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the only UK University to have had the application of its work to industry,
commerce and healthcare central to its mission since its foundation.
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Foreword

Having a warm place to live in is a fundamental
human need. And so it is an integral part of a
person’s wellbeing that they feel confident and in
control of how their home is heated. It is a topic
that can stir strong emotions. It is therefore essential
that when considering changes to the energy
system that will impact domestic heating that the
human behavioural issues are considered equally
alongside the technical engineering and delivery
challenges. Much of the debate and research being
undertaken now on the transition to a low carbon
solution is based around idealised and simplified
technoeconomic models and the assumption that
politicians will make choices for consumers based on
implementing the thermodynamically most efficient
and overall lowest cost system solution and that
consumers will accept this once explained to them.
This of course assumes that political leadership is
prepared to make long term brave decisions that
could prove to be unpopular and don’t just keep
putting off the decision.

Mark Neller

UKIMEA Energy
Business Leader
Arup

This paper seeks to assess the consequences
of turning that thinking on its head and instead
putting consumers in control and giving them the
information they need to make an informed decision.
The challenge with this approach is the time it takes
to build the supply chain and infrastructure required
to enable that choice. This challenge would be made
significantly easier if it was possible to predict that
choice, based on an understanding of the drivers of
consumer choice and the specific characteristics of
their situation in their home and their energy use. I
am delighted that Arup and Imperial College have
joined forces to start looking at whether it is possible
to use whole energy system modelling and consumer
behavioural insights to do just that.
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There has been a lot of debate on the way forward
for low-carbon heating, which will continue to be
one of the hardest challenges to deal with on the
way to net zero. We expect a “mixed” system with
two of the most common technologies being heat
pumps and hydrogen boilers. There has been a lot
of debate about the individual merits of these and
their interactions with the wider energy system. In
this paper we consider how the deployment
of heating technologies may be influenced by
consumer choice, and in turn how choices made
by consumers might affect the wider energy system
and how this may feed back into measures such as
overall cost faced by the consumer. The purpose is
not to advocate one technology over the other but
to explore the issues in more detail so that informed
decisions can be taken down the line. We hope that
this paper helps to shed light on this complex topic.

The Role of Consumer Choice in Decarbonising Heat

Nilay Shah

Head of Department of
Chemical Engineering.
Imperial College
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Section 1:
Abstract

The need to transition to low-carbon/zero-carbon
forms of energy is taking centre-stage in the UK
public debate. To meet the commitment enshrined
in the UK Climate Change Act1, a significant
transformation is required within the next few
decades, which will impact society as a whole.
For an undertaking of this scale and complexity
to be successful, it will require not only a holistic
approach and robust collaborations across
disciplines, sectors and countries, but also strong
and active support from the general public - the
people who will be impacted by it in their day-today life. This is particularly relevant in the context
of the scope of this paper, given that domestic
heating is one of the critical areas to decarbonise.

This is a complex question and in this paper we
have explored some of the elements that may
contribute to answering it. Through our reflections,
we aim to contribute to the debate and fill some
of the gaps in understanding the role of consumer
choice, but also to highlight how critical it is that
consumers are a central and active part of the energy
transition, particularly with regard to decarbonising
domestic heating.

There is consensus on the fact that technology
alone will not be able to provide all the answers to
the challenges posed by the energy transition, and
that consumer’s behaviours, attitudes and actions
will need to play a significant role. Albeit the role
of consumers in the energy system and market is
significantly changing, a lot more must be done to
bring them right at the centre of discussions and
plans.

• Scenario modelling on implications of two
different low-carbon heating technology options.

This project, is a joint collaboration between
Arup and Imperial College, it originates from the
following question:

For the purpose of this project, we have assumed
consumers choice on three consumer propositions,
based on a different energy mix between electricity
(specifically air source heat pumps - ASHP) and
hydrogen (hydrogen boilers), in a region of interest2.
These are:

“ In a scenario where consumers are
given free choice over their options to
decarbonise heat in domestic settings,
what would be the implications on
the whole energy system and on the
practical deployment of the chosen
solution? ”.

The methodology we have adopted includes:
• Review of relevant literature and projects on
consumers perceptions and attitudes towards the
energy transition, heating decarbonisation and the
specific technologies we consider in this paper.

• Technical review and comparison of the
technology options we consider in this paper.
• Conversations with consumers representative
or organisations that closely work with
consumers and communities (Citizen
Advice, National Energy Foundation).

• Proposition 1: 90% ASHP – 10% hydrogen boiler.
• Proposition 2: 50% ASHP – 50% hydrogen boiler.
• Proposition 3: 10% ASHP – 90% hydrogen boiler.

1 Reduce greenhouse gas emissions by 100% of 1990 levels (net zero) by 2050
2 Note: this choice was driven by the need to simplify options for the purpose of the study, but also – and to a certain extent - to reflect the current assumptions that
electrification through heat pumps and hydrogen as a replacement of natural gas will be the predominant technologies in the domestic heating decarbonisation landscape.
Furthermore, the choice to exclude hybrid heat pumps was also driven by the need to simplify the context for the purpose of this paper.
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Key Findings and recommendations
The key finding from this study is that consumers
do not currently feel they have a meaningful, real
and free choice when it comes to deciding how to
decarbonise the way they heat their homes. This
is largely due to a low level of awareness of why
a change is needed, lack of sound and trusted
information about options available (either current
or future), and perceived lack of guidance and
protection that makes consumers feel exposed to an
unacceptable level of risk, and therefore reluctant to
engage with the heat transition.
Therefore it can be concluded that consumers are
not currently being enabled to play a meaningful
part in the effort to decarbonise heat.
With cost one of the key drivers of consumer
choice, we have used our modelling work to
test whether different scenarios of low-carbon
technologies mix have a significant different impact
on cost to consumers. The outcomes show that,
while upfront costs of the solutions are likely to be
quite different, total costs of ownership are likely
to be broadly similar (and dependent on the nature
of network interventions required). This means that
multiple criteria will form the basis of consumer
choices, and that there are opportunities for new
business and financial models.
However, these conclusions rest on the specific
assumptions on which the modelling is based,
particularly the assumption that the wider network
can accommodate additional flows on both the gas
and the electricity network. Whilst this is the case in
the short term, this is unlikely to be the case in the
longer term, and therefore the picture in terms of
costs overall, and impact on consumers, is likely to
be different from the one we are presenting here.
While cost is a significant factor, it’s not the only
one able to influence consumers and that offers
an opportunity to influence their choice in a way
that ensures alignment with a vision for a fair and
equitable transition to a low-carbon future.

The Role of Consumer Choice in Decarbonising Heat

We have highlighted a number of concurrent aspects
that key players must consider, in order to achieve
that objective, including:
• Awareness – ramp-up the effort to engage
consumers on why a change is needed, inform,
and educate them to make them allies and
central part to the energy transition.
• Behavioural change and policy design – explore
further what mix of incentives, disincentives,
reduction of barriers to desired behaviours,
penalties and rewards, is the most effective
to influence consumers behaviour. This should
ideally be part of a holistic policy design
looking at wider aspects and blockers and
therefore not only targeting consumers but
considering which other groups need
incentivising (e.g. supply chain).
• Informed choice and effective communication
– progress quickly on growing consumers’
understanding and familiarity with low-carbon
technologies, including aspects such as options
available, financial impact, suitability to
personal needs, etc. This is critical to enabling
an informed choice. Moreover, pay attention to
the content, tone and language used for the
message and campaigns.
• Support and assurance – put in place the
support needed to de-risk consumers choice of
low-carbon technologies. This includes more
robust and transparent market information and
assurance on availability and reliability of
supply chain, as well as solid support
to consumers where things go wrong.
• Clear leadership – provide a clear strategy and
direction of travel, at the right government
level, to reassure consumers that their
investment in low-carbon technologies is
supported and worth the effort and risk.
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Section 1
Abstract

Next Steps
To initiate change and enable progress on these
key aspects, we suggest that next steps should
focus on further and deeper investigation of
two main themes:
1. The costs associated to decarbonise domestic
heating and how they are met, and
2. Consumers behaviours influencing pathways
to decarbonise domestic heating.
These could include further studies on the potential
impact of cost to upgrade the network infrastructure,
particularly on the electricity side, to accommodate
the increase in demand linked to the uptake of a
specific low-carbon heating technology. On the
other end, more research is needed to understand
in detail consumers behaviours and attitudes.
Furthermore, additional work could focus on
consumer response to different form of contracts,
to understand if availability of different type of
supply /service contract could influence overall
consumer choice.

