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A B S T R A C T   

Decarbonisation of heat is critical to the UK achieving its net zero emissions target by 2050. With the low rate of 
asset turn-over in the heat sector, decarbonisation needs to start immediately. However, the risk and uncertainty 
regarding the most ‘cost optimal pathway’ across the range of technology options and the lack of a holistic UK 
heat policy is failing to provide a clear directive as to how market actors should address UK heat decarbonisation. 
This research applies a novel commercial perspective to provide additional insight beyond that which traditional 
cost optimal tools are able to offer. The value pool approach is used to determine the magnitude of economic 
opportunities and map their resilience across multiple net zero scenarios in decadal timesteps to 2050. Our work 
indicates that by 2050 an annual value of £28 billion potentially exists in decarbonising heat in the UK. Realising 
this value, however, is subject to significant path-dependency. Unlocking the value will require substantial 
additional policy and regulatory support, business model innovation and unprecedented levels of consumer 
engagement and protection in the history of the energy sector.   

1. Introduction 

Decarbonising heating is particularly challenging because the pro-
vision of residential and industrial heating accounts for half of the global 
energy consumption with fossil fuels currently dominating the heat 
sector. For example, in the European Union (EU), 75% of heating and 
cooling demands are met by fossil fuels [1]. With the UK establishing a 
legally binding target to realise net zero by 2050 [2], addressing the heat 
decarbonisation challenge has become more imminent. In the UK, the 
2021 Heat and Buildings Strategy [3] both justifies and makes the case 
for a whole system approach to realise net zero by decarbonising heat. It 
states that the building fabric component of the strategy will realise £6B 
in value by 2030 but does not articulate the opportunities for hydrogen, 
heat pumps, district heating amongst other commercial opportunities 
that might also be realised. The lack of whole system perspective of 
opportunities in the heat and buildings sector inhibits the ability for 
market actors to direct resources to fulfil the strategy. 

This paper builds on the work done by Wegner et al. [4] which used 
the value pool approach in combination with multiple energy system 
scenarios to conduct a commercial assessment of energy transitions. A 
value pool analysis is a strategic tool which analyses value chain 

activities in an industry or a sector of the economy [5]. In Wegner et al. 
[4], treatment of the decarbonisation of heat was limited and the sce-
narios chosen were compliant with a target of 80% greenhouse gas 
(GHG) reduction compared to 1990 levels. However, in June 2019, the 
UK committed to reducing its GHG emissions to net zero by 2050. Under 
the net zero target, the increase in the scale of the challenge of decar-
bonising residential and industrial heat is substantial as is summarised in 
Table 1 below. A 16%–38% lower domestic heat demand in 2050 
highlights the greater emphasis placed on energy efficiency improve-
ments of the housing stock. Industrial gas demand is seen to be negli-
gible and hydrogen production almost doubles under a net zero scenario 
relative to the previous GHG reduction target. While gas boilers are 
completely phased out, the role of district heating becomes more un-
certain. Thus, heat decarbonisation implies a radical change from 
existing systems requiring technological innovation, policy interven-
tion, public and private sector investment and unprecedented levels of 
consumer engagement. With only 28 years to transform the way we 
produce and use heat, the lifetimes of heat assets being decadal in 
duration there is a need for a deeper assessment of heat decarbonisation 
pathways and the future value that they offer [6]. 
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2. Heat decarbonisation pathways 

Net zero implies a move away from natural gas towards zero carbon 
technologies and fuels for the provision of heat in homes and for in-
dustrial processes and the retrofit of the buildings sector [8]. System 
modelling based on least–cost optimisation approaches have attempted 
to model this transition [9]. Two broad trends for heating are seen to 
emerge from these studies; electrification versus shifting to hydrogen 
and/or biomethane [10]. Additionally, district heat networks will 
continue to play a role alongside these alternatives in addition to 
distributed deployment of hybrid gas-electric heating and solar thermal 
[11]. The net-zero heat solution will thus involve a mix of technologies. 

2.1. Electrification 

In the residential sector, widespread electrification is expected to be 
achieved through heat pumps or direct electric heating. The choice be-
tween heat pump or electric heating depends on the capital costs, pre-
vailing electricity prices and suitability for the specific application [12]. 
Large scale integration of heat pumps can also turn industrial heat de-
mand away from fossil fuel-based sources [13]. Other electricity–based 
options for deep decarbonisation of industrial processes have also been 
investigated [13,14]. Alternative heating technologies like electric arc 
furnaces are being successfully tested out by companies and it is antic-
ipated that fossil fuel free steel production will become commercially 
viable by 2035 [16]. However, high costs of heat pumps and the chal-
lenges involved in designing heat pump systems for older homes are seen 
as key barriers to rapid uptake [16,17]. Widespread electrification will 
increase the peak demand thus requiring an increase in generation ca-
pacity and network reinforcement. However, demand side flexibility 
offered by the smart operation of heat pumps can limit capacity re-
quirements, thus reducing system costs [19]. Recent analysis also sug-
gests that smart heat pumps can support the integration of variable 
renewables into the system [20]. 

2.2. Hydrogen 

Hydrogen, as an alternative to natural gas, is considered by pro-
ponents to be attractive because it causes least disruption to end con-
sumers. It does involve, however, the modification of the gas network 
and household appliance to enable compatibility with the use of 
hydrogen [21]. Additionally, hydrogen in buildings has the potential of 
being used alongside heat pumps in hybrid heating systems. The Com-
mittee on Climate Change reports that if used in this way, it can 
completely eliminate use of fossil fuels from this sector [22]. It also 
presents a cost-effective solution to decarbonise most of the industrial 
heat demand [23]. Further to the provision of heat, hydrogen produc-
tion can also yield a number of co-products which could create new 
revenue streams for stakeholders in a hydrogen system [24]. Similar to 
electrification, the widespread use of hydrogen would require in-
vestments in large scale production, storage and transport facilities 
which add to the system cost. Currently, the production methods for 
green hydrogen though electrolysis present a significant cost challenge 
[25]. Additionally, blue hydrogen produced through steam methane 
reformation with CCS risk fossil fuel dependence and delay meeting 

climate goals for net zero [26]. 

