016/j.rser.2020.110275
https://doi.org/10.1016/j.enpol.2016.07.044
https://doi.org/10.3934/ENERGY.2021014
https://doi.org/10.3934/ENERGY.2021014
https://doi.org/10.1007/s43546-023-00504-6
https://doi.org/10.1007/s43546-023-00504-6
https://doi.org/10.2172/1969978
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref60
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref61
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref61
http://refhub.elsevier.com/S2589-0042(25)00043-4/sref62
https://www.ofgem.gov.uk/publications/renewables-obligation-ro-annual-report-scheme-year-20-2021-22
https://www.ofgem.gov.uk/publications/renewables-obligation-ro-annual-report-scheme-year-20-2021-22
https://www.gov.uk/government/statistics/household-energy-efficiency-statistics-headline-release-october-2023
https://www.gov.uk/government/statistics/household-energy-efficiency-statistics-headline-release-october-2023
https://dp.lowcarboncontracts.uk/dataset/forecast-average-strike-price-and-market-price
https://dp.lowcarboncontracts.uk/dataset/forecast-average-strike-price-and-market-price
https://dp.lowcarboncontracts.uk/dataset/forecast-average-strike-price-and-market-price


iScience
Article

ll
OPEN ACCESS
STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Average cost of installing a heat pump MCS22 https://datadashboard.mcscertified.com/InstallationInsights

Average cost of installing a gas boiler HM Government23 https://www.gov.uk/government/news/heat-pump-grants-

increased-by-50-per-cent

Average gas demand (used to derive

average heat demand)

Department for Energy

Security and Net Zero24
https://www.gov.uk/government/statistics/national-energy-

efficiency-data-framework-need-consumption-

data-tables-2023

Average gas demand for cooking only

(used to derive average heat demand)

Department for Business,

Energy & Industrial Strategy25
https://www.gov.uk/government/statistics/energy-

consumption-in-the-uk-2021

Average gas boiler efficiency Energy Saving Trust26 https://www.gov.uk/government/publications/in-situ-

monitoring-of-efficiencies-of-condensing-boilers-and-

use-of-secondary-heating-trial-final-report-2009

Average heat pump efficiency Energy Systems Catapult29 https://es.catapult.org.uk/report/electrification-of-heat-

interim-heat-pump-performance-data-analysis-report/

Electricity and gas price forecasts DESNZ.27 https://www.gov.uk/government/publications/valuation-

of-energy-use-and-greenhouse-gas-emissions-for-appraisal

Discount rate HM Treasury28 https://www.gov.uk/government/publications/the-green-book-

appraisal-and-evaluation-in-central-government

Default electricity and gas prices 34. Ofgem41 https://www.ofgem.gov.uk/energy-price-cap

Octopus Agile tariffs Octopus Energy35 https://agile.octopushome.net/historical-data

OVO heat pump tariff O OVO36 https://www.ovoenergy.com/heat-pump-plus

Levies Ofgem42 https://www.ofgem.gov.uk/energy-policy-and-regulation/

policy-and-regulatory-programmes/energy-price-cap-

default-tariff-policy/energy-price-cap-default-tariff-levels
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

The study included no experiments or study participants.

METHOD DETAILS

In order to determine the total costs of ownership (TCO) of heat pumps and gas boilers in the scenarios outlined, a number of

calculations need to be performed using a range of input parameters described in this section.

TCO calculation
The TCO for heat pumps is calculated as follows:

TCO = CCAPEX � CBUS +COPEX;T (Equation 1)

where CCAPEX is the cost of the installation on the heating system [£], CBUS is the subsidy payment for heat pumps through the Boiler

Upgrade Scheme [£], COPEX,T is the net present value (NPV) running costs in period T.

COPEX,T is given by:

COPEX;T = A$

�
1+i �

�
1

ð1+iÞ
�T � 1�

i
(Equation 2)

where A is the annual running cost including energy costs and maintenance. T is the assumed lifetime of the heating system [years]

and i is the discount rate [%]. We discount from the second year of operation.
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A for heat pumps is given by:
A = H � 1

ESCOP

� F +M (Equation 3)

where H is the heat demand [kWh/year], ESCOP is the seasonal coefficient of performance of the heat pump [SCOP], F is the energy

price [£/kWh], and M is the maintenance cost in a given year [£/year].