In conclusion, putting consumers right at the centre
of the energy transition, particularly with regard to
decarbonising heat, means enabling a fair, equitable
and participated change, one where no group of
people are left behind or feel disempowered.
An open question remains on how we can
collectively balance the need to enable a democratic
and just transition with the requirement to do so in a
cost effective, timely and efficient way, and ensuring
long-term benefits for society. This paper suggests
that further interdisciplinary studies can offer
valuable information to drive the energy transition
in a balanced way.
An integrated, concerted and committed effort by
government, industry, academia, consumers and
all sectors of society will be critical to answer this
complex question and to achieve the most important
societal transformation of our time.

Building on the findings of this paper, subsequent
projects across the two themes mentioned above
could include: a sensitivity analysis of the modelling
work to test different scenarios of grid infrastructure
costs; considering incorporation in the modelling of
relevant outcomes from the Hy4Heat Programme
and from the Department for Business, Energy
and Industrial Strategy (BEIS) Electrification of
Heat Demonstration Project (when concluded);
focus groups to further explore people awareness
and attitudes to specific low-carbon heating
technologies; projects to investigate to what extent
consumers’ behaviour can be predicted based on
digital data available for their homes.
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Section 2:
Overview and context

The need to transition to low-carbon/
zero-carbon forms of energy is certainly
taking centre-stage in the UK public
debate. To fulfil the commitment
enshrined in the UK Climate Change
Act3, a huge transformation is needed
within a relatively short timeframe,
which will impact all sectors and
industries, as well as our collective
behaviours and current lifestyle.
The energy transition is a complex transformation
project, one of the most significant transitions for
generations, and there is widespread agreement
on the fact that, in order for it to be successful, it
will require strong collaboration across disciplines,
sectors and countries.
But this will not be sufficient. For the energy
transition to be truly successful, it will require
a strong, engaged, and active support from the
general public, the people and consumers who
will be impacted by it in their day-to-day life. This
is particularly relevant given that domestic heating
(the scope of this project) is a significant source of
greenhouse emissions [1], and therefore one of the
critical areas where decarbonisations efforts are
required.
The role of consumers in the energy system and
market is significantly changing. Over the past
few decades, they have become an integral part of
the system; many have become progressively more
engaged and active, expressing preference on how
the energy they use is generated, contributing to
generating it themselves, and being more in control
of its consumption. Other consumers remain more
‘passive acceptors’ of what is proposed to them,
being provided energy by suppliers without having
much of an active role in terms of energy choices.

The latter has largely been – and to a certain extent,
still is - the assumption and model followed by
policy makers and regulators, as well as other
stakeholders in the energy system, and this approach
has somehow been effective so far. However, the
challenges posed by the need to quickly decarbonise
energy, and domestic heating in particular, call for a
new perspective of the consumer role.
The energy transition debate so far has mostly
followed a standard top-down approach, which
assumes that consumers will be smoothly
transitioned to a new model without much real
engagement.
However, the scale and significance of the
decarbonisation effort that the UK has committed
to, requires a wider range of changes to the energy
sector, with many of them linked to household
consumption, hence requiring a significant shift in
consumers’ behaviours and their active role in the
transition. ‘Engaging the public to act’ is one of
the ways that the Committee for Climate Change
identifies to overcoming obstacles to reaching netzero emissions [2].
It is reasonable to expect that consumers will be
an integral part of the transition, that they will consciously or unconsciously - shape it, and that
their influence will have an equal or higher impact
than other aspects such as technology, energy and
infrastructure costs, etc. Transformation projects
across all sectors of the society teach us that
engagement and buy-in from the people impacted
by them is fundamental for long-lasting change.
Scepticism, disengagement, lack of understanding
and trust undermine success.
Factors such as energy literacy, individual and group
behaviours, personal preferences, and attitudes will

3 Reduce greenhouse gas emissions by 100% of 1990 levels (net zero) by 2050
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all play a part on how quickly and successfully we
can collectively transition to a low-carbon future.
Furthermore, strong consideration must be given to
how the costs of the transition will be spread across
society, and how it will impact on already existing
poverty levels and the most vulnerable people.

public. This makes an even stronger case for looking
at consumers as part of the answers to the energy
transition challenge, and for working with them to
find the most appropriate mix of technologies and
policies to ensure that no one is left behind.

With a few exceptions, most recent studies and
projects have focused on traditional aspects such
as technology, infrastructural interventions required
to the system, availability and cost of alternative
energy sources, regulatory and business models, etc.
Only in most recent years, the attention has shifted
to the role of consumers and on how to ensure an
equitable and fair energy transition.

For all these reasons, the focus of research
and plans should now shift from the technology
aspect to a macro-level that includes the socioeconomic aspects of the transition and should
explore a ‘bottom-up’ perspective which assumes
that choices can be driven by the consumer, rather
than by suppliers or policy makers, and that can
also be influenced and shaped to achieve greater
benefits for society.

The latest UK Government Net Zero Strategy
[3] aims to ‘put the consumer at the heart of this
transition’, committing to ‘work with the grain of
consumer choice’.

This shift is necessary to provide a comprehensive
picture of the challenges, opportunities and options,
and therefore contributing to create a realistic,
credible and equitable roadmap for the future.

Across industry and the multitudes of organisations
and stakeholders involved in the energy transition,
there is consensus that technology alone will not
provide all the answers to the wide array of complex
questions posed by the most significant societal and
economic change of the past few decades.

In terms of insulation, all scenarios are assuming
retrofit installations to average 1930s houses with
loft insulation but no solid wall insulation.
However, insulation/retrofit costs are not
included in the scenarios.

Another aspect to consider is whether it should be
expected that a final decision on a preferred way to
decarbonise heat is made at government level (i.e.
‘top-down’). Domestic heating is a very sensitive
area, given its closeness to people’s fundamental
needs and well-being, therefore a mandated change,
something comparable to the ban of new sales for
diesel and petrol cars, is unlikely to happen within
the timeframe required and/or be successful, and
its appropriateness should be carefully considered.
Most recent research demonstrate that there isn’t
sufficient robust evidence and data, and public
awareness of options to ensure that a mandated
decision on a preferred heating decarbonisation
solution would be well accepted by the general
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Section 3:
The future UK energy system – A scenario

In 2018 Arup published a thought leadership paper
titled ‘Energy systems: a view from 2035’ [4]. The
aim was to visualise what the future energy system
and market in the UK might look like in the mid2030s and highlight the challenges and opportunities
lying head.

It pictured a conceivable energy system, helping the
UK transition to a resilient, forward-looking, lowcarbon economy. It highlighted the need to combine
major energy solutions to meet the 2050 net-zero
target and focused on the areas of the system that
will change significantly, around electricity, natural
gas and hydrogen gas.

Figure 2 - The UK Energy Systems – a view from 2035
© Arup
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Arup identified a few characteristics
of this future system:
• A plural energy system that ensures diversity
and market competition, valorises the
existing infrastructure, and uses the best
technology for a particular application.
• A system that is more decentralised,
disaggregated and multi-vector, providing a
variety of solutions fitting different requirements.
• Built on whole-system thinking, where urban
transport and digital systems must be compatible
with and complement the energy system.

Looking at this hypothetical future energy
system through consumers’ lens, a number
of points come to light:
• Electricity is progressively more local;
many people no longer rely on the grid,
and decentralised solutions provide
power to consumers locally.
• Energy is more decentralised, with smallscale generation at distribution/end-user
level provides an increased generation
capacity, with more and more people and
communities becoming energy producers.
• Heating is slowly transitioning to low-carbon
forms, with a variety of solutions (hydrogen,
heat pumps, district heating) fitting the needs
and characteristics of local areas and communities.
• Homes are smarter, with their energy and
consumers participating more actively in the
market, e.g. through demand-side management.
• Transport (through both personal and public
vehicles) is significantly transitioning to
electric, plug-in hybrid or hydrogen powered;
Transport-as-a-service (TaaS) is on the rise.
This is clearly only a scenario, (albeit based on
realistic trajectories), but any variations of this,
would still imply a significant transformation in
the way we produce, distribute, and consume
energy, which will inevitably impact the
average consumer.
There is no escape from the fact that any directions
the energy transition takes, it calls for a more central
role for consumers
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Section 4:
Climate change and energy transition – Public attitudes

A recurring theme in most recent literature and
surveys on people’s attitudes and beliefs regarding
climate change and the energy transition, is that
there is growing awareness and concern about
the climate emergency as a whole, albeit not full
awareness of what the Government’s net-zero target
is, what is the strategy to achieve it, and how it will
impact people’s life in practical terms.
The most recent BEIS Public Attitude Tracker
(Wave 37) [5] reported that 62% of the public were
aware of the concept of ‘Net Zero’, albeit only 3%
knew a lot about it and 23% knew hardly anything
about it.
On the other end, eight in ten people (80%) were
either very concerned or fairly concerned about
climate change, and just under two-thirds (63%)
considered that climate change is already having
an impact in the UK, through raising temperatures,
rising sea levels/flooding, more extreme events, etc.
The Wave 37 tracker also offers an insight on
what kind of everyday behaviour changes people
are adopting: the top five include minimising the
amount of energy used at home and thinking about
the energy efficiency of products/appliances when
making a purchase, and around 1 in 5 of people
making those changes cited limiting the effects of
climate change as a driver.