2.3. District heat networks 

District heating (DH) and the development of heat networks are 
receiving increased interest as a cost effective and low carbon source of 
heat. DH has been in use in the UK since the 1950s [10], but currently 
only 7% of the heat supplied to heat networks originates from low 
carbon sources [27]. Heat distribution networks are networks of pipes 
that transport heat from a heat source to the region of demand. The heat 
source could be a thermal power station or an Energy from Waste Plant. 
The low-grade waste heat from these can be used to meet heat demands. 
The growth of DH network also creates a larger market for industrial 
waste heat [28]. This solution, however, is limited by the geographical 
location of current and future heat sources as the proximity to regions of 
demand dictate its cost-effectiveness [29]. Nonetheless, DH networks 
have the potential to meet nearly half of the heat demand [30]. 

2.4. Cost-effective pathways 

Since multiple viable pathways exist for decarbonising heat, the next 
question inevitably has been which is the most cost-effective pathway. 
An analysis by [31] around core decarbonisation pathways namely, 
electrified, hydrogen and hybrid gas-electric concluded that hydrogen is 
the most expensive and that hybrid gas-electric pathway is the most cost- 
effective pathway. Additional analysis by [32] also suggests a ‘balanced’ 
scenario as the most cost optimal pathway in achieving net zero heat. 
The balanced scenario is comparable to a hybrid pathway in that it in-
corporates a combination of low carbon hydrogen and low carbon 
electricity for heat decarbonisation. Contrastingly, analysis assessing 
infrastructure costs for decarbonising heat suggests that a hydrogen- 
based pathway has a lower cost when compared to electrification or 
hybrid options [12]. Such differences arise due to the uncertainty 
associated with assumptions around future technology costs and the 
extent to which each technology is deployed. The cost effectiveness of 
the technology also depends on the commercial delivery model adopted 
for deployment [33]. This places greater emphasis on the firm strategy 
which relates to value creation via product, process or commercial 
innovation and value capture via business model design [4]. This sup-
ports the need for additional scenario analyses to aid in policy decision 
making [34]. 

2.5. Summary 

The UK debate around the most cost-effective pathway has created 
significant uncertainty which has led to limited progress towards heat 
decarbonisation [35]. There are uncertainties related to the deployment 
of low-carbon heating technologies, the electricity grid decarbonisation 
and the development of heat networks [10]. Perceptions amongst policy 
makers that more evidence is needed for better policy making, is 
delaying decisions in the face of this uncertainty [35]. The low rate of 
stock turnover, for example 15–20 years for gas boilers, means a delay in 
transition increases likelihood of asset stranding in the heat sector which 
eventually increases both cost and disruption in decarbonisation [36]. 
The discourse is further exacerbated by heat incumbents favouring the 
hydrogen/gas alternative as it helps maintain their central role in the 
market [37]. 

3. Study objectives and methods 

Cost-optimisation models have deepened the dichotomy of the 
electrification and gas-based pathways and the lack of further evidence 
has led to inertia in policy making causing further delays in the heat 
decarbonisation agenda. The value pool approach links energy system 
modelling outputs to commercial valuation of an energy future which 
when mapped across multiple scenarios produces insights which inform 

Table 1 
Comparison of 80% GHG reduction and net zero scenario characteristics [7].  

2050 Unit 80% reduction Net zero 

Domestic Heat Demand TWh 160–320 98–267 
Industrial Gas Demand TWh 81–103 0.1 to 12 
Hydrogen Production TWh 31–312 153–569 
District Heat (DH) demand TWh 19–31 11–46 
Heat Pumps Millions 6–18 4–20 
Gas Boilers Millions 3–5 0 

The bold is to signify the most recent. 
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decisions relating to investment and policy shifting the focus away from 
techno-economic cost precision. To gain such an understanding around 
heat decarbonisation this paper investigates the following research 
questions: 

1. What are the value creation opportunities in residential and indus-
trial heat decarbonisation across multiple scenarios which are 
consistent with the net zero target in the UK?  

2. What is the magnitude and the resilience of these value pools across 
multiple scenarios? 

While the research objectives are based on the context of the UK, 
they are applicable to any country with a climate change target and 
similar market structures provided relevant pathways exist and data can 
be acquired. These questions not only highlight the commercial oppor-
tunities and enabling requirements around policy and regulation but 
more importantly the balance between national and regional driven 
initiatives and respective roles in unlocking the identified potential 
value. 

The methodology comprises of two steps. First, a selection of sce-
narios that are compliant with the net zero emissions target are chosen. 
Second, the value creation opportunities are identified and analysed 
using a value pool approach. The value pools are mapped across mul-
tiple scenarios for relative size and resilience. These steps are described 
in detail in the sub-sections below and in the accompanying supple-
mentary material. 

3.1. Scenario selection 

Energy system models have helped explore the decarbonisation 
space and have yielded multiple possible pathways of achieving the 
decarbonisation goals [37,38]. These models have produced a number 
of future energy system scenarios for the UK. These have been selected in 
this study based on a few common criteria. First, they have to be pub-
lished by a recognised institution. The scenarios selected here are either 
published by the National Grid or Department of Business, Energy and 
Industrial Strategy (BEIS); second, these scenarios must have data 
extending up to 2050 with at least decadal time steps thus mapping a 
pathway to 2050; third, these scenarios must have enough data 
regarding the residential and industrial heat demand, district heat 
sources, number of households, and the residential heating technology 
used to meet the heat demand; and fourth, these scenarios must be 
compatible with the long-term climate goals of the UK i.e. the net zero 
GHG emissions target by 2050. The National Grid's “Steady Progression” 

scenario forms a business-as-usual (BAU) scenario where the pace of 
low-carbon transition proceeds at a rate similar to today. This scenario 
has been selected to provide a counterfactual against the more ambitious 
net zero scenarios. Key characteristics of different scenarios have been 
summarised in Table 2, below. Further data regarding the scenarios has 
been illustrated in the supplementary material. 

