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A B S T R A C T   

The rapid phase-out of fossil fuel home heating technologies is a formidable policy challenge. In such situations, 
referring to other cases of technology phase-out that are in some ways similar can offer useful insights, and a 
reassuring sense that ‘we have been here before’. However, analogous reasoning of this kind tends to be partial 
and anecdotal, so it can mislead rather than inform. Here, we seek to draw more fully on analogous evidence to 
inform fossil fuel technology phase-out in the home heating sector, with particular reference to the UK. We 
review international energy technology phase-out experiences across three different sectors, five different 
technology types and twenty countries. We then assemble the evidence into an interpretive framework in which 
energy technology phase-out is seen as an outcome of distinctive but interacting techno-economic and socio- 
institutional factors and policy design issues, including: relative cost and performance, infrastructure and sys-
tem context, public engagement and acceptability, incumbent interests and policy mixes and rationales. While 
some of these feature prominently in policy debates and transitions research, others command less attention. 
Providing a fuller representation of the factors involved in energy technology phase-out encourages more robust 
analogous reasoning in policy and research, recognising differences as well as similarities and the extent to which 
we have been here before.   

1. Introduction 

A growing number of governments have committed to reduce na-
tional greenhouse gas (GHG) emissions to ‘net zero’ by 2050 or earlier 
[1]. In countries such as the UK, GHG emissions reductions to date have 
relied mostly on changes in the electricity supply sector, with other 
sectors making little or no progress [2]. Clearly, achieving net zero will 
require much greater progress across the energy economy, including 
sectors which have made little progress to date. Among these, buildings 
(or home) heating1 is considered one of the most difficult policy chal-
lenges, with a host of technical, economic and societal challenges con-
fronting the rapid phase-out of fossil fuel based heating technologies 
[2–4]. 

For policymakers faced by difficult and seemingly unprecedented 
policy challenges, reference to analogous experiences may offer useful 
insight on the opportunities, risks and trade-offs involved. In addition, 
by constructing familiar narratives of change, analogues offer 

policymakers a reassuring sense that ‘we have been here before’ in how 
they engage with stakeholders and the wider public [5]. In this paper, 
we consider analogous evidence for energy technology phase-out poli-
cymaking more fully. We present results from a review of international 
evidence on energy technology phase-out across different sectors, 
technologies and countries, and we assemble the evidence to allow a 
view of phase-out as an outcome of interacting techno-economic and 
socio-institutional factors and policy design issues, allowing us to draw 
more robust insights for the phase-out of fossil fuel home heating in the 
UK. 

In the next section we introduce some background issues on tech-
nology phase-out for sustainable transitions, and also the use of analo-
gous reasoning in policy-making. Section 3 sets out our evidence review 
methodology and introduces our case studies. Section 4 present the 
findings from our evidence review, in terms of various techno-economic 
factors, socio-institutional issues and policy design issues affecting 
technology phase-out in the energy sector, and considers their relevance 
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1 While our main focus here is domestic buildings heating (‘home heating’), we sometimes refer to ‘buildings heating’ (i.e. including commercial and other non- 
domestic buildings), where appropriate. 
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for the phase-out of fossil fuel heating in the UK. Section 5 discusses our 
insights in relation to other research, and concludes. 

2. Background 

2.1. Technology phase-out for sustainable transitions 

As the urgency of climate change mitigation has become clearer, 
national governments have introduced more ambitious and urgent tar-
gets for emissions reduction and by implication, energy system change. 
In the UK, for example, the introduction of a ‘net zero’ emissions target 
for 2050 was associated with a halving of the time allowed for 80% 
emissions reduction to be achieved, from 30 years to 15 years [9]. The 
accelerated system change imperative is also remaking sustainable 
transitions research agendas, with a shift towards more challenging and 
previously under-researched parts of the energy economy, such as 
buildings heating [6–8]. 

Transitions research on effective ‘policy mixes’ for sustainable en-
ergy transitions [9–12] has tended to distinguish between creative 
measures that support the development and deployment of low carbon 
technologies, including R&D funding, purchase subsidies and public 
procurement, and destructive measures, such as emission standards, 
reduced subsidy support or tax breaks or prohibitions, that seek to erode 
and destabilise the continued use of carbon intensive technologies 
[9,13]. Historically, actual policy mixes for sustainable transitions have 
tended to focus on creative support and involve relatively few destruc-
tive policies [9,14]. Destabilisation policies can be politically chal-
lenging as they are likely to confront vested interests and established 
sources of employment and tax revenue [15]. 