More specifically on consumer attitude toward
decarbonisation, a survey published by Ofgem in
August 2020 [6] presented interesting findings:
• Despite the increasing recognition of the need to
be sustainable, overall there is a lack of public
awareness of the direct link between energy
consumption and greenhouse gas emissions.
• Most people are not familiar with the 2050 net
zero target and what it means in practice.
• There is a sense that the responsibility
for reaching the target lies within the
government; however, there is recognition
that consumers have a part to play.
• Consumers are overall willing to play their
part, but they call for much better information,
support, and guidance on how to do that.
• The biggest concern is how much changes
would cost consumers financially.
The paper concludes that many consumers
support in principle the societal changes enabling
decarbonisation, but the level of awareness and
active participations in actions remain low. It also
suggests that consumers are only at the early stages
on the journey to understand and accept they have a
key role to play in reaching the net zero target.

While Wave 37 does not specifically enquire about
decarbonisation and the energy transition, it states
that 79% of the public supports the use of renewable
energy for electricity, fuel, and heat.
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Figure 3 - Hydrogen Home - Hy Grove
© Hy4Heat
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Section 5:
Decarbonising heat – Consumer attitudes

Attitudes towards decarbonising heat
The Ofgem survey provides a good insight on
people’s perceptions and behaviours related
specifically to energy consumption and
decarbonising heat. In general, people surveyed
were not aware of the impact that their current
heating systems have on the environment, with few
being aware of lower-carbon alternatives.
A research project on public attitudes to
transforming heat [7], commissioned by BEIS in
2021, highlights strong public support for carbonreduction policies but a disconnect with knowledge
of how heating in buildings overall contributes to
carbon emissions. This research found that, while
the public recognises heating as a contributor to
carbon emissions, its impact is not fully understood
and is somewhat underestimated.
Moreover, while the public strongly support
moving away from fossil-fuel heating systems, at
this stage this seems to translate more into support
for a general and abstract policy, with very limited
understanding of the implications for consumers
and their current heating systems. However, when
confronted with hypothetical transition scenarios,
which introduced practical considerations4 such as
level of disruption, level of control over timing of
switchover, etc., those who expressed stronger level
of support for policy change and greater concern
about climate change, were also likely to find
transition scenarios more acceptable.

The narrative emerging from the Ofgem and
NatCen/BEIS papers, is broadly confirmed by
recent papers by Citizen Advice (CAB)5 [8] and our
conversations with Citizen Advice and the National
Energy Foundation6. Through their research and
field work with consumers and communities,
both organisations highlight consumers’ limited
awareness of the links between climate change/
carbon emission and current heating systems,
willingness to play their part in tacking the issue,
but uncertainty around what they can effectively do
and what it will mean for them.
These findings suggest that increasing information
and awareness of the link between heating and
carbon emissions, as well as of the low-carbon
options available, is likely to facilitate support
for transition pathways, which will inevitably
bring varying levels of disruption and will require
consumer behavioural changes.

4 Noting that cost was not included as part of the elements considered in these scenarios, i.e. all scenario used assumed same cost as current systems.
5 https://www.citizensadvice.org.uk/about-us/our-work/policy/energy-policy-research/
6 https://nef.org.uk/
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Choosing low-carbon heating options
– barriers, drivers, incentives
Low levels of awareness of how heating systems
contribute to carbon emissions, is coupled with
limited knowledge of which low-carbon heating
technologies are available and what the switch-over
would entail for consumers. Review of a number of
recent papers [6] [8] [9] [10] [11] and conversations
with Citizen Advice and the National Energy
Foundation suggest that consumers are overall
more concerned about factors such as cost, level
of comfort, etc. rather than what kind of heating
system they use.
With specific regard to barriers, drivers and
incentives to switch to low-carbon heating systems,
key findings can be summarised as follows:

Barriers
• Most consumers think there is insufficient
detailed and reliable information about the
different technology options. This is not only the
case for hydrogen appliances, but also for heat
pumps which most people still feel unfamiliar
with. Most replacements of heating systems
are reactive or ‘distress purchases’ and this
leads to a ‘like for like’ replacement rather than
considering new and low-carbon options.
• The biggest concern for people is the financial cost
of any required switchover; this includes upfront
cost to install the technology, any additional
works required in the house, and uncertainty
about ongoing running costs and payback7.
• Additional concern is the level of disruption
that a switchover to new technologies entails.
• Consumers anticipate barriers particularly in
relation to compatibility of new technologies
with current lifestyle, their reliability,
potential inconvenience and aesthetic.
• There is a general scepticism about the supply
chain (installers etc.) being sufficiently mature
to enable installation, maintenance and general
support to consumers investing in low-carbon
heating options. This is seen as a risk that most
consumers are unwilling to take in the absence
of some sort of ‘guarantee’ from the government.

7 This doesn’t include uncertainty about cost to taxpayers of any infrastructure intervention required to accommodate a scale-up of new technologies.
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Section 5:
Decarbonising heat – Consumer attitudes

Drivers
• When choosing how to heat their homes, most
consumers focus on the outcomes rather than
the system itself: a warm and comfortable
home heated by a system that is easy to
run, easy to use, reliable and affordable.
• Reducing/controlling energy bills is on
top of most consumers’ drivers when
choosing a heating technology.
• Suitability to personal requirements is also a
key driver: consumers care about whether the
technology exactly fits their personal level of
comfort, ease of use and general lifestyle.
• On the other end, most early adopters of low
carbon heating technologies appear to be
motivated by environmental reasons but also by
the desire to improve their homes (increasing
value, making it technologically advanced, etc.).

The Role of Consumer Choice in Decarbonising Heat

Incentives
• Most consumers are unwilling to make
change on their own, i.e. they would
need an incentive or obligation to make
significant decarbonisation efforts.
• Most traditional types of incentives (e.g. grant to
support installation cost) are important to cover
cost upfront, but not sufficient to incentivise
overall uptake of low-carbon heating.
• Saving on energy bills is not a sufficient
driver to embark on home improvements,
where these are required by installing a lowcarbon heating system. Therefore incentives
must look at broader aspects and blockers
such as consumer inertia, lack of trust in the
supply chain, support with upfront cost, etc.
• Financial incentives may not be sufficient. There
should be a mix of incentives, regulations,
disincentives and penalties, and a more
holistic consideration of which policy can best
incentivise the energy transition, leveraging
a broader set of incentives and financial
mechanisms (e.g. Green Stamp Duty).
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Figure 4 - Hydrogen Home Oven / Cooker
© Hy4Heat
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Section 6:
Decarbonising heat options –
Heat pumps and hydrogen appliances
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Section 6:
Decarbonising heat options –
Heat pumps and hydrogen appliances

With 85% of UK homes currently on the gas
network (and a further 5% relying on oil, liquefied
petroleum gas, or coal as their primary source of
heat) [7] decarbonising heating will be a complex
undertaking, which will likely require a combination
of technological solutions and transition pathways
to find the optimal combination in terms of cost,
scalability, deliverability and overall benefits to
society.
Currently, a number of low-carbon heating
technology solutions are available or under
development/testing. In this paper, air source
heat pumps and hydrogen appliances are considered;
this choice is purely driven by the need to simplify
options for the purpose of the study, but also – and
to a certain extent - to reflect the current discussion
around electrification through heat pumps and
hydrogen being the likely predominant technologies
in the domestic heating decarbonisation landscape.
This should not be interpreted as a suggestion that
heat pumps and/or hydrogen appliances are better
or worse for consumers than other available
options; in fact the authors of this paper believe that
pursuing the development and deployment
of different solutions in parallel will be critical
to support our collective decarbonisation journey
in an effective way.

Consumer attitude to heat pumps
and hydrogen boilers.
A number of recent studies have explored
consumer’s acceptability of low-carbon heating
technologies, and particularly heat pumps and
hydrogen boilers [7] [8] [12] [13] [14]. The narrative
emerging from these papers, and as confirmed by
conversations with Citizen Advice and the National
Energy Foundation, provide a picture where
consumers are interested in and willing to explore
low-carbon options, but their level of awareness and
knowledge is still low, especially as far as hydrogen
is concerned, people do not feel sufficiently
informed to make a choice, and therefore no clear
preference is emerging.
The Madano research commissioned by the
Committee on Climate Change in 2018 [13] does
not provide conclusive evidence about the public’s
preference for either hydrogen heating or heat
pumps8. However, it highlights that knowledge of
low carbon alternatives is low and public opinion
is not fixed, and that preferences are significantly
influenced by how the different variables are framed
and how information about the technologies is
communicated.