3.2. Value pool creation 

The economic opportunities arising from the decarbonisation of heat 
have been divided into distinct value pools. The value pools analysed in 
this study do not represent an exhaustive list of value pools that are 
possible in all the futures. It draws from the literature around techno-
logical developments to provide perspective on the nascent themes and 
potential services that might be realised around heat decarbonisation. 

Each value pool identified represents value creation opportunities in 
the transition. These value pools draw on the inputs from the scenarios, 
the cost and technology inputs and yield outputs in the form of either 
new revenues or costs avoided. The arithmetic sum of the two represents 
the total size of economic opportunity. This method has been summar-
ised in the schematic Fig. 1. 

The value pools and the corresponding value creation opportunities 
have been listed in Table 3. The list of key inputs and outputs, as-
sumptions and methodology of each of the value pools is described in the 
supplementary material. 

4. Results 

This section outlines the main findings from the value pool analysis. 
It should be noted that there is less emphasis on the precision of size of 
any one value pool in isolation and the emphasis is on how these value 
pools change across different scenarios. The results are structured ac-
cording to four families for value pools: 1) Energy efficiency upgrades; 
2) Electrified heat; 3) District heat; and 4) Hydrogen. Each of these 
families has one or more value pools within it. The section finishes with 
a summary of total value across all the value pools. 

4.1. Energy efficiency upgrades 

4.1.1. Value pool 1 – housing retrofits 
Improving the energy efficiency of the housing stock has frequently 

been argued as a cost-effective solution [40]. The value creation op-
portunities considered in this study go beyond the apparent cost savings 
to give a broader perspective of the benefits arising from housing 

Table 2 
Summary of scenario characteristics.  

Scenario framework Scenario name 2050 target Technology preferred Consumer 
engagement 

Housing retrofits 

National Grid Future 
Energy Scenarios 

Steady Progression 
(SP) 

Not 
Compliant/ 
BAU  

• Status quo technologies dominate  • Low consumer 
engagement  

• Slow growth in DSR 
market  

• Limited housing insulation 
roll out 

Community 
Transformation (CT) 

Net Zero  • High electrification  
• Industrial processes electrified where 

possible  

• High consumer 
engagement  

• Strong growth in 
DSR market  

• Nation-wide insulation 
programme implemented 

System 
Transformation (ST) 

Net Zero  • High levels of hydrogen for heat  
• Industrial processes moved to hydrogen 

where possible  

• Medium consumer 
engagement  

• Moderate growth in 
DSR market  

• A limited national insulation 
programme implemented 

Leading the Way 
(LTW) 

Net Zero  • Medium levels of hydrogen  
• Industrial demand decarbonised through 

electrification in early years followed by 
hydrogen  

• High consumer 
engagement  

• Strong growth in 
DSR market  

• High insulation uptake for 
housing 

BEIS 2050 Calculator Friends of the Earth 
(FOTE) 

Net Zero  • High electrification  
• Industrial demand electrified with CCS for 

residual emissions  

• High consumer 
engagement  

• High insulation uptake for 
housing  
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retrofits. These include net energy cost savings, NHS savings [41], 
increased tax revenue [42] and a rental increase of the property [43]. 
Such an approach is widely recognised and advocated in policy discus-
sion [43,44]. 

Fig. 2 shows that in the decade 2020 to 2030, the annual value in 
energy retrofits amongst net zero scenario varies from £0.6 bn to £0.88 
bn with Steady Progression having the lowest value. This occurs because 
net zero scenarios exhibit a higher deployment of energy efficiency 
measures as it is considered a ‘no regrets’ option. The highest value in 
energy retrofits of about £0.88 billion per year occurs in Leading the 
Way which meets the net zero target in 2048. Highest value occurs in the 

decade between 2020 and 2030 and the value progressively reduces as 
the number of retrofits required decreases. Since scenarios see an 
increased role of energy efficiency in the early decades, this analysis 
suggests that the investments made early will be the most rewarding. 

The composition of value across the scenarios is observed to remain 
largely the same (Fig. 3). In 2050, energy cost savings offer the highest 
value at about 57% to 46% of the total value. Property value uplift 
contributed the second highest value at about 27%. Further to that, Tax 
Revenue accounts for 17% of annual value and NHS savings contribute 
about 2% to 6% across scenarios. The interesting trend to note is that 
while in the decade from 2020 to 2030, energy savings contribute to 
70% of the value this progressively decreases to 57% of the value in 
2050. One explanation of this is that since there are fewer energy effi-
ciency upgrades required in 2050, there is a lesser contribution from 
energy cost savings and other value creation opportunities such as 
property value uplift and tax revenues become increasingly important. 

4.2. Electrified heating 

4.2.1. Value pool 2 – financial services 
The upfront cost of electric heating technologies like Air Source Heat 

Pumps (ASHP), Ground Source Heat Pumps (GSHP) or hybrid heat 
pumps can be offset through the provision of financial services that ease 
the burden for end-consumers. Since government support in the form of 
loans and grants will be capped, such financial services could become 
important for creating a long-term market for these heating technolo-
gies. The services considered in this value pool are subscription, leasing 
and loan. These services are limited to deployment of the three electric 
heating technologies namely, ASHP, GSHP and hybrid heat pumps. 