More recently, however, the accelerated change imperative has seen 
increasing recognition of the role of destabilisation measures in sus-
tainable transitions policy and research in order to achieve economy- 
wide transformation [9,16–18], and, as part of this, the importance of 
fossil fuel technology phase-out [14,20–23]. Transitions research has 
also more fully addressed the role of incumbent agency [14,24,25] 
including possibilities for more plural roles – enabling, not just resistive 
– for incumbents in sustainable transitions [26,27]. Our evidence review 
seeks to contribute to this growing body of transitions scholarship; we 
comment on our contribution to the literature in our discussion and 
conclusions section. 

2.2. Analogous reasoning and policy transfer 

Analogous reasoning in policy refers to calling upon historical or 
international experiences that are seen as in some ways relevant to the 
problem at hand [5]. It may be seen when confronting unchartered or 
unprecedented problems, to help to consider options, pitfalls and trade- 
offs, rather than identify specific policy solutions [28]. It may also be 
used rhetorically, to develop familiar narratives – a sense that ‘we have 
been here before’ – to help justify decisions to stakeholders or the wider 
public [29,32]. It has been seen most commonly in international re-
lations and conflict, when interventions may be justified or opposed by 
referring to historical precedents [5,30,31], but it has also been used to 
inform health policy [32] and energy policy [51]. 

Analogous reasoning can be seen as informal policy transfer, with 
international experiences referenced informally or anecdotally in do-
mestic policymaking [32]. Although globalisation has arguably meant 
that domestic policies increasingly ‘echo and influence those made 
elsewhere’ [33], efforts at knowledge transfer do not necessarily result 
in policy convergence [34]. Indeed, the amenability of evidence to 
transfer across jurisdictions remains a key issue in policy studies 
[35–37]. 

While formal policy transfer is most commonly seen within a 
particular policy domain, allowing a degree of similarity in institutions 
and resources [35], analogous reasoning may range across very different 
domains. This requires careful attention to context: differences in place 

and domain, and insights should be drawn cautiously, given the variety 
of local and sectoral contexts. Given the contextual differences involved, 
analogous reasoning may seek inspiration rather than imitation, i.e. 
taking a broad idea or approach to develop a modified approach in the 
recipient context [35,38]. 

The premise for our research is that in the face of urgent and 
pervasive policy goals, energy policymakers may resort to analogous 
reasoning to help develop policies related to the phase-out of fossil fuel 
technologies, particularly in more challenging sectors such as buildings 
heating. Because this is likely to involve partial and anecdotal engage-
ment with evidence, however, it risks misinforming and perhaps 
creating a false sense of the historic precedent – the extent to which ‘we 
have been here before’. By drawing on a wide range of case study evi-
dence, we develop of fuller view of energy technology phase-out expe-
riences, and their relevance for the phase-out of fossil fuel heating 
technologies in the UK. 

3. Method 

After a period of scoping research and discussions with project 
funder and advisors, a small number of cases of technology phase-out 
were selected for in-depth evidence review; all are drawn from the en-
ergy sector (buildings, transport and electricity supply). There are many 
other cases of technology phase-out within and beyond the energy 
sector, and inevitably there is some selectivity in our chosen cases. In the 
scoping phase of our research we considered additional cases, such as 
leaded-petrol and asbestos in buildings. The choice of cases for full re-
view was made after discussions with our project advisors (policymakers 
from the Scottish Government and also independent experts). Our 
choices were based on those cases most commonly referenced in policy 
debates on heating technology phase-out, and also those with some 
contextual similarity (this meant restricting our cases to the energy 
domain, broadly defined). 

Table 1 lists the selected case studies and the rationales for their 
selection. Three of the cases selected are from the buildings sector: gas 
grids, domestic boilers and domestic energy metering. Two of the cases: 
gas grids and domestic boilers, are historical (i.e. completed or largely 
completed phase-outs), and while this allows consideration of longer 
term consequences, it also means some differences in policy and insti-
tutional context compared to today. A third case, domestic energy 
metering, is an ongoing and incomplete phase-out, and so shares some 
policy and institutional features with heating decarbonisation (for 
example, a fragmented and mostly privately-owned organisational 
landscape in many countries). 