The following sections present a brief overview of
consumers perceptions, attitude and acceptability of
the two technology options featured in this paper, as
well as a high-level technical comparison of them.

8 It should be noted that this research was published before any outcomes from the Hy4Heat programme were made public and any public demonstration or trial of
hydrogen appliances started; furthermore, the research purposefully does not consider the cost element of technologies, i.e. it was assumed that the cost of heating
technologies was equivalent.
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National Grid [14] in 2021 also found that
familiarity with low-carbon heating technologies
is low, with only 20% of people surveyed saying
that they were very or quite familiar with ground
source heat pumps, and 17% with an air source
heat pump. When asked about acceptability of
options (including emerging options not currently
deployed commercially at scale, such as hydrogen
boilers), people surveyed indicated openness in
principle to alternatives to their current system,
provided that they meet their personal needs. In
this research, heat pumps (including hybrid ones)
were considered favourably by 57% of participants,
and hydrogen boilers – in spite of very limited
public awareness – by 21%, provided that assurance
is given around safety; on this latter point, it is
interesting to note that, when probed more in
detail, consumers appear to be overall accepting
of the safety aspect, but this will require significant
education and communication.
Citizen Advice in 2021 [8], explored consumers’
reactions and familiarity with a number of heating
options, including air and ground source heat pumps
(GSHP)9. Participants’ perceived benefits of this
option included the fact that they are externally
located and less intrusive than other options, and
straight forward to install and take out if needed;
on the other end, concerns were mainly about
understanding how it works, how it fits with their
current heating system, impact on space and use of
garden (for GSHP), need for maintenance, and lack
of trust in supply chain to be able to deal with a
perceived ‘niche’ product.

With specific reference to public acceptability
of hydrogen as a potential domestic fuel, two key
UK studies were carried out in the past few years.
In 2019 the Scott and Powells research [12], as
part of the HyDeploy project, explored public
perceptions of using blended hydrogen. Not
surprisingly, they found that public awareness
of hydrogen as a domestic fuel is low, but people
don’t have strong opinions about its use, and
support grows with understanding of potential
positive environmental impacts. Cost and safety
are the main concerns, noting that there is currently
limited in-depth understanding of people’s safety
concerns about using hydrogen in their home.
In 2020, Leeds Beckett University carried out
research as part of the H21 project, to explore, for
the first time, public perceptions of moving the
UK domestic fuel supply to 100% hydrogen [15].
Through an initial online survey, five response
groupings were identified, based on respondents’
support for an environmentally-driven change
to their gas supply, and their level of support for
using hydrogen. Most people (30%) fell in the
‘disinterested’ category (they were unsure about a
change of their gas supply and also unsure about
using hydrogen), followed by the ‘cautious’ (28%
- positive about a change to their gas supply, but
unsure about using hydrogen); on the other end,
‘accepters’ and ‘rejecters’ were respectively 20%
and 12% of respondents. Finally, ‘unconvinced’
(people concerned about climate change but
unconvinced that a transition to hydrogen is the
most appropriate response, due to their lack of
knowledge of the issue), represented 10% of
respondents.

9 This study compared options such as biomass, solar and insulation; it did not include hydrogen appliances.
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Results from this study show that, with clear
information, even people in different groups can
make an informed choice to accept a potential
conversion; crucially, participants wanted a decision
about a hydrogen conversion to be made and acted
upon quickly, and if it is to go ahead, to be given
sufficient notice. The research also gives a good
insight on which engagement channels and type of
messages different people may be more attuned to.
Finally, it highlights some key areas where
people need specific information in order to
support (or at least not oppose) a conversion
to hydrogen, including:
• Why are we converting to hydrogen?
• Do we have to convert?

Heat pumps and hydrogen
boilers comparison
The table below provide a high-level description
and technical review of air source heat pumps11 and
hydrogen-ready boilers as potential replacements of
domestic gas-fired boilers. Options are against a set
of criteria including capital costs of purchase and
installation, implications of retrofitting the systems,
user convenience, usage limitation.The review only
considers a specific segment of the national housing
stock (i.e. households that use gas), is based on
quantitative and qualitative data and reference to a
number of sources [16] [17] [18] [19] [20] [21] [22]
[23] [24] [25] [26] [27] [28] [29].
Assumptions are listed in Appendix A.

• Is hydrogen safe?
• Will it cost more?
• What do I need to do to be prepared,
and will I get more information?
In conclusion, more work is required to explore
people’s attitudes towards and experiences with
low-carbon heating options, and particularly heat
pumps and hydrogen boilers. With regard to the
latter, it is worth mentioning the Hydrogen Home
project10, where two homes with gas appliances
entirely fuelled by hydrogen have been built in
partnership between BEIS, Northern Gas Network,
and Cadent, opened in July 2021 for group visits
with the aim of educating students and young adults
about energy requirements of houses and how these
will be met in future.

10 https://cadentgas.com/news-media/news/july-2021/first-hydrogen-homesopen-to-the-public

11 The review only considers a specific segment of the national housing stock (i.e.
households that use gas),
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Combination Boiler

System Boiler

Typical Arrangement

Typical Arrangement

– The system produces both heating and domestic hot
water (DHW) from one unit. It eliminates the need
for a separate DHW tank, by heating it on demand.

– In a system boiler arrangement, the boiler can either heat the
DHW or the heating system, via a three-way valve – usually
controlled by a programmer. The DHW is supplied from a
DHW cylinder which is heated via a coil from the boiler.

– It is ideally suited to dwellings where there is
demand from one hot tap at a time, otherwise
you will notice a drop in pressure.
– Operating temperatures are typically 75/55 °C12 (flow/return).

– The boiler units contain some of the
external controls and a pump.
– This configuration and boiler type is suited to properties with
more than one bathroom or DHW demand at the same time
– Domestic hot water (DHW) is stored at around
60 °C and the temperature which the water is
distributed is typically at around 50 °C.
Sealed system components (usually held in the boiler)
1. Expansion Vessel

3. Safety valve

2. Pressure guage

4. Heating system filling point

Domestic
hot water
feed tank
Domestic hot water
Storage Tank

Domestic hot
water supply

Domestic hot
water to all outlets

1
2

Radiator
Radiator

3

Flow
Return

4

Pump

Motorised
Valve

Combi
Boiler

Mains pressure
cold water supply

Boiler
Radiator

Flipping
loop

Radiator

Mains pressure cold water
supply to all outlets

Stopcock

Mains Water

Mains Water
Figure 5 – Combination Boiler schematic

Stopcock

Figure 6 – System Boiler schematic

1 Noting that efficiency will be significantly low at 55 °C
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Air-Source Heat Pump (ASHP)
Retrofitting requirements

– Description: Air is drawn into the ASHP from the outside
air, absorbing the heat from the air and transferring it via
a refrigerant to the water system providing heating and
hot water. The heated water from the ASHP is circulated
around the heating circuit and indirectly passed through
the hot water cylinder via a coil, just as it would be
with a traditional boiler system. The heated water from
the ASHP radiates heat through radiators and is then
circulated back through the pump to be re-heated.
It is crucial to get the system sized correctly according to the heat
demand. If heat pumps are oversized, they will ‘short-cycle’ at
part load, impacting system efficiency. If undersized, the system
may fail to heat rooms or domestic hot water (DHW) to the
required temperatures.

– Arrangements: Two storage tanks would be required, one
as a thermal store at 45 °C and one as a DHW tank at 60
°C, where the hot water cylinders must be sized according
to the demand to provide DHW if the existing system is
a combination gas boiler. If replacing a system boiler,
the existing hot water tank capacity would be sufficient,
however, more space is needed for the additional tank which
is required to pre-heat water in the DHW cylinder. Also,
an electric immersion heater is required to get the water
temperature up from 45 °C to 60 °C. Immersion heaters
usually come built into the water storage cylinders. Indoor
space for the heat exchanger will also need to be considered.

If a secondary heat source is available (i.e. electric space
heaters or an immersion heater for DHW) this may run more
than intended, driving up energy consumption, emissions and
running costs.

Domestic Hot Water
Demand (Shower/Tap)

Radiators

Radiators
Cold liquid, low pressure

Cold liquid, high pressure

5. Expansion Valve

1. Ambient Air

Evaporator

2. Refrigerant
in tubes

4. Condensed
Refrigerant

LTHW flow

Condensor

3. Compressor

Radiators

Hot Gas

Hot gas, low pressure

High pressure

Figure 7 Components of a domestic Air Source Heat Pump (ASHP)
unit schematic.