Hence Equation 2 assumes that all these annual costs are discounted by the same discount rate.

The UK’s Green Book used for policy appraisal recommends not to account for inflation in future cost projections stating that ‘‘the

best practice approach is to first convert costs or benefits to a real price basis, and then perform the discounting adjustment’’.28

For gas boilers the calculation is:

TCOg = CCAPEXg +COPEXg;T (Equation 4)

The formof the equation is the same as for Equation 1 but the subscript g indicates that this is for gas. TheCOPEXg for gas boilers in a

given year is given by:

COPEXg = H � 1

EEff

� Fg +Mg +Sg (Equation 5)

where H is the heat demand [kWh/year], EEff is the efficiency of the gas boiler [%], Fg is the energy price [£/kWh], Mg is the mainte-

nance cost in a given year and Sg is the standing charge [£/year].

Again we use Equation 2 to include the effects of the discount rate, again applied from the second year of operation.

Heat demand
The heat demand (H) for a typical household can be estimated at approximately 9,962 kWh per year, taking into account a boiler

efficiency (EEff) of 85% (as detailed below), and based on the median annual gas consumption of 12,020 kWh,24 with an exclusion

of the 2.5% of gas allocated for cooking.25

Gas boiler efficiency
Gas boiler efficiency (EEff) is considered in the calculation above. The minimum standard for new gas boilers, as stipulated by the

Energy-related Products Regulations43 is set at 92% efficiency.

However, the actual efficiency of a gas boiler can vary considerably and hinges on whether the flow temperature, which denotes

the temperature of the water circulating through the house’s radiators, is low enough for the boiler to condense; it’s worth noting that

most boilers do not achieve condensation.44

In the UK, boilers are typically oversized,45 which has an impact on their efficiency. Furthermore, the presence and adequacy of

controls for the heating system also affect its overall efficiency.

There is limited peer-reviewed literature on in-situ boiler efficiencies.45–47 Detailed on-site monitoring studies of condensing boilers

commissioned by the UK government revealed an averagemeasured efficiency of 82.5% for combination boilers and 80.3% for heat-

ing-only boilers.26 This does not seem to include circulation losses. The study concluded that ‘‘the in-situ performance of the boilers

is significantly less than the rated [.] seasonal efficiency’’.26 Consequently, it is more realistic to assume that, inmost cases, the 92%

efficiency standard is not beingmet. However, the last comprehensivemonitoring study is now quite dated and boiler efficiency stan-

dards have become more stringent. It may be possible that higher efficiencies are reached if the monitoring study was repeated

today. Therefore, for the calculations using boiler efficiency, both a 92% boiler efficiency and a lower 85% efficiency are considered.

Heat pump efficiency
To calculate heat pump running costs we assess a range of heat pump efficiencies (ESCOP). A heat pump’s actual efficiency is contin-

gent upon the achieved coefficient of performance (COP). Achieving three or more units of heat for every unit of electricity consumed

is feasible due to the heat pump’s capacity to extract thermal energy from the surrounding air, ground, or water.48 Given that the

system’s performance fluctuates throughout the year, it is advisable to employ the seasonal coefficient of performance (SCOP)

when conducting cost analyses49 representing the ratio of the amount of heat delivered compared to the electricity input to run a

heat pump over the course of a year. Much like boilers, the efficiency of a heat pump is subject to variation and depends on various

factors. One crucial parameter is once again the flow temperature: a narrower temperature differential between the heat source and

flow temperature leads to a higher coefficient of performance (COP).38

Previous field studies in the UK have shown that poor design and installation sometimes resulted in lower efficiencies.50,51 How-

ever, this can be avoided by appropriate design, installation and maintenance of the heat pump. More recent studies of achieved

SCOPs in the UK as part of the Electrification of Heat Trial indicate that the median SCOP was 2.94 (excluding circulation pumps).