One case was selected from each of the transport and electricity 
supply sectors: the phase-out of internal combustion vehicles (ICVs) in 
transport, and in electricity supply the phase-out of large scale elec-
tricity generation technologies (coal-fired generation and nuclear 
power). In transport, although it is too early to confidently assess the 
effectiveness of ICV phase-out policymaking, the sector is further 
advanced than home heating in many countries, inviting comparison. 
Technology phase-out in the electricity supply sector has a relatively 
long track record, and the phase-out of coal-fired generation has been a 
key contributor to GHG emissions reduction in the UK and interna-
tionally [39]. Nuclear power technology phase-out, although not driven 
by decarbonisation policy goals, has been a feature of many countries' 
energy policies, and can also offer additional relevant experience. 

Evidence gathering for each case study was carried out by entering 
standard terms related to technology phase-out into academic search 
engines, with additional searches using specific search terms related to 
each analogue. Peer-reviewed, academic literature provides quality 
assurance with respect to evidence [40] and is also a pragmatic means of 
restricting excessive non-academic material. However, the evidence we 
reviewed was not restricted to academic sources: reference checking was 
used to identify additional relevant gray (non-academic) sources. 
Reflecting our interest in the UK home heating context, and the 
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Table 1 
Selected case studies of energy technology phase-out.  

Energy sector Selected case (and relevance to heat decarbonisation) National cases reviewed (based on 
available evidence) 

Analogous factors or issues highlighted 
(in the case evidence) 

Buildings Gas grids: the phase-out of locally manufactured ‘town’ or ‘city’ gas networks, and their replacement by natural gas grids. Widely referred 
to in current policy discussions on UK heat decarbonisation, and analogous in the speed and scale of the transition.  

• UK (1960s–70s)  
• Netherlands (1960s)  

• Stakeholder engagement and 
Incumbent Interests (S–I)  

• Relative Cost and Performance 
(T-E) 

Domestic boilers: the transition from non-condensing to condensing boilers. Regularly referred to in current policy discussions on UK heat 
decarbonisation, and analogous in the replacement of a widely used domestic technology.  

• Netherlands (1970s-2000)  
• UK (1990s-2007)  

• Voluntary or mandated policy and the 
Pace of Change (PD) 

Domestic energy metering: the transition from analogue to digital energy metering. Analogous in the replacement of a widely used 
domestic technology, and in implementing phase-out in a contemporary setting.  

• Italy (2001 -)  
• UK (2008 -)  
• Netherlands (2008 -)  
• Australia (2008 -)  
• Finland (2008 -)  
• Sweden (2003− )  
• Denmark (2013− )  
• Germany (2013 -)  

• Voluntary or mandated policy and the 
Pace of Change (PD)  

• Public engagement and acceptability 
(S–I) 

Transport Personal vehicles (cars): phasing-out internal combustion vehicles (ICVs) and their replacement by low emission vehicles (LEVs). 
Analogous in its reach across most of the population and the rapid pace of anticipated phase-out.  

• Norway (early 1990s -)  
• China (2009 -)  
• California (USA) (1990 -)  
• UK (2017 -)  
• France (2017 -)  
• Germany (2016 -)  
• Netherlands (2017 -)  
• Japan (2010 -)  

• Stakeholder engagement and 
Incumbent Interests (S–I)  

• Overall Policy Mixes and Rationales 
(PD)  

• Infrastructure and System Context (T- 
E)  

• Stranded Asset Risks (T-E) 

Electricity 
supply 

Phase-out of coal-fired generation and/or nuclear power technology: Analogous in involving large scale assets and powerful vested 
interests, and in the rapid pace of phase-out in some cases.  

• UK (early 2000s -)  
• Finland (2016 -)  
• Germany (2002 -)  
• Japan (2011 -)  
• South Korea (2017 -)  
• Belgium (2003 -)  
• Switzerland (2011 -)  
• Ontario, Canada (2007-)  
• Alberta, Canada (2015-)  

• Infrastructure and System Context (T- 
E)  

• Stranded Asset Risks (T-E)  
• Public engagement and acceptability 

(S–I)  
• Stakeholder Engagement and 

Incumbent Interests (S–I)  
• Voluntary or Mandatory Policy and the 

Pace of Change (PD) 

S-I = socio-institutional factors; T-E = techno-economic factors; PD = policy design issues. 
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availability of evidence, we focussed on international evidence drawn 
from developed economies, often European. 