3. Heated
Water

5. Heating
Circuit
Immersion heater

2. ASHP

LTHW return

Cold Air
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1. Outside
Warm Air

Heat
Exchanger
and control
valve

4. Hot Water
Cylinder

Figure 8 – Domestic Air Source Heat Pump Schematic
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100% Hydrogen-ready Boilers
Retrofitting requirements

Current production boilers are not compatible with gas supplies
with a ratio of hydrogen greater than 20%. “Hydrogen ready”
boilers are currently being developed which will operate initially
on natural gas (or a blend of natural gas with 20% hydrogen)
and then be easily converted to run on pure hydrogen.
The conversion will be fairly quick and simple, not requiring
specialist tools, where only a limited number of parts would
be changed. However, it will still require a gas safe competent
installer to carry out the conversion as it cannot be done by
the homeowner.
Sample appliances are already operating reliably and safely
on 100% hydrogen. They are expected to cost only a little
more than a standard boiler once they are being manufactured
in large numbers.

Flashback Prevention

Flame Detection

Hydrogen has a higher flame
speed than natural gas. One of
the key technical advances in
hydrogen boilers are burners
which can hold a stable
hydrogen flame against its
high speed.

Hydrogen flames are invisible
and create a no electrical
signal but we can detect
it by it’s ultraviolet (UV)
emmissions.

Gas-Air Ratio Control

Conversion

Hydrogen has very similar
energy flow properties to
natural gas, so the new
components will be very
similar.

In order to minimise the
impact to conversion on endusers and intallers, boilers will
be developed to be quickly
and easily re-configured for
hydrogen on coversion day.

Condensate

Performance

Hydrogen produces
significantly more condensate
than natural gas. This has little
consequences but must be
considered in heat cell design.

Hydrogen appliances will
perferm very similarly to
natural gas boilers in terms
of output efficency and
emmissions. The products of
combustions are very clean.

Materials Compatibility

Gas-Thightness

At the low pressures used
in domestic boilers, most
materials currently used
for natural gas will also be
suitable for hydrogen.

Hydrogen has a small
molecule size and is very
seeking gas. However, energy
leaking rates are very similat
to natural gas and there
is unliky to be a need for
significant re-enginnering.

Figure 9 – Domestic hydrogen-ready boiler schematic
© Worcester Bosch
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Comparison Criteria

Natural Gas Boiler

ASHP

Hydrogen-ready Boiler

Efficiency/Coefficient
of Performance

Fairly high rated net efficiency,
where new boilers reach up
to 95%, dropping with age.
Typical in use gross efficiency
average is 85%13

Considerably higher efficiency
compared to boilers, generally
around 273% 14. Although dependent
on weather conditions, efficiency and
capacity both drop in colder weather.

Fairly high net efficiency
reaching up to 95%,
however, considerably
lower than heat pumps.

Capital Cost

Low capital cost.

High capital cost of equipment and
likely building fabric upgrades,
including upsizing of radiators due to
lower operating temperatures.

Similar capital cost to a
gas boiler as promised
by a group of the boiler
industry's Big Four,
Worcester Bosch, Vaillant,
Baxi and Ideal.

Installation Cost

Low installation cost.

High installation costs as specialists
are required to install the system.
However, this will decrease as
industry scales up.

Low installation cost.

Running Cost

– Low gas price per unit
of energy kWh.
– Low maintenance cost.

– Dependent on the ratio between
gas/electricity prices, but cheaper
than off-gas alternatives such as
oil / direct electric heating.
– No to low maintenance cost

– Hydrogen price per unit
is unknown at this stage,
however, it will be higher
than gas, assuming it will
be more than twice the
price of gas per kWh.
– Low maintenance cost.

Space requirements

Easy installation and no
additional space required

– Outside space requirement
which can be tricky for flats
and retrofit installations.

Easy installation and no
additional space required.

– Indoor space required for the
domestic hot water storage cylinder
if not already existing. This could be
in the loft, but if a flat, living/storage
space will need to be sacrificed.

Building Upgrades
Requirements

n/a

– Larger radiators and upgrading
the building fabric are required
due to lower heat supply and flow
temperatures. The consequent capital
cost increase will depend on the level
of current insulation of the property.

Potential need to upgrade
devices around the house
such as gas hobs and
fireplaces.

– Potential need to replace devices
that are on gas around the house
such as hobs and fireplaces.
– Possibility of an increase in the
number of service penetrations
through fire compartments for
certain configurations.

13 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/180950/In-situ_monitoring_of_condensing_boilers_final_report.pdf
14 https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/225825/analysis_data_second_phase_est_heat_pump_field_trials.pdf
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Comparison Criteria

Level of Emissions

Natural Gas Boiler

Considerable level of greenhouse
gases and CO2 emissions

ASHP

– Generates less CO2 emissions
than a gas boiler, no gas network
and no carbon monoxide risk.
– Potential for toxic and/or
flammable refrigerant types.

Hydrogen-ready Boiler

– Burning hydrogen fuel
generates zero CO2
emissions [22] assuming
the hydrogen is produced
from electrolysis or methane
reformation + carbon capture
and storage (CCUS).
– Burning hydrogen fuel can
generate Nitrogen Oxide
(NOx) which can react to
form Nitrous Oxide (N2O)
greenhouse gas [22].
– The NOx from Hydrogen
boilers has been found to be
lower than equivalent natural
gas boilers to date [23].

Domestic Hot Water
Provisions

Combination boilers can suffer
from a drop in water pressure
for domestic hot water provision
when required at more than one
outlet as there is no hot water
storage.

Less efficient when heating DHW to
required 60 C alone and often needs
an additional built-in electric heater or
immersion heater to boost it up from
45-50 C and to meet the requirements
for Legionella prevention.

Combination boilers can
suffer from a drop in water
pressure for domestic hot
water provision when
required at more than one
outlet as there is no hot
water storage.

Maintenance

Maintenance required to maintain
higher efficiency.

Requires little maintenance.

Maintenance required to
maintain higher efficiency.

Life Expectancy15

15-20 years

15 years

15-20 years (assume same
life expectancy as gas
boilers)

Usage Limitations

Boiler age plays a significant
role in the drop in operational
efficiency from the rated
efficiency

– Lower heat supply and flow
temperatures, works efficiently
with underfloor heating, but users
have to get used to the radiators
being cooler to the touch.
– Drop in operational efficiency and
capacities in low ambient temperatures,
resulting in higher running costs.
– Defrost cycles are often required to
stop the heat pump icing up, which
can impact operation in winter.
– Space constraints in consumers’ homes.
– Potential planning permission
constraints in some areas.
Check with local council.

Hydrogen gas is highly
flammable, and whilst the
safety case of such a system
is proven for the majority of
dwellings, further research
and testing is required to
demonstrate safe use of
hydrogen in situations
such as multi-occupancy
buildings.
Hydrogen is a very light
weight gas and doesn’t pool
like gases such as propane.

15 Maintenance engineering and management, Appendix 12.A1, CIBSE Guide M, 2014
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Comparison Criteria

User Convenience

Natural Gas Boiler

– Familiar heating system in
terms of comfort and control.

ASHP

– Noise level during operation.

– Typically works better with continuous
heating, because it has a smaller
capacity, so behaviour change is
needed. Turning on and off does
– Reliable supply of heat and DHW.
not save money in the way that
householders imagine. Can provide
heating or cooling (in summer
months) and domestic hot water.
– Flexible operation and reaches
the required room temperatures.

Additional work/
equipment required

n/a

– Sizing and upgrading heat
emitters and water pipes.
– Potentially requires upgrading
insulation and building fabric
to minimise heating demand
before sizing the heat pump
which increases capital costs.

Hydrogen-ready Boiler

– Familiar heating system in
terms of comfort and control.
– Flexible operation and
reaches the required
room temperatures.
– Reliable supply of
heat and DHW.

– Replacing small components
within the boiler such
as the gas valve.
– Including a 100% Hydrogen
gas storage facility if
the gas is not coming
through the gas grid.

– Outdoor unit installation
and connection.

Network implications

As today

– Substantial upgrade of electricity
transmission and distribution
networks required to meet capacity
and resilience of today’s system.

Financial Incentives

n/a

– Can obtain government grant
towards capital cost.
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– Evidence gathering for
re-use of transmission
pipelines still on-going. PE
pipe suitable for hydrogen
and sized appropriately.
20% blended hydrogenready boilers are available in
the market already; however
no financial incentives are
available as of yet.
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Heat Pumps and Hydrogen Appliances

Capital Cost Comparison
Capital costs are compared in the table below from
Daikin manufacturer’s pricing of two models for an
outdoor Air-Source Heat Pump unit for a range of
capacity units to suit different property sizes16 [24].
Spon’s price book was used to obtain an estimated
installation cost and unit pricing for larger units,
which includes the materials needed and a single
controller [25]. Hydrogen-ready boilers are assumed
to be the same price as gas boilers when they are
ready for retail according to four manufacturers’
announcement. The gas boiler price range and
installation costs below are based on industry
estimates for combination and system gas boilers
[26]. In terms of insulation, all scenarios are
assuming retrofit installations to average 1930s
houses with loft insulation but no solid wall
insulation, however, insulation/retrofit costs
are not included in the scenarios.