However, even for air source heat pumps SCOPs of 4.0 have been demonstrated in the UK subject to the right training of the installer

and high-quality models.21 Because SCOPs vary significantly by installation we perform the TCO calculations under different sce-

narios for a range of SCOPs.
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Fuel price
A variety of fuel prices (F) are used in our calculations including standard domestic prices. Base price forecasts for future years were

taken from DESNZ’s Green Book Assumptions.27 These forecasts were developed according to long run trends in fuel prices. It was

therefore assumed that these forecasts did not account for future changes in levy costs on bills. Therefore, the price forecasts were

adjusted according to changes in levy costs per unit of energy from the 2023 baseline. For example, if levies on electricity bills

decreased by 0.1£/kWh, then an adjustment of -0.1£/kWh was made to the retail price forecast.

Standing charge
Both electricity and gas services comewith a standing charge (S), a fixed amount payable per day. However, households heatedwith

gas always incur the standing charge for electricity, whereas homeswithout a gas connection and relying solely on electric heating do

not have a gas standing charge. As a result, it is reasonable to disregard the standing charge for electricity, as both gas boiler-heated

homes and those with heat pumps are obligated to pay it, irrespective of their heating system. In the case of gas, the energy price cap

set by Ofgem data determines a standing charge of £0.30 per day.41

Future standing charges were estimated according to the average historical ratio of unit charges to standing charges from the

Ofgem price cap methodology.20 Note that our analysis does not take into account potential future changes to standing charges

for electricity which would potentially also be impacted by electricity system costs related to the additional load from heat pumps.

Capital costs
The capital cost (CCAPEX) of an installation includes both the equipment and the labour involved in the installation. The average cost of

an air source heat pump install (including the heating system and labour) in 2022 was £12,088 according to Microgeneration Certi-

fication Scheme (MCS) dashboard.22 A new gas combination boiler install (including the heating system and labour) costs on average

£3,000.37

Discount rate
Which discount rate to use has been subject to intense debate in the literature on households and behaviour regarding energy tech-

nology adoption. Of critical importance is whether discount rates relate to consumer decisions or social cost-benefit analysis.52,53

Hamamoto54 recently conducted an assessment of consumers’ discount rates related to energy-saving investments, utilising he-

donic pricing and qualitative choice models. The identified rates ranged from 10.7% to 13.6%, with the possibility of reaching as high

as 50%. In comparison, Fujita55 estimates discount rates for commercial buildings at 8%-10% for comparison.

Social discount rates are typically lower than individual discount rates. Given that our analysis is about policy options rather than

modelling individual consumer decisions we use a social discount rate. In line with the UK Government’s Green Book we use a dis-

count rate (i) of 3.5%.56 Discount rates may well be higher but the Green Book guidance suggests not adjusting for inflation in calcu-

lating prices of for future years.

For the purpose of this paper we also carry out sensitivity analysis and double the discount rate from 3.5% to 7.0%.

Levies
Domestic electricity bills are composed of many different elements. Both electricity and gas are taxed at 5% value-added tax in the

UK. Additional policy costs (called levies) are applied to electricity and gas (Table 1). The share of levies of electricity and gas prices

paid by domestic customers varies as prices a volatile. In Q3 2024 levies for electricity were 17% of electricity bills and levies for gas

were set at 6%.42

Some of those levies are for ongoing policies and programmes whereas others are legacy policy cost. The policies covered by

levies include support programmes for renewable energy, energy efficiency and energy bill rebates for low-income customers.

The following levies have been taken into account in the analysis:

- Renewables Obligation: This scheme was established to promote the generation of electricity from eligible renewable sources

within the United Kingdom. The schemewas initiated in Great Britain in 2002, followed by its implementation in Northern Ireland

in 2005. Under the scheme, electricity suppliers were annually obligated to provide a specified number of Renewables Obliga-

tion Certificates per MWh of electricity they supplied to their customers during each obligation period.

- Feed-in Tariffs: The Feed-in Tariffs scheme was created by the government to encourage the adoption of renewable and low-

carbon electricity generation. Initiated on April 1, 2010, this scheme mandated that licensed electricity suppliers who partici-

pated in it must make payments for the electricity produced and exported by accredited installations.