Our analytical approach was based on grounded theory and induc-
tive reasoning, rather than a predetermined analytical framework [41]. 
Based on a close reading of relevant evidence, we identified several 
different factors or issues affecting technology phase-out in the case 
studies, with iteration before a final set of factors and issues was agreed 
by the authors. The factors and issues range across three broad areas: 
techno-economic factors, socio-institutional factors and policy design 
issues (Table 1 and Fig. 1). The first two areas are important factors that 
inform the development and effectiveness of technology phase-out 
policy, while the third is concerned more directly with specific aspects 
of policy design for phase-out. Additional factors or issues were identi-
fied in the course of the review, but are not included here, either because 
of limited evidence, or because the issue overlaps with others that are 
included. 

The factors and issues are distinct but interrelated (shown by the 
arrows in Fig. 1). For example, a key policy design issue in our typology 
is design is the envisaged pace of phase-out (and also, whether it is 
mandatory or voluntary), but as well as being a matter of policy choice, 
this is affected by a number of techno-economic and socio-institutional 
factors, such as the relative cost and performance of the replacement 
technology. Although they are related, however, the factors and issues 
are sufficiently distinct to offer a useful way of ordering evidence, and 
allow us to concisely represent much of the detailed international evi-
dence we reviewed. Finally, some factors or issues feature in multiple 
case studies; for example, incumbent interests emerged as an important 
influence on phase-out in a number of cases. 

4. Results 

In this section the findings of our evidence review are presented in 
turn for each of the techno-economic factors, socio-institutional factors 
and policy design issues introduced in Section 3. For each factor or issue, 
we firstly discuss its role in technology phase-out in the case studies, and 
then consider its relevance for the phase-out of fossil fuel buildings 
heating in the UK. 

4.1. Techno-economic factors 

4.1.1. Relative cost and performance 
Several of the case studies of energy technology phase-out reviewed 

involved a replacement technology that enjoyed significant relative 

economic or technical advantages. For example, in the UK electricity 
supply sector, the decline and near total phase-out of coal generation 
technology since 1990 has relied on the availability of affordable 
replacement technologies: initially, combined cycle gas turbine tech-
nology (CCGT) and more recently low cost renewable technologies, 
especially large scale onshore and offshore windpower [42].2 Similarly, 
in the Canadian provinces of Ontario and Alberta, coal generation plants 
have been large replaced by CCGT plants [43,44]. In these and other 
cases, the replacement technology is attractive in ways other than car-
bon emission reductions: natural gas electricity generation plants are 
cleaner, quicker to build, more flexible and often cheaper than coal 
plants. 

In other cases, performance improvements associated with phase-out 
led to improved service delivery for domestic consumers [45] and a 
virtuous cycle of improved service, greater demand and investment. The 
rapid phase-outs of town gas in the UK and the Netherlands were driven 
by the availability of natural gas a technical and economically superior 
fuel, in terms of cost, thermal capacity and toxicity, compared to the 
manufactured ‘town gas’ it replaced [46,47]. The prospect of a signifi-
cantly improved way to deliver domestic heating helped to justify the 
huge investments in infrastructure repurposing and domestic appliance 
conversion. Both countries saw a significant growth in domestic heating 
demand, as many more homes became centrally heated [47] – previ-
ously, gas had been mostly used for cooking and water heating. In the 
Netherlands, the anticipated growth in demand for home heating – and 
associated revenue for suppliers – was used to justify public and private 
investment in an extensive new supply infrastructure [46]. 

In some other cases reviewed here, relatively modest technical or 
economic improvements associated with the replacement technology 
meant that there was less momentum for technology phase-out. For 
example, the benefits of phasing-out analogue energy meters and 
replacing them with smart meters tend to be seen the energy system 
level, accruing to suppliers and network operators. The direct benefits 
for households may be marginal and perhaps intangible, and phase-out 
has been slow and delayed in some countries [48,49]. Similarly, con-
ventional domestic boiler phase-out and the phase-in of more efficient 
condensing boilers involves relatively modest economic benefit for 
homeowners (and for many, no tangible improvement in energy service 

Fig. 1. Analogous factors or issues emerging from the evidence review.  

2 The speed of coal generation phase-out in the UK means that formal phase- 
out deadline of 2024 will only apply to a very small number of plants, all well 
beyond their economic lifetimes [154]. 
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provision), and in the UK technology phase-out was slow for many years, 
prompting regulatory change to compel switchover [45]. 