16 The pricing includes optional extras that the manufacturer recommends. A hot water storage cylinder will be required to provide domestic hot water when needed,
which includes a built-in electric immersion heater to ensure the appropriate temperatures are reached. Gas fired System boiler already incorporate such storage tank,
therefore the cost of the tank was not included in the total in the table below but should be considered when replacing a combination boiler.
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Capital Costs

Low Temperature Monobloc Heat Pump (5-7kW)
5kW

7kW

Manufacturer Service
Offering for Daikin EDLQ - (R-410A)

Unit Price

£2,213

£2,582

Total Price (inc. optional extras)

£4,986

£5,355

Heating Only

Hot Water Cylinder 150L (if not available already)
Total Price (inc. installation, excl. hot water cylinder)

£1,228
£4,986

£5,355

Low Temperature Monobloc Heat Pump (9-16kW)
9kW

11kW

14kW

16kW

Manufacturer Service
Offering for Daikin EBLA - (R-32)

Unit Price

£4,321

£4,689

£5,034

£5,224

Total Price (inc. optional extras)

£5,865

£6,233

£6,578

£6,768

Heating & Cooling

Hot Water Cylinder 150L (if not available already)
Total Price (inc. installation, excl. hot water cylinder)

£1,228
£5,865

£6,233

£6,578

£6,768

17kW

24kW

32kW

64kW

Unit Price

£12,995

£15,338

£16,132

£28,737

Total Price (inc. optional extras)

£16,446

£19,412

£20,417

£36,370

Low Temperature Monobloc Heat Pump (17-64kW)

SPON Price Book P.370 for Low

Hot Water Cylinder 150L (if not available already)
Total Price (inc. installation & materials, excl. hot
water cylinder)

£1,228
£16,446

£19,412

£20,417

£36,370

Natural Gas/Hydrogen Boilers
Note: Hydrogen boilers
are assumed to be the
same price as gas boilers,
based on announcement by
boiler industry’s Big Four,
Worcester Bosch, Vaillant,
Baxi and Ideal.

Unit Price
Average Labour Cost of Installation
Total Price (incl. installation)
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Combination Boiler for
2 Bedroom House

System Boiler for
4 Bedroom House

£1,500-£2,000

£1,500-£2,500

£500-£1,000

£500-£1,000

£2,000-£3,000

£2,000-£3,500
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Operating Cost Comparison
The operating costs are based on an estimated
electricity tariff of 21 pence/kWh and 4 pence/kWh
for natural gas and the assumption that hydrogen
fuel for utilities will cost just over double natural
gas, at 5.2 pence/kWh of energy17. The Daikin
ASHPs at 5kW and 7kW installed capacity are most
suited for smaller properties up to 2 bedrooms in
size, and the other model ranging from 9-16kW
would suit properties larger, depending on factors
such as the desired room temperatures, flow
temperatures and outside ambient air temperatures.
An estimated average heat demand of 12,00017,000 kWh/year was used, as well as a domestic
hot water demand of 2,500-5,000 kWh/year has
been factored in as an estimate based on the two
property size categories and the hot water demand
of around 4kWh per person per day [6] [28]. COP/
SCOP used to calculate operating cost are included
in Appendix A. The gas boiler efficiency of 90% is
an indicative average of the operational efficiency of
a new condensing boiler [29].

17 Source: BloombergNEF (2021). 1H 2021 Hydrogen Levelized Cost Update. 1H 2021 Hydrogen Levelized Cost Update | BloombergNEF (bnef.com).
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Operating Costs

Low Temperature Monobloc Heat Pump (5-7kW)
2 Bedroom House

Daikin - EDLQ - (R-410A)

5kW

£955

7kW

£949

Low Temperature Monobloc Heat Pump (9-16kW)

Daikin - EBLA - (R-32)

2 Bedroom House

4 Bedroom House

9kW

£888

£1,349

11kW

£906

£1,377

14kW

£893

£1,357

16kW

£906

£1,377

Condensing Boilers
90% Efficient
Natural Gas Boiler
(Assumed rated boiler
efficiency for gas boilers,
and for hydrogen-ready
boilers)

2 Bedroom House

4 Bedroom House

Natural Gas

Hydrogen

Natural Gas

Hydrogen

£647

£840

£982

£1,276
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Section 7:
Consumer choice - Implications on the energy system

Another interesting aspect to explore in relation
to consumer choice, is how different consumer
preferences in terms of domestic heating impact
on the overall energy system. This is a complex
theme and further studies are required to understand
implications on the different components of the
system (e.g. generation, transmission, distribution,
cost of fuel, etc.) and their interrelations.
In this paper, Imperial College has developed a case
study-based approach to explore energy system and
consumer cost implications of alternative choices of
residential heating system. This builds on Imperial
College’s previous work of modelling heat demand
and supply in a typical UK residential area, in this
case the city of Winchester [30].

Demand data
The spatially resolved demand data is based on
historical gas consumption data at Lower Super
Output Area level (LSOA) resolution [31]

Modelling approach
The model is based on an optimisation framework
known as the Resource Technology Network
framework and uses a cellular representation
of space. In this case Winchester is divided
into 49 cells representing the LSOA level of
spatial granularity. This representation allows
the estimation of network investments to move
energy vectors (in this case electricity or hydrogen)
between cells and within cells. The model starts
with the heat demand and then uses optimisation to
determine the selection of end-user technologies (in
this case air source heat pumps or hydrogen boilers)
for each household, the supply of the energy vectors
to each household and the flow of energy vectors
through the urban area, assuming a supply cost for
entry into the urban area.
The model can be used without any definition
of user choice and can then identify the optimal
supply strategy in each cell. In this particular study,
we are not interested in this “societal” or overall
optimisation but wish to understand the implications
of different consumer choices on the investments
required in-home and on the network and based on
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different assumptions on how the network costs are
shared with consumers, the implications of costs for
the consumers.
We therefore modelled the cases of 90% ASHP/10%
hydrogen boiler, 50% ASHP/50% hydrogen boiler
and 10% ASHP/90% hydrogen boiler and used the
model to predict the in-home and network costs.
In this case, the heating technologies are randomly
allocated up to these shares (representing unbiased
consumer selection) and then network investment
and fuel supply are optimised.
For the ways in which costs are allocated to
consumers, we assumed the following scenarios:
– Scenario 1: Both types of consumer
only pay the fuel (resource) cost.
– Scenario 2: Both types of consumer pay for
the appliance cost, fuel cost and necessary
network reinforcement. It is assumed that the gas
distribution network can be used for hydrogen
and minor upgrades and adaptions are covered
by the hydrogen network reinforcement cost. In
this case ASHPs are sized assuming no building
fabric/insulation upgrades. State assumptions
made about electricity network upgrade costs.
– Scenario 3: Both types of consumers pay for
the appliance cost, fuel cost and necessary
network reinforcement. It is assumed that
the gas distribution network can be used for
hydrogen and minor upgrades and adaptions are
covered by the hydrogen network reinforcement
cost. The ASHP users install smaller units but
require internal wall insulation to maintain
thermal comfort. State assumptions made
about electricity network upgrade costs.
These model runs are then used to generate a
range of results. Because of the diversity of
households and cells, each combination of case
study and scenario results in a range of average
household costs, so the results are presented in
the form of ranges.
A number of assumptions about the heating
technologies and building and network interventions
were made; these are listed in the Appendix B.
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Results
The results are based in terms of the implications
of total household bills for the three case studies
(consumer propositions) and the three different
scenarios. It should be re-iterated that these results
are a function of our assumptions and the climate
and spatial energy demand and supply features of
the chosen geographical region and should be taken
as indicative and for the purpose of stimulating
discussion.18
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Scenario
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Case study conclusions
As can be seen in the results, the plausible scenarios
2 and 3 indicate that the overall annualised costs
faced by each type of consumer are similar and
within the uncertainties associated with our
assumptions and future data. The degree of adoption
of either technology only has a marginal effect
on cost; this is because in both cases the base
infrastructure does not have to be built from scratch
but rather adapted to meet demand.
There are differences in upfront costs, with the
ASHP solution, depending on assumptions on
building fabric improvements and future cost
reductions expected to be approximately 100 to
300% more expensive upfront, meaning that novel
financing business models may be required for
these.