Figs. 4 to 6 show the value when 100% of the heating technologies 
are rolled out using each of the subscription, leasing and loan services. 
Value in each of the services is seen to grow across the decades from 
2020 to 2050. For the subscription-based services, highest annual value 

Scenario Inputs Cost Inputs

Housing Retrofits

Value Inputs

New Revenue Cost Avoided

Value Pool Calcula�ons
Scenario 1

Scenario N

Fig. 1. Value Pool Method Schematic.  

Table 3 
Overview of value pools and value creation opportunities.  

Value pool Value creation 

Housing Retrofits Net energy bill savings 
National Health Service (NHS) savings 
Property value uplift 
Tax Revenue 

Financial Services Subscription revenue 
Leasing revenue 
Loan revenue 

Smart Heat Pumps for DSR Open Cycle Gas Turbine (OCGT) plant capex and 
opex savings 
Distribution and transmission network savings 

District Heat Network District heat sales 
Thermal Storage Net electricity sale revenues from CHP 

Net electricity savings from heat pump 
Net district heat sale revenue from industrial waste 
heat 

Industrial Equipment 
Conversion 

Carbon cost savings 

Domestic Appliance 
Conversion 

Appliance conversion revenues 

Hydrogen Production Hydrogen for heat sale revenues 
Carbon cost savings  

 -

 0.2

 0.4

 0.6

 0.8

 1.0

2020 2030 2040 2050

£ 
bn

Steady Progression

Fig. 2. Size of VP1.  

0% 20% 40% 60% 80% 100%

Steady Progression

Friends of the Earth

Community Transformation

System Transformation

Leadingthe Way

Net Energy Cost Savings Rental Uplift

NHS Savings Tax Revenue

Fig. 3. Composition of VP1 in 2050.  
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of £1.2 billion in 2020 increases to £14 billion in 2050. These values are 
observed in Leading the Way and Consumer Transformation which are 
based on electrified technologies for provision of residential heat and 
industrial heat, where technically possible. On the other hand, a mini-
mum value of about £5.1 billion in 2050 is observed in the System 
Transformation scenario which has relatively lower deployment of heat 
pumps for heat. Leasing and loan revenues although considerably lower 
than subscription revenues, exhibit a growth in value through to 2050. 
In 2050, £0.8 - £2.2 billion accrues from leasing and £0.7 - £2.1 billion 
from loan services. 

It is also important, however, to look at a case when these services 
are deployed in combination. Fig. 7 shows the value in year 2050 in each 
scenario when these services are deployed in equal proportion for the 

roll out of low carbon technologies. It can be seen that the maximum 
value of £6.1 billion is lower than the value when only subscription 
route is undertaken. Even in this case the subscription revenue attribute 
towards about 75% of the total value in each scenario. This suggests that 
a subscription service can be more financially rewarding for a business 
operating in heat provision than the other two services. 

4.2.2. Value pool 3 – smart heat pumps for DSR 
The benefits of smart heat pumps arise from shifting the demand to 

off-peak times which can be monetised in the form of avoided costs 
arising from using electricity at off-peak times and the reduced need for 
flexible generation capacity expressed through Open Cycle Gas Turbine 
(OCGT) Capex and Opex savings. The value in this pool is limited to 
demand side response offered by ASHPs and GSHPs only. 

The later decades exhibit a higher value than the earlier decades 
(Fig. 8). The annual value remains in the range of £0.01 – £0.08 billion 
and £0.09 - £0.2 billion in 2020 and 2030 and increases to £0.2 - £0.8 
billion in 2040 with a further increase to £0.4 – £1.8 billion in 2050. This 
rise in value can be attributed to the increased adoption of smart tech-
nologies. It is also observed that scenarios which exhibit a higher 
deployment of heat pumps will have higher value in comparison to other 
scenarios. Of the total value, highest value is attributed to the CAPEX 
savings from OCGT followed by the electricity cost savings from shifting 
the demand (Fig. 9). The electricity cost savings potential can incentivise 
the take-up of these services. 

4.3. District heat 

4.3.1. Value pool 4 – district heat networks 
This value pool assesses the future revenue that can be generated 

from the sale of district heat. This revenue is then broken down across 
the value chain to enable business model analysis. This breakdown 
shown in Fig. 10 has been assumed constant across the scenarios. 

The revenue from DH networks is observed to progressively rise in 

 -

 4

 8

 12

 16

2020 2030 2040 2050

£ 
bn

Steady Progression

Fig. 4. Size of value in only subscription service.  

 -

 0.5

 1.0

 1.5

 2.0

 2.5

2020 2030 2040 2050

£ 
bn

Steady Progression

Fig. 5. Size of value in only leasing service.  

 -

 1

 2

 3

2020 2030 2040 2050

£ 
bn

Steady Progression

Fig. 6. Size of value in only loan service.  
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 4.0

 6.0

 8.0

Steady
Progression

Friends of the
Earth

Consumer
Transformation

System
Transformation

Leading the
Way

Subscription Revenue Leasing Revenue Loan Revenue

Fig. 7. Size of value (annual) in 2050 when financial.  

 -

 0.4

 0.8

 1.2

 1.6

 2.0

2020 2030 2040 2050

£ 
bi

lli
on

Steady Progression

Fig. 8. Size of value in VP3.  
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the decades from 2020 to 2050 (Fig. 11). An annual value in the range of 
£0.09–0.65 billion in 2020 increases to £0.6 - £2.6 billion in 2050. The 
Steady Progression scenario also sees a similar rise in values from £0.6 
billion to £1.87 billion. This trend shows that the value in DH is sig-
nificant whether an electrified pathway or hydrogen pathway is adop-
ted. This value is distributed across the value chain with DH sales 
accounting for 81% of the revenues. This is followed by the equipment 
fitted in the buildings also called “Real Estate DH Equipment” here. DH 
Network construction and maintenance only accounts for 4% of the 
revenues. Services related to the DH provision account for the lowest 
value. Although this structure is observed across the scenarios, the 
increased DH revenues leads to rise in revenues across the value chain. 
For example, even though services account for only 3% of total revenue, 
the absolute value that can be available ranges from £18 million to £77 
million in 2050. This provides insight for business model creation that 
can capture this value effectively. 