In the case of decarbonising home heating, however, technology 
phase-out arguably offers no significant improvement in cost or per-
formance. For new buildings, low carbon heating technologies such as 
heat pumps can be cost-competitive on a whole lifetime cost basis [50], 
but phase-out in existing buildings is hampered by the additional costs 
associated with low carbon replacement technologies, particularly for 
homes connected to the national gas grid. Fossil fuel heating technology 
phase-out will require significant capital equipment replacement costs 
and potentially high running costs [51].3 Fossil fuel technology phase- 
out is also unlikely to bring about significantly improved energy ser-
vice delivery for most homes, or expansion in the overall market for 
heating services equivalent to that seen for the phase-out of local gas 
grids. Rather, it is likely to involve providing a similar level and quality 
of energy service at higher cost, at least initially.4 

4.1.2. Infrastructure and system context 
Energy technology phase-out cannot be understood in isolation: the 

pattern of more and less successful cases of phase-out reviewed here can 
only be understood by reference to wider infrastructure and system 
contexts. For example, the rapid phase-out of local gas grids in the UK 
was enabled in-part by supportive pre-existing infrastructure. A national 
high pressure gas transmission grid had been constructed in the early 
1960s, to allow distribution of imported liquid natural gas around Great 
Britain to enrich locally manufactured town gas. Upon the discovery of 
North Sea reserves, this inadvertently offered a means for the wholesale 
phase-out of local gas grids [28].5 In the Netherlands, where no similar 
infrastructure was in-place, it was decided that the potential benefits 
were such that construction of a new national high-pressure trans-
mission system was justified [46]. 

Other cases reviewed here, where energy technology phase-out has 
been implemented without a supportive wider energy system context, or 
without appropriate replacement technologies (discussed above) nega-
tive knock-on effects have resulted – particularly where phase-out pol-
icymaking has been reactive and urgent. For example, the sudden 
closing down of nuclear power generation plants in Japan in the wake of 
the Fukushima accident led to increased electricity prices and excess 
winter deaths [52]. Similarly, the rapid phase-out in Germany in 
response to Fukushima led to increased reliance on coal generation and 
associated increases in carbon emissions [53]. In both countries, there 
have also been suggestions of greater air-pollution induced deaths [54]. 
These experiences highlight risks of phase-out policymaking which fails 
to address infrastructure and system context [8,55,57,58]. 

The anticipated speed and scale of fossil fuel heat technology phase- 
out also raises infrastructure and system context challenges. These 
include the possible need for expensive upgrades to local electricity 
distribution grids associated with the large-scale electrification of 
heating [59], increased fuel poverty, or increased local pollution 
resulting from the expansion of biofuels for heating [60,61]. In all cir-
cumstances, the phase-out of fossil fuel heat technologies will involve 
major infrastructure re-purposing or replacement, given the high levels 

of energy demand and demand variations involved [62]. 

4.1.3. Stranded asset risks 
Energy technology phase-out can often involve capital intensive 

equipment with long lifetimes, presenting stranded asset risks. Efforts to 
avoid these risks has tended to involve long term policy-making and 
regulation, setting out a gradual transition during which phasing-out 
and phasing-in technologies co-exist, and ultimate phase-out dates are 
set beyond the economic lifetime of the phase-out technology, to avoid 
direct economic losses for users. However, these long time horizons also 
create potential for policy reversal or delay, and in the electricity gen-
eration sector, our review included a number of cases of delayed or 
abandoned technology phase-out commitments, including nuclear 
phase-out commitments in Japan, South Korea and Belgium made in the 
wake of Fukushima accident [8,55,57,63]. 

In the transport sector, the anticipated phase-out of ICVs and the co- 
existence of ICVs and LEVs also present stranded asset risks. ICV owners 
already face depreciating asset values, and for manufacturers, there is a 
challenge of simultaneously phasing-out conventional vehicle produc-
tion lines while establishing new capacity [64]. There is also a stranded 
asset risk at the infrastructure level: while EV owners currently experi-
ence anxiety about vehicle range and charging point access, an equiv-
alent ‘grid defection’ risk may emerge for ICV owners, as fossil fuel 
infrastructure (e.g. filling stations and garage services) become scarcer, 
to the extent that policy support may be needed to ensure their 
continued access [65]. 