The Role of Consumer Choice in Decarbonising Heat

With regard to the consumer choice aspect,
two key conclusions can be drawn:
• It will be important to provide transparent
financial information on likely total
cost of ownership (TCO).
• Non-financial criteria such as convenience,
perceived safety, familiarity etc. are likely
to be important and again, clear and
transparent information will be critical.
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It is important to point out that to model the case
studies above, simplifications have had to be made.
Some of these simplifications would have an impact
on the total cost associated with switching to either
ASHP or hydrogen, and are set out below for
transparency:
• The model is based on the networks in the
Winchester area only. This was chosen because
it is broadly representative of the networks as a
whole. It will not, however, be representative of
all areas of the electricity and gas networks.
• The modelling does not include any cost
associated with reinforcement of the wider
transmission network for either hydrogen
or electricity. The model is based on the
distribution network area of Winchester.
• The model provides some estimate of the
upgrade cost to the distribution network, as
well as the ‘last mile’ connections for electricity
and gas. This is represented by costs associated
with ‘intra’ and ‘internodal’ reinforcement,
as set out in the modelling appendix. The
‘intranodal’ reinforcement cost provides a
proxy for the connection to the network and
the small amount of ‘upstream’ network. The
‘internodal’ reinforcement cost provides a proxy
for network reinforcement that is required at
the distribution level within the Winchester
area. As such, the model does not represent the
total cost of reinforcing the wider distribution
network for either electricity or hydrogen.

• The model assumes that the wider network can
accommodate additional flows on both the gas
and electricity networks. Whilst this is the case
in the short term, this is unlikely to be the case
in the longer term and out to 2050. For instance,
Scottish and Southern Electricity Networks
(the distribution network in the area looked at)
indicate in their ‘Standard Network Capacity
Report’ that additional capacity upgrades will
be required by 2050 on their network17. This
estimated based on National Grid’s Future Energy
Scenarios, using the ‘Customer Transformation’
and ‘System Transformation’ scenarios which
utilise either hydrogen or electrical heating as
the primary heating source. In National Grid’s
estimates, peak electricity demand could increase
by 7-11 GW between now and 2050 with between
2-8 TWh of hydrogen demand depending on
the scenario. This would require additional
infrastructure upgrades to be facilitated.

19 HH = Household
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Reflecting on the key findings from the literature
reviewed, as well as conversations with
organisations that closely work with and for
consumers, it is clear that consumers currently feel
they don’t have a meaningful free choice when it
comes to deciding how to decarbonise the way they
heat their homes.
This is mainly due to a low level of awareness of
why a change is needed, lack of sound and trusted
information about options available (either current
or future), and perceived lack of guidance and
protection that makes consumers feel exposed to an
unacceptable level of risk, and therefore reluctant to
engage with the heat transition. Consumers are not
currently enabled to play their part in decarbonising
heat.
Citizen Advice [9] interestingly also challenges
the assumptions that consumers want absolute
and complete free choice, pointing out that what
consumers are really looking for is real choice:
informed, reasoned, and supported.
The modelling work in Section 7 shows that while
upfront costs of the solutions considered in this
paper are likely to be quite different, total costs
of ownership are likely to be broadly similar (and
dependent on the nature of network interventions
required). This means that multiple criteria will form
the basis of consumer choices, and that there are
opportunities for new business and financial models.

However, these conclusions rest on the specific
assumptions on which the modelling is based (see
section 7.4), particularly the assumption that the
wider network can accommodate additional flows
on both the gas and the electricity network. Whilst
this is the case in the short term, this is unlikely
to be the case in the longer term and out to 2050:
National Grid, in their Future Energy Scenarios20
[32], estimate that peak electricity demand could
increase by 7-11 GW between now and 2050 with
between 2-8 TWh of hydrogen demand depending
on the scenario. This would require additional
infrastructure upgrades to be facilitated.
That Being the case, the picture in terms of
costs overall, and impact on consumers, would
be different from the one we are presenting in
this paper, and therefore additional or different
considerations would need to be made in terms of
what drivers and incentives could support the energy
transition of domestic heating.
Certainly, the cost element, both in terms of upfront/
running cost of new heating technologies and of
impact on energy bills with costs associated to
changes to the energy infrastructure (an aspects
that requires further research and investigation),
is currently the key driver able to swing people’s
preferences, and therefore potentially having far
reaching consequences on the energy system.
Aside from costs, consumers’ choice is driven by
how they judge heating technologies options meet
their personal and specific needs, what are their
benefits and disbenefits, and for the large majority
of people, this takes precedence on any concerns for
the environment.

20 The scenarios referenced here are the ‘Customer Transformation’ and the ‘System Transformation’.
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There is significant scope for different actors in
society to enable consumer’s choice; but there is
also space to influence that choice and ensuring it
aligns to the vision for a fair and equitable transition
to a low-carbon future. To achieve this, key players
must look at and act on a number of concurrent
aspects:
• Awareness – Public engagement will be key
to push the ambitious target of decarbonising
heat. There is consensus on the current low
level of awareness of decarbonisation targets
and the link to domestic heating. Like any other
transformation project, understanding of the
reason why change is needed will be critical to its
success. ‘Education and Information’, together
with ‘Freedom of Choice’ are among the key
recommendations made by the Climate Assembly
UK [33]. Public awareness, education and
information efforts should quickly ramp up and
focus, as a first step, on explaining why a change
in the way we heat our homes is imperative, and
what the benefits and implications will be.
On the other side, a series of interventions
are needed to raise awareness of the current
environmental impacts of lifestyle choices,
including in domestic heating. Digital technology
can have a huge role in this, helping disrupting
behaviours, reducing barriers and enabling
change. For example, the Energy System Catapult
Living Lab, has trialled ‘Heat as a Service’21
, a model where consumers set their heating
preferences and let the system decide how to meet
them, leaving the provider free to pick the most
suitable low-carbon system.

• Behavioural change – Significant behavioural
changes are needed to reach the net-zero
targets in general, and to decarbonise heat in
particular. A recent report from the Energy
Research Partnership [11] highlights that the
current social environment is not conducive to
the changes in behaviours needed to reach netzero. Whereas the initial change in behaviour
may be triggered by a disruption of habits, to
foster long-term change, targeted policies are
needed. For these to be effective, they should
include a balanced mix of incentives (of different
nature), disincentives, reduction of barriers
to desired behaviours, penalties and rewards.
Also, more work should be done to explore
how the concepts of complex adaptive systems
and co-benefits can be leveraged to produce
accelerated disruptive systems changes needed
to reach net-zero in the timeframe set [34] [35].
• Effective communication – A successful
campaign will need to pay attention not only
to the content of the message, but also to
the language, tone and overall framing used.
While some studies suggest that most people
intuitively foresee some type of ‘mandating’
in domestic heating [9], a well-designed and
considered large scale campaign will make a
significant difference on how people will react
to changes, and whether they will support or
actively/passively oppose them. Especially in a
context of perceived limited choice, consumers
will be more inclined to support if they know
their actions have a positive impact on society,
rather than feeling forced to make changes.

21 https://es.catapult.org.uk/report/ssh2-introduction-to-heat-as-a-service/
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• Informed choice – Building on strong awareness
of why change is needed, focus should be put
on enabling consumers to make an informed
choice. Consumers’ understanding and
familiarity with low-carbon heating technology
must progress quickly on a number of key
aspects such as options available, financial
impact, suitability of technology to personal
needs, installation process, maintenance and
guarantees, access to a reliable and trustworthy
supply chain and environmental impact.
Players in the industry [8] [36] have suggested the
creation of a central information hub accessible
through different channels, of a ‘low-carbon ready’
scheme and logo across products and systems,
impartial consumer guidance, a suitable and
reliable system to access user-generated content
(e.g. online reviews), and opportunities for people
to have direct experience of those technologies
(for example, building on the SuperHomes
initiative run by the National Energy Foundation22,
or the Hydrogen Home project23).
• Support and assurance – changing the way
they heat their homes, is currently seen by
consumers as a risk due to insufficient information
on technology options, lack of trust in supply
chain and the market overall. Current incentives
are not sufficient to counter-balance this risk.
What consumers are looking for is de-risking
their choice by having access to reliable and
independent advice, a well-designed and effective
consumer protection system, and a soundly
regulated and competitive market. Consumers
must feel sure that they are accessing reputable
advice and suppliers, that their purchase is
value for money, and that they can rely on
robust support should things go wrong.