4.3.2. Value pool 5 – thermal storage 
Thermal storage integration into DH schemes offers different value 

propositions depending on the source of the DH. Firstly, for DH schemes 
with CHP, it enables the plant to operate at higher capacity during pe-
riods of high electricity price, earning extra electricity sale revenue and 
storing the heat. Secondly, integration of TES with heat pumps allows 
heat pumps to operate at off peak times resulting in savings from using 
cheaper electricity. Thirdly, it also allows excess industrial waste heat to 
be stored and exported into a DH network. 

In 2020 the annual value from thermal storage lies in the range £0.18 
- £0.22 billion and this decreases to £0.05 - £0.07 billion in 2050 
(Fig. 12). In this value pool, the waste heat is extracted from industrial 
processes designed around usage of natural gas. As the decades progress 
the scenarios experience and increase in industrial process efficiency or 
industrial fuel switching which reduce the amount of waste heat that can 
be exported as DH. The waste heat from other industrial fuels is not 
considered due to lack of technical information regarding such pro-
cesses. This is the reason for the reduction in value from 2020 to 2050. 
The Steady Progression scenario on the other hand sees a slow rise owing 
to increase in industrial gas consumption which further leads to a 
greater potential of waste heat being generated which contributes to 
80% of the value in 2050 (Fig. 13). However, in Leading the Way the 
contribution of waste heat is seen to reduce across the decades with it 
contributing as low as 4% of total value in 2050. The shift of industrial 
demand away from gas and an overall decrease in total industrial de-
mand use to efficiency improvements are seen as reasons for this 
decreasing contribution. A clear trend is also seen in the electricity sales 
– CHP making a larger contribution to the total value than the cost 
savings from HP. In Leading the Way and System Transformation, 
electricity sales – CHP contributes 74% and 93% of the total value 
respectively. This can be attributed to the limited deployment of heat 
pumps in DH schemes in comparison to CHP – based DH schemes. 
However, the Consumer Transformation scenario experiences a rise in 
cost savings - HP across decades with these accounting for 26% of total 
value in 2050 which is highest in comparison to the other scenarios. 

4.4. Hydrogen 

4.4.1. Value pool 6 – industrial equipment conversion to hydrogen 
Fuel switching to hydrogen is one of the options for deep decar-

bonisation of industrial heat considered in modelling studies [45,46]. 
However, all values in this value pool are negative implying that costs of 
converting and operating the industrial equipment on hydrogen are 
more than the value accrued through avoided carbon costs. Since in-
dustrial fuel switching is considered as an option for decarbonising the 
industrial sector it becomes important to analyse this value pool. The 
negative value progressively reduces and System Transformation 

Fig. 9. Composition of VP3.  
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5% 7%

1%
2%

DH Sales

DH Network
Construction and
Maintenance
HVAC Planning and
Contracting
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Equipment

Maintenance and
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Fig. 10. Breakdown of DH end-consumer price.  
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exhibits an almost close to zero value in 2050 (Fig. 14). This is where the 
costs nearly equal the benefits. This is owed to the higher carbon price 
floor assumptions in 2050. 

4.4.2. Value pool 7 – domestic appliance conversion service 
As residential heating shifts to hydrogen, the value in converting 

domestic appliances to be compatible with the use of hydrogen will also 
increase. Either the households can adopt hydrogen-only appliances, 
adapt existing natural gas appliances to be used with hydrogen or switch 
to dual-fuel appliances which can operate on both natural gas and 
hydrogen [48]. In either case, a shift to hydrogen will incur additional 
costs to the end-consumers. The accessibility and affordability of these 
technologies can be enabled through a bundled conversion service of 
household hobs, ovens and boilers for use with hydrogen. The scenarios 
assume hydrogen becoming available at scale beyond 2040 and as a 
result the annual value in this remains close to negligible up until 2030 
and starts to increase in following decades with £0.1 - £0.4 billion in 
2040 and then surging to £1.1 - £5.4 billion in 2050 (Fig. 15). It is 
noteworthy however, that the range of possible values also increases 
considerably from 2040 to 2050 implying that the divergence of sce-
narios increases beyond 2040. 

4.4.3. Value pool 8 – hydrogen production 
The hydrogen production accounts for hydrogen use across the 

economy including residential, industrial and transport. While transport 
does not directly fall under heat its demand contributes to the produc-
tion of hydrogen. Value generated through hydrogen production can be 
highly uncertain depending on the pathway. While some scenarios 
exhibit high value through to 2050, others experience negligible value. 
In Steady Progression, Friends of the Earth and Leading the Way, value is 
either close to zero or negative through the decades. As a result, annual 
values in 2040 and 2050 lie in the range £0 - £6.8 billion and £0 - £17.1 

billion respectively (Fig. 16). This high range of possible values is a 
result of the underlying narrative of the scenario. High electrification 
scenarios such as Consumer Transformation, Friends of the Earth and 
Leading the Way exhibit a higher production of hydrogen through more 
expensive electrolysis. System Transformation, on the other hand, shows 
a greater role of relatively cheaper SMR in producing bulk of the 
hydrogen. Thus, the cost of production of hydrogen is related to the 
method of production, which is characteristic to the scenarios, inad-
vertently affecting the total value in them. 