- Energy Company Obligation: The Energy Company Obligation is a government energy efficiency programme in Great Britain

aimed at addressing fuel poverty and contributing to the reduction of carbon emissions. The scheme originated in 1994 and

places obligations on energy suppliers to fund the installations of energy saving measures.

- WarmHomeDiscount: TheWarmHomeDiscount scheme is designed to assist individuals with low incomeswho are vulnerable

to cold-related illnesses or are predominantly living in fuel poverty. It was implemented in April 2011 and has been extended by

the government throughMarch 2026. This schememandates that domestic energy suppliers serving over 1000 customersmust

offer an annual discount on customer bills.
iScience 28, 111784, February 21, 2025 e3



iScience
Article

ll
OPEN ACCESS
- Contracts for Difference (CfD): The CfD scheme serves as the primary government mechanism for endorsing low-carbon elec-

tricity generation. In this framework, if the market price for electricity produced by a CfD Generator (the reference price) falls

below the predetermined Strike Price outlined in the contract, the Low Carbon Contracts Company makes payments to the

CfD generator to compensate for the shortfall. Conversely, when the reference price exceeds the Strike Price, the Low Carbon

Contracts Company receives payments from the CfD generator.

The energy regulator Ofgem20 provides the cost these levies put on electricity and gas bills in £/kWh except for the Warm Home

Discount which is charged per customer.

To calculate future levies in £/kWh the following assumptions have been made:

To estimate the future energy levies on consumer bills, first the current levy structure was analysed. Data on the current levies

placed onto domestic consumer bills was found in the relevant Ofgem workbooks20 used for calculating fuel prices under the price

cap.

Complementary data on the current and historic consumption of natural gas and electricity by end use was taken from the Depart-

ment of Energy Security and Net Zero’s annual Energy Trends data.30,31 This allows for the estimation of current funding pots for

relevant schemes funded via levies on domestic consumer bills and is a useful cross reference for future levy forecasts.

For each individual scheme funded via levies on consumer bills, a different approach was taken to forecasting the total funding

requirement over time. Where appropriate, total funding requirements were scaled down according to projections in future energy

usage32 and the share of non-domestic consumption, which is exempt from levy costs, for example, through the Energy Intensive

Industries Exemption.57,58 The total funding requirements were then mutualised across the total eligible energy consumption or total

eligible customer base according to the current funding structure and data from the National Grid ESO’s Consumer Transformation

scenario33 on future energy consumption. For example, the Energy Company Obligation is funded via a levy per unit of energy

consumed and charges are split equally between gas and electricity consumers, so levies were apportioned accordingly. This

was used to forecast levy charges per customer and per unit of energy consumed. More detail on forecast methodologies for

each relevant levy cost can be found in Table 1.

For the purpose of this paper all levies have been recalculated in £/kWh using the median electricity consumption.24

In the policy scenario of moving levies to the public budget, levies are subtracted from the fuel price (F):

COPEX for heat pumps in a given year is calculated as follows:

COPEX = H � 1

ESCOP

� ðF � LelecÞ+M (Equation 6)

Lelec is the cost of levies on electricity (£/kWh) in a given year forecasted using the methodology above.

In the scenario of shifting levies from electricity to gas the total amount of social and environmental levies of electricity in a given

year is added to gas prices based on total domestic gas consumption.

Hence COPEX for gas boilers in a given year is calculated as follows:

COPEXg = H � 1

EEff

� �Fg + Lelec

�
+Mg+Sg (Equation 7)

In reality, policy makers may of course chose to only shift certain types or parts of levies from electricity to gas.

Carbon tax
To calculate the impact of a carbon tax on gas a carbon price of £50/t CO2 has been assumed which is similar to the current carbon

price in the UK Emissions Trading Scheme.34

COPEX for gas boilers in a given year is calculated as follows:

COPEX = H � 1

EEff

� �Fg + Tn

�
+ Mg +Sg (Equation 8)

Tn is the assumed carbon tax calculated in a given year in £/kWh.

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical analysis was performed as part of this paper.
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