Fossil fuel heating technology phase-out also presents stranded asset 
risks, both for infrastructure asset owners and end users. For example, 
the British gas distribution network has been undergoing a major 
replacement programme for many years, with replacement pipework 
estimated to have a technical lifetime of 50–80 years [66], raising 
stranded asset issues for gas distribution companies [116]. Homeowners 
using fossil fuel heating technology also face grid defection risks, with 
reduced access to servicing and maintenance, and increased costs as 
maintaining a supply infrastructure is financed across fewer users. As in 
the case of transport, later adopters – typically less wealthy groups – may 
face disproportionate risks. 

Stranded asset risks also relate to hybrid or transitional technologies. 
In transport, there has been some ambiguity about the emissions status 
of hybrid technologies [68–70]. For example in the UK, plug-in hybrid 
electric vehicles (PHEV) were initially included in the official LEV 
definition but were later excluded, as they were deemed incompatible 
with emission reduction targets [68–70]. This led to criticism from 
consumer groups, as hybrid vehicles – the majority of LEVs in the UK – 
are likely to lose resale value [71]. In the heat sector, there are sug-
gestions that hybrid heat pumps using hydrogen or biofuels may play a 
significant role in the UK home heating transition [67,72]. Hybrid 
boilers may avoid the need for electricity grid reinforcement, but they 
will also require maintaining both gas and electricity infrastructures, 
and the reduced status of hybrid vehicles raises concerns about the role 
of hybrid technologies and fuels in heating [67].6 

4.2. Socio-institutional issues 

4.2.1. Public engagement and acceptability 
For some of the cases reviewed here, energy technology phase-out 

was significantly shaped by public engagement and response. While 
this has been seen in domestic technology settings, it has also been 
influential in upstream technology cases removed from everyday 
experiences. 

In domestic settings, for example, there have been differing public 

3 The UK currently imposes much higher levels of government levies (taxes 
and policy costs) on domestic electricity bills than domestic gas bills suggesting 
the need for billing or social welfare reforms, although this raises concerns of 
increased fuel poverty [147]. In Denmark, energy taxes have been used to 
promote fossil fuel heating technology phase-out. In Germany, however, a lack 
of affordable low carbon heating technology meant that the mandated 
replacement of old fossil systems (over 30 years) led to their replacement by 
new fossil systems [6].  

4 Recent changes in the relative cost of gas and electricity suggest that heat 
pumps may offer lower running costs than gas boilers in many UK homes [148].  

5 This was constructed to deliver imported and re-gasified liquefied natural 
gas (LNG) to enrich manufactured town gas. 

6 Upstream emissions concerns are also raised about hydrogen, prompting a 
focus on ‘green hydrogen’ production from renewable electricity rather than 
‘blue hydrogen’ using natural gas [6]. 
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receptions to domestic energy metering replacement programmes 
internationally. Some roll-out programmes, including those in the 
Netherlands, the UK and Australia, have been marked by public oppo-
sition, associated with data privacy concerns and scepticism over con-
sumer benefits [60,74–76,78,85] In other countries, privacy issues 
proved less salient and public opposition was less evident [73]. This 
variation may reflect different cultural contexts for civil liberties and 
privacy, but there is evidence that it also reflects the different ways 
phase-out programmes were designed. In Europe, analogue energy 
meter phase-out has most commonly been the responsibility of regulated 
energy network operators, but in the UK, New Zealand and parts of 
Australia, energy supply companies were given lead responsibility [49]. 
Energy supply companies came to be seen as an underperforming and 
perhaps untrustworthy delivery body in the UK, and while there is some 
evidence that they were effective in New Zealand [77], the UK experi-
ence highlights the importance of public trust in the body responsible for 
phase-out. The distribution of costs and benefits between different 
groups (consumers, suppliers and network operators) provides further 
opportunity for public concern. In New Zealand, public opposition was 
reduced by avoiding passing on phase-out costs in energy bills [39]. 
Anticipated consumer benefits were a common feature of smart meter 
programme cost benefit assessments (CBAs) in many countries [49], but 
this didn't guarantee public support in practice. 

While the UK gas grid transition saw numerous individual consumer 
complaints (perhaps inevitably, given its scale and pace), as a whole the 
programme encountered little public resistance, reflecting a level of 
trust between energy suppliers and households, and successful cam-
paigns promoting the benefits of the new gas [59,79]. By contrast, the 
phase-out of conventional gas boilers offered only modest benefits for 
homeowners, and the UK encountered some consumer and installer 
resistance and disinterest, and adoption rates were low for many years 
despite their acceptance elsewhere [80–82]. 