• Incentives – together with an awareness/education
campaign, informed choice and support, a
well-design set of incentives can significantly
influence behaviours and choices. Most people’s
decision to change the way they heat their homes
is reactive rather than planned (and it often
becomes a ‘distress purchase’); people tend
to prefer like for like replacements or rely on
heuristics (familiar brand or higher price point
as an indicator of quality) [9]. Experience with
past energy efficiency schemes [10] suggest that
incentives are more likely to influence behaviours
if they are easy to understand and access, cost
effective and leverage the so called ‘trigger
points’, i.e. points in people’s lives when they may
be more inclined to make home improvements.
Research [11] suggests that these points can
be considered as disruptors in people’s habits
(which drive much of behaviours), and it’s when
it is more likely that lifestyle and behavioural
change can happen. Interventions targeted to
moments of change are more likely to succeed.
• Holistic policy design – Financial incentives on
their own are not sufficient to motivate people
to change their heating system, especially
where that requires embarking on home
improvements or a significant level of disruption.
Incentives must be part of a more holistic policy
designed to drive the energy transition, which
should look at wider aspects and blockers
and therefore not only targeting consumers
but considering which other groups need
incentivising (e.g. supply chain, landlords, etc.).

Citizen Advice has called for a Net Zero Home
Guarantee [9], a government-backed scheme
to give people confidence to install low-carbon
heating systems and energy efficiency measures.

22 https://nef.org.uk/project/superhomes/
23 https://cadentgas.com/news-media/news/july-2021/first-hydrogen-homes-open-to-the-public

The Role of Consumer Choice in Decarbonising Heat

Arup

58

• Clear leadership and ownership – For
consumers to really engage and commit to
a change of this scale, they must feel strong
leadership and clarity of strategy from government
at national and local level. People must feel
reassured that their investment in low-carbon
technologies is backed-up by a sound direction
of travel and plans to realistically achieve the
net-zero targets. They also must feel that topdown leadership is engaged with and attuned to
bottom-up society needs, questions and concerns.
• Concerted effort – None of the actions suggested
so far and the overall energy transition will happen
unless there is a concerted effort by all sectors of
society. Many elements (market, infrastructure,
skills, communication, etc.) will need to progress
in parallel and mature in a relatively short
timeframe to support the transition, and that calls
for more knowledge sharing, collaboration and
players finding new ways to work together, and
beyond the traditional structures followed so far.
An example of this is Heat Mission, a
collaboration platform created by a group
of diverse UK companies24 to work together
and collaborate on how heat decarbonisation
can be delivered, and to answer previously
unexplored areas such as designing consumerled propositions, roles and responsibilities of
organisations in the transition, going faster with
the use of data and artificial intelligence and many
others.

24 Heat Mission currently include Arup, BEIS, Cadent, Centrica, Citizen Advice,
Energy Systems Catapult, Electricity North West, Google.
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To initiate change and enable progress on the
key aspects outlined above, we suggest that next
steps should be focused on further and deeper
investigation of two main themes:
1. The cost associated to decarbonise domestic
heating and how they are met, and
2. Consumers behaviours influencing
pathways to decarbonise domestic heating.
The first stream should include further studies on
the potential impact of costs to upgrade the network
infrastructure, particularly on the electricity side, to
accommodate the increase in demand linked to the
uptake of a specific low-carbon heating technology.

As part of that and building on the findings
of this paper, subsequent studies could look at:
• Carrying out a sensitivity analysis on the
modelling work to estimate and test
different scenarios of possible grid
infrastructure cost. This could then be
modelled on different regional areas to
explore whether there are significant differences.
• Considering incorporating relevant outcomes
of the Hy4Heat programme in the modelling
work, to test whether the most recent findings
regarding domestic decarbonisation through
hydrogen provide a significant different
picture in terms of cost and other aspects.
• Similarly, reviewing the outcomes and
findings of BEIS Electrification of Heat
Demonstration Project25 (when completed),
and considering incorporating them in
the modelling work where relevant.

25 https://www.gov.uk/government/publications/electrification-of-heat-demonstration-project-successful-bids
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The second stream should focus on further studies
to understand more in detail consumers behaviours
and attitudes. These could include:
• Focus groups to explore people awareness
and attitudes to specific low-carbon heating
technologies (particularly around hydrogen,
where studies are limited), drivers and
blocker to uptake them, sensitivity to
different kind of incentives/disincentives,
and whether attitudes change where better
information and support is provided.
• Projects to investigate to which extent
consumers’ behaviour can be predicted
based on digital data available for their
homes, and how this knowledge can
be leveraged to incentivise the uptake
of low-carbon technologies.
In addition to the above, further work could focus
on consumer response to different form of contracts,
to understand if availability of different type of
supply /service contract could influence overall
consumer choice.

The Role of Consumer Choice in Decarbonising Heat

In conclusion
Putting consumers right at the centre of the
energy transition, particularly with regard to
decarbonising heat, means enabling a fair,
equitable and participated change, one
where no group of people are left behind
or feel disempowered.
An open question remains on how we can
collectively balance the need to enable a
democratic and just transition with the
requirement to do so in a cost effective,
timely and efficient way, and ensuring
long-term benefits for society. This paper
suggests that further interdisciplinary studies
can offer valuable information to drive the
energy transition in a balanced way.
An integrated, concerted and committed effort
by government, industry, academia, consumers
and all sectors of society will be critical to answer
this complex question and to achieve the most
important societal transformation of our time.
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Appendix A
Technical Review – List of Assumptions
1. Only air-source heat pumps (ASHP) and hydrogen boilers were considered
in this study. Ground-source heat pumps (GSHP) have not been covered.
2. Dwellings were assumed to be individually heated by condensing
boilers, and not part of a district heating system.
3. All scenarios are assuming retrofit installations to average 1930s
houses with loft insulation but no solid wall insulation.
4. Fuel prices used in calculations are excluding standing charges.
5. Costs calculations exclude domestic Renewable Heat
Incentive (RHI) payments that can be payable on some
heat pump installations, as it closes in March 2022.
6. COP/SCOP used to calculate operating cost for a range of
ASHP capacities are extracted from Daikin’s price book
(Daikin, Daikin UK Price Book, https://sbs.co.uk/file/Supplier/
Daikin_Price_List.pdf, July 2021) and are as follows:

Model

COP

ASHP EDLQ 5kW COP

3.2

ASHP EDLQ 7kW COP

3.22

ASHP EBLQ 9kW SCOP

3.44

ASHP EBLQ 11kW SCOP

3.37

ASHP EBLQ 14kW SCOP

3.42

ASHP EBLQ 16kW SCOP

3.37
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Appendix B
Energy Modelling – Assumptions and clarifications
Assumptions related to the cost of the elements included in the modelling
work are shown in the tables below.
Heating Technology

Capacity

CAPEX [£]

Source Reference

ASHP

9

4,321

[24]

ASHP

3.44

15,338

[25]

Hydrogen boiler

9

900

Hydrogen boiler

24

2,400

Based on natural
gas boiler cost [37]

Network Cost

Intra [£/kW/km]

Inter [£/km]

Electricity network

96,603

3.4

Hydrogen network

740,000

3.03

Source Reference
[38]

Fuel prices

Price [£/kWh]

Source Reference

Wholesale electricity

0.06

[39]

Wholesale hydrogen

0.051

[40]

Internal Wall Insulation26

Area [m2]

Cost [£]

Large mid-terrace house

> 76

4,000

Small semi-detached
or end-of-terrace

< 80

5,000

Large semi-detached
or end-of terrace

> 80

6,000

Large detached house

>117

7,000

Source Reference

[41]

26 Demand reduction with solid wall insulation: -14.00%
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With regard to the network cost, these are based
on the data included in the study by Jalil Vega and
Hawkes [37]. However, the original cost data are
pre-processed to calculate costs between zones.
More specifically: “the costs associated to network
connections between zones are average costs per
unit length and power [£/kW km]. These costs are
calculated by gathering cost data per unit length for
different cable and pipe diameters (for heat, gas and
electricity networks), and calculating the maximum
power transporting capacity for each. A linear
regression between power transporting capacity
in the abscissa and cost per unit length data in the
ordinate was performed, obtaining the desired cost
per unit length and power as the slope of the linear
regression.”

The following assumptions have also been made:
1. Only air-source heat pumps (ASHP)
and hydrogen boilers were considered
in this study. Ground-source heat pumps
(GSHP) have been excluded.
2. It is assumed that the gas distribution
network can be used for hydrogen and minor
upgrades and adaptions are covered by the
hydrogen network reinforcement cost.
3. It is assumed that the electricity grid will have
sufficient capacity to accommodate the increase
in demand driven by the installation of heat
pumps, without requiring significant upgrades.

With regard to the cost associated to internal wall
insulation, the modelling only considers assumed
cost for small semi-detached or end-of-terrace and
in the table above.

4. In scenario 3, it is assumed that external
walls are the only building upgrade
required to maintain thermal comfort
when installing smaller size heat pumps. It
excludes any other potential intervention
required (e.g. underfloor heating, bigger
size radiators), and their associated cost.
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