4.5. Size of value 

The arithmetic sum of the value pool results yields the total size of 
the value. This size varies widely across the different scenarios (Fig. 17). 
The Steady Progression scenario exhibits the lowest annual value of 
about £3 billion in 2050 while System Transformation exhibits £28 
billion. Both Consumer transformation and Leading the Way show 
comparable annual values of £13 billion. The composition of this value 
also varies widely across scenarios (Fig. 18). In hydrogen-based scenario 
like the System Transformation hydrogen production contributes 63% of 
the total annual value while in those which are more electrification- 
based such as Leading the Way and Friends of the Earth the contribution 
of hydrogen production ranges from 0 to 10%. About 37% of the value in 
Consumer Transformation comes from “financial services” and “smart 
heat pumps in DSR” and 20% of the total value in Leading the Way 
scenario. It is also seen that “Financial services” account for 53% of the 
total value in Friends of the Earth scenario. Domestic appliance con-
version to hydrogen is seen to play a role in each of the net zero scenarios 
ranging from 24% to 41% except for Friends of the Earth. Industrial 
conversion, owing to its negative value is not seen contributing to value 
creation in any of the scenarios. 
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Fig. 13. Breakdown of VP5 in 2050.  
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5. Discussion 

This value pool analysis of heat decarbonisation yields two main 
insights. First, it provides the size of value in a particular scenario. 
Second, it shows how a particular value pool performs across scenarios i. 
e., it's resilience across scenarios. This is particularly important from a 
policy perspective because a value pool which has a large size and high 
resilience will provide the highest incentive for firms to invest in 
reducing the need for policy intervention. Table 4 summarises the main 
opportunities and threats along with size and scenario resilience for each 
of the value pools. 

High resilience across scenarios implies a high level of certainty 
which in turn indicates lower risk on future financial returns. “Housing 
Retrofits” and “Thermal storage” exhibit a high scenario resilience even 
though the size of the value lies in the low range. Policy interventions 
will be essential where the scenario resilience is low such as the 
hydrogen related value pools in order to address risk and attract in-
vestment to those opportunities. This is salient around hydrogen pro-
duction which has high value, but substantive uncertainty across a 
number of the scenarios. This is further reinforced in the “Industrial 
Equipment Conversion to Hydrogen” which has both low value and low 

scenario resilience. It is hard to see, especially in this case, how 
hydrogen can be implemented without strong policy intervention and 
support to decarbonise industry. “Financial services” and “DH Net-
works” display medium resilience and value making a financially 
attractive option in the decarbonisation of heat. 

5.1. Where do we go from here? 

Decarbonising heat in the UK to a level which is compatible with 
climate change targets is a significant financial, technological and social 
challenge. Table 4 confirms this by showing that accessing the value 
pools involve substantial risk relative to the return sought. This confirms 
that decarbonisation of heat will not be realised without significant 
policy and regulatory intervention. 

While the value pools considered are distinct, it is highly likely that a 
dynamism exists between them. The “Housing Retrofit” value pool de-
creases across the decades but by virtue of houses having a high effi-
ciency standard allows the value from heat pumps to be realised. This is 
because as the efficiency level of homes increases, the challenges asso-
ciated with heat pump systems reduce. In comparison the further de-
cades see an increase in value pools of “Financial Services” and “Smart 
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Fig. 17. Total annual value in 2050.  

£3 bn £7 bn £13 bn £28 bn £13 bn

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

Steady
Progression

Friends of the
Earth

Consumer
Transformation

System
Transformation

Leading the Way

Housing Retrofits Financial Services Smart Heat pumps for DSR

DH Thermal Storage Industrial Conversion

Domestic Conversion Hydrogen Production

Fig. 18. Composition of total value in 2050.  

A. Daruwala et al.                                                                                                                                                                                                                              



Energy Research & Social Science 89 (2022) 102672

9

Heat Pumps for DSR”. This presents an opportunity for business models 
which can combine the retrofits and the provision of a low carbon 
heating system to create and capture a sustainable revenue stream in the 
transition. Such future energy-related services will need to be designed 
with end-consumers in mind to ensure service products attract rapid 
take-up [49]. 

There is also a competing nature between the value pools under the 
hydrogen section and the ones under the electrified section. This means 
that a hydrogen dominant pathway will inadvertently lead to a reduc-
tion in value in electrification-based value pools and vice versa. This 
should be taken into account in policymaking and investment decisions. 
Although competing, both hydrogen and electrification-based technol-
ogies have an essential role in a net zero future, albeit differing in extent. 
Hydrogen-dominant pathways, which leverage the repurposing of 
existing gas network infrastructure are likely to lead to reduced network 
tariffs while a patchwork approach, which is expected in electrification- 
based pathways, may lead to regionally varying costs of heat decar-
bonisation for customers [50]. 

5.2. Housing retrofits – managing stakeholders 

The analysis of the energy efficiency value pool leads to two main 
inferences. First, it shows that there is substantial value in retrofit works 
of the order of £0.6bn to £0.88bn in the early decades [51]. However, 
there is a lack of knowledge amongst stakeholders and clarity as to how 
to access this value. Secondly, the costs and benefits related to housing 
efficiency upgrades accrue to multiple stakeholders. An integrated 
approach is therefore needed which views the housing stock as a shared 
asset amongst multiple actors who must be both incentivised and held 
accountable. 

The need to overcome the lack of knowledge around the potential 
returns on retrofits means that concerted effort around engagement with 
stakeholders will be crucial for the realisation of this value. This is all the 
more important since a price signal is unlikely to be sufficient in 
achieving the deployment rates compatible with a net zero target [52]. 
This means that retrofits must focus on the aesthetic value uplift for the 
property. This changes the paradigm of the homeowner from merely an 
energy-efficient home to a modern home. The effect of this on the 
property value uplift is likely to incentivise homeowners/landlords to 

Table 4 
Summary of opportunities and risks in value pools. Red-Low; Amber-Medium, Green-High. 

**Size is characterized as follows: <£1 billion = Low; Between £1 billion and £5 billion = Medium; >£5 billion = High. 
*Scenario Resilience characterized as: Low: Value varies by more than 50% in two or more net zero scenarios; Medium: Value varies by more than 
50% in one net zero scenario; High: Value does not vary by more than 50% across net zero scenarios. 
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invest in housing retrofits. Additionally, householders must be guaran-
teed savings to build trust [50,51]. 

An understanding of the role of multiple stakeholders is crucial for 
rolling out housing retrofits. For instance, landlords can choose to invest 
in retrofits and reap the benefits in the form of higher rental revenue. On 
the other hand, occupants enjoy a higher level of comfort and warmth 
which is monetised through the higher rents they pay. Retrofit service 
providers capture a share of the energy cost savings in the form of 
profits. Value in the form of tax revenues accrues to the government. 
Any policy action that overlooks this perspective is unlikely to succeed 
in incentivising the realisation of the potential revenues from retrofit 
upgrades. The corollary of this is that it confirms that government has a 
crucial role in tying together these actors and nudge both the supply and 
demand side to develop the retrofit market. 

Such an analysis supports a national retrofit programme comprising 
multi-faceted elements which target different sides of the retrofit mar-
ket. For example, mechanisms which reduce upfront costs for home-
owners/landlords e.g., grants and loans should be combined with 
financial incentives for contractors who engage in retrofit works. This 
will strengthen the marketing opportunity for contractors who would be 
contracted for renovation work. These incentives when introduced 
against a backdrop of future statutory regulations that mandate a higher 
level of energy efficiency will likely do a better job of stimulating a self- 
sustaining housing retrofit market. 

5.3. Deployment of heat pumps 

The current rates of deployment of heat pumps are not sufficient to 
be compatible with a net zero future. For the hydrogen-based scenario 
(like System Transformation) the average rate of heat pump deployment 
is close to 134,000 installations per year. In the electrification-based 
scenario this number rises up to 600,000 a year. When this rate is 
compared to the proposed Clean Heat Grant scheme, which aims to 
provide support to 12,500 homes per year in the years from 2022 to 
2023 and 2023–2024 - representing 9% and 2% of respective roll out 
rates [52,53] the scale of the policy challenge becomes apparent. This 
contrasts with the 1.67 million gas boiler sales were recorded in 2019 
[55]. 

Consumer research has revealed that customers would be more 
willing to switch to a heating subscription service rather than a 
completely new technology [56]. Combining this knowledge with the 
potential value of £14 billion in revenues from the subscription service 
provided through heat pumps (See Section 4.2), provides new insight 
into a potential route for policy action. A subscription service insulates 
the end-user from the technology in use and associated operational 
challenges and places the onus of switching to low-carbon heat on the 
firms providing heat. Additionally, the higher revenues in subscription 
service in relation to the other financial services make it particularly 
attractive for firms to pursue. However, this could lead to consumers 
spending more on energy services and could impact expenditure else-
where impacting the wider socio-economic benefits. 

Consumer led initiatives like grants only provide an interim measure. 
Developing a sustainable market around heat pumps will need a whole 
suite of measures. In line with this, a subscription service offers an op-
portunity. Regulating the subscription charges to end consumers while 
providing targeted financial support for business that provide heat 
though low-carbon sources and rewarding innovation in smart operation 
can go a long way in creating a sustainable market for heat pumps. 
Regulating the subscription charges will also encourage businesses to 
reduce costs through demand management and smart operation while 
meeting their service standards. Funding demonstration projects in 
smart heat pumps and DSM will lead to development of enabling tech-
nologies. Additional support that allows businesses to offer competitive 
prices against incumbent technologies will further fuel the uptake. 

5.4. District heating and thermal storage 

A medium size of value and a medium resilience makes district 
heating a relatively safe bet for firms to invest in. DH networks are best 
developed at a local scale making use of local resources with the most 
complex projects being developed by the most engaged local authorities 
[57]. However, the confinement of regulatory and taxation powers with 
the UK government limits the capacity and authority of the local au-
thorities [58]. Government support has attempted to address this 
through Heat Network Delivery Unit which supports local authorities in 
planning and assessing the feasibility of the district heating scheme. This 
is further supported by £320 million of public funding to deliver DH 
projects. These schemes, being technologically agnostic and having a 
commercial focus have led to the CHP route being preferred, thus 
increasing the dependence on the gas market, which does not fit well 
with the long-term climate policy targets [59]. DH schemes from 
different sources will have different costs and these need to be consid-
ered when offering public support. 

While the most significant value lies within heat delivery the relative 
growth in services in maintenance, optimisation and other related ser-
vices is the highest. Thus, issues regarding consumer protection will also 
need to be addressed. The issues are mainly in relation to inability to 
switch suppler, billing and limited consumer power due to monopoly 
[60]. The inability to switch may result from alternative options being 
more expensive or from contract terms [61]. Those who are economi-
cally vulnerable are at the risk of being impacted the most. Additionally, 
customers expect reliability, ease and comfort [62] and their demands 
are changing leading to new customer demands [63]. There is thus a 
need for regulation in this sector relating to matters such as pricing, 
quality of service and transparency. A statutory license for DH providers 
which mandates certain consumer protection measures and a general 
authorisation with licenses for rights and powers for DH scheme oper-
ators and maintenance providers are being considered [64]. These rights 
and powers would include access to developers to certain infrastructure 
rights such as excavating roads and laying pipes similar to gas and 
electricity suppliers which can catalyse the development of DH 
networks. 

5.5. Hydrogen – is it feasible? 

Although hydrogen has been strongly considered as an alternative to 
conventional forms of heat provision this study raises questions on the 
economic feasibility of a hydrogen-based pathway. A common charac-
teristic of all value pools related to hydrogen is that they suffer from low 
scenario resilience. This means that irrespective of the size of the value 
in hydrogen, the uncertainty stands as a barrier in realising this. This 
arises from the fact that both the supply and demand of hydrogen is 
currently uncertain, pathway-dependent and requires policy support for 
it to become an economical alternative for end-users. ARUP [64] re-
marks that stimulating an industrial demand for hydrogen will be an 
ideal starting point in development of a hydrogen economy and can 
deliver substantial carbon savings. However, this study has shown that 
current carbon prices are insufficient to create an economic case for 
industrial consumers to switch to hydrogen. Thus, merely relying on 
carbon prices as a nudge for industries to switch to hydrogen is insuf-
ficient. The negative values observed in the value pools through to 2050 
would mean that firms and businesses will have to compromise on 
profits for switching to hydrogen. This is primarily because the current 
costs of converting industrial equipment to hydrogen outweighs the 
benefits offered through the use of hydrogen. It is therefore safe to as-
sume that most firms and businesses would be unwilling to make this 
switch unless a strong business case exists. Policy instruments which 
strengthen this business case will be fundamental in realising the value 
in hydrogen-based value pools. However, any policy decision in support 
of hydrogen-based pathway must also take into account the implications 
it might have for other more resilient value pools. 
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Policy support needs to consider the diversity of business models that 
are designed around hydrogen production. For example, hydrogen 
production through electrolysis from renewable electricity has a 
different cost structure to that of production for methane reforming. 
While methane reforming, fuel costs dominate, for electrolysis with 
renewable electricity the capex of the electrolysers is the dominant cost. 
Furthermore, hydrogen produced from these sources not only compete 
with incumbent alternatives, but they may also compete with each 
other. Regulatory support which is specific to the business models will 
be needed to ensure a fair market for different technologies. 

The Introduction of hydrogen will require an integrated approach 
between all relevant stakeholders. While hydrogen is perceived to be 
less disruptive than electrification, the technical issues surrounding the 
use of hydrogen has substantive associated uncertainty [35]. The public 
has a lack of knowledge about hydrogen and the optimism regarding 
hydrogen is lower in the UK relative to the EU [66]. Safety issues sur-
rounding the use of hydrogen appliances are also an important concern. 
This strongly suggests that there is a need for industrial stakeholders to 
engage with consumers to create awareness which can help stimulate 
demand. 

5.6. Cross cutting issues 

This paper provides insight into the size and resilience of different 
value pools in different net-zero heat scenarios. To this point we have 
discussed issues relating to particular value pools. There are, however, 
also issues that cut across all the value pools. The first of these is 
enabling innovative business models and managing consumer protec-
tion issues arising from such business models. A common feature across 
all the value pools is that net-zero efficiency and heating approaches 
requires significant upfront investment. While some business and do-
mestic consumers are able to pay, many will not. For mass adoption, 
businesses will need to assist consumers with the upfront costs, for 
example to install solid wall insulation, a heat pump or retrofit an in-
dustrial process to witch fuel to hydrogen. To manage the risks busi-
nesses will need to have some certainty that the finance will be paid back 
over a long-term contract. This might require a change in regulation to 
allow longer-term energy contracts with consumers and/or pay-as-you- 
save models. A related consumer protection issue here is that in long- 
term contracts companies may act unscrupulously, increasing prices or 
reducing quality of service because the customer is ‘locked-in’. Models 
such as those used in the mobile phone sector might be necessary 
whereby the capital and the service are separated, so the customer can 
fire the service provider without issues over repaying the capital costs 
[67]. 

The second is path dependency. Our analysis shows that future sce-
narios have different outcomes in terms of the technologies and fuels 
deployed. This is especially evident in electrification vs. hydrogen sce-
narios, where more of one means less of the other. In some ways this is 
an exogenous risk to businesses - a political decision to support hydrogen 
could affect the value pool and resilience of a business focused on heat 
pumps. It is telling that the recent UK government 10-point plan [68] 
adopts an approach to keep both options open. It has a strong commit-
ment to heat pumps, with deployment rates at the upper end of scenarios 
at 600,000 a year by 2028. At the same time the plan provides support 
for a up to 5GW of low-carbon hydrogen production capacity and a 
hydrogen town demonstrator. 

The third is that in the absence of national hydrogen transmission 
system, zero carbon heat is essentially a local issue. As such the optimal 
solution may vary from one place to another and approaches like Local 
Area Energy Planning [69] become important, balancing technical, so-
cial and governance approaches to heat planning. An implication is that 
reality may not be as simple as least-cost optimisation modelling out-
comes indicate. Local areas may have objectives, such as fairness, jus-
tice, health that mean the approach deviates from the economic 
optimum. In reality, this could lead to local supply chain development to 

deliver heating solutions. It also means that care will need to be taken so 
that the whole energy system adds up to being net-zero so as to meet 
overarching targets. 

6. Conclusion 

This paper demonstrates that least-cost optimisation has deepened 
the dichotomy of pathways for decarbonised heat. To address the gap 
between systems modelling and firm strategy, the size of future eco-
nomic opportunities has been quantified across multiple scenarios. With 
a potential annual value in the range of £7 - £28 billion across multiple 
value pools, the incentive is clear but the pathway uncertain which 
renders investments risky without substantive policy support. A classi-
fication of the size of value and the resilience can provide a measure of 
both risk and reward in a future economic scenario. This analysis can 
provide insight into how firms operating in the heat sector would evolve. 
A parallel evolution in the policy and regulatory environment can help 
manage risk and maximise value creation in the energy system without 
compromising on innovation. This becomes particularly important as we 
move away from government grants and loans and into creating a sus-
tainable market for zero-carbon heat. This work can be further extended 
to include the commercial heating and cooling demand as well. 
Furthermore, this analysis can be used to investigate the business models 
that capture value and create future revenue streams. 
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