In the electricity supply sector, high levels of public and political 
opposition have been a key driver of nuclear power technology phase- 
out. The Fukushima accident instigated nuclear phase-out in a number 
of countries, particularly where it resonated with established anti- 
nuclear sentiments [83–86]. By contrast, coal-fired generation tech-
nology phase-out has met with organised opposition from trades unions 
and industry groups in some cases [44,87], leading to policy delays. In 
other cases, including the UK, public opposition proved less influential, 
and coal generation phase-out has been rapid [88,89]. 

The phase-out of fossil fuel heating technology has seen relatively 
little public engagement, as there has been little real change as yet. 
Although there is increasing public concern about the implications of 
global climate change [90], and organised opposition to the expansion 
and maintenance of the fossil fuel energy economy appears to be 
increasing (seen, for example, in anti-fracking movements and the 
Extinction Rebellion protests) the phase-out of fossil-fuel heating lacks 
salience for most consumers, due to the largely inconspicuous nature of 
home heating systems [91,92]. 

While public support for fossil fuel heating technology phase-out 
may grow over time, and recent increases in wholesale prices raise 
affordability concerns for the continued reliance on gas heating [93] the 
mixed reception to phase-out in the cases reviewed here suggests chal-
lenges for policy-driven phase-out of domestic technologies. Home-
owners may also face wider changes to their home heating systems and 
perhaps building fabric, so fossil fuel heating technology phase-out is 
likely to prove more disruptive than in transport. 

4.2.2. Stakeholder engagement and incumbent interests 
In all of the cases reviewed here, stakeholder engagement – partic-

ularly from incumbent business interests – played a key role in energy 
technology phase-out, alongside public policy. Some of the cases 

demonstrate a positive collaboration between public and private sectors 
in enabling phase-out, while others suggest that incumbent business 
interests threatened by change can be a powerful opponent and source of 
resistance. Across all three sectors reviewed here, in those cases where 
technology-phase-out has involved national infrastructure and large 
scale capital intensive technology (gas grids, electricity supply and 
transport), incumbents have faced major strategic challenges. Successful 
phase-out in such cases has tended to involve close public and private 
collaboration, with some incumbents having an active role in the phase- 
in of a replacement technology. 

The private sector has been a key enabler of change in the buildings 
sector. The phase-out of local gas grids in the UK and the Netherlands 
was predicated on continuing central roles for some important supply 
side interests (such as the regional gas boards in the UK), and 
compensation for others (such as Dutch State Mines, who faced losses 
from the rundown of gasified coal to manufacture local town gas and the 
direct sale of coal for heating) [59,94]. The role of the private sector 
differed in the two cases: in the UK, the transition was ‘state-led’, 
dominated by national government and corporate authorities [47], 
whereas the Dutch transition was ‘state-induced’, with responsibility 
shared between national government and two private energy companies 
[95]. 

The Dutch domestic boiler transition also involved close public- 
private collaboration, instigated and directed by a national public en-
ergy agency and a part state-owned gas transmission company, but with 
an important role for domestic boiler manufacturers in technology 
development and deployment [96,97]. Reviewing the introduction of 
condensing boilers in the UK, the Netherlands, France and Germany, 
Weber et al. [107] concluded that policy effectiveness in the 
Netherlands had relied on the engagement of a wide-ranging set of 
stakeholders, including manufacturers and installers; in the UK, by 
contrast, a small group of vested actors resisted conventional boiler 
phase-out. 

The electricity supply sector also highlights the possibility of 
incumbent resistance in energy technology phase-out. In cases where 
incumbent interests are entrenched and phase-out presents the risk of 
significant losses, incumbents are likely to resist change. For example, 
incumbent coal interests in Germany have remained powerful and have 
impeded the phase-out of coal-fired generation [98]. Similarly, Japan's 
nuclear manufacturing industry has resisted wholesale nuclear phase- 
out [99]. Where such interests are absent or weak, phase-out has pro-
gressed more readily. For example, the phase-out of coal generation in 
the UK was preceded by the much diminished influence of coal-related 
interests [39,100]. Similarly, coal generation technology phase-out in 
Ontario was in-part enabled by the absence of a domestic coal mining 
industry [43]. 

In the transport sector, some established vehicle manufacturers have 
collaborated with governments, as they seek a share in the rapidly 
emerging market for electric vehicle technologies [101]. This has led to 
voluntary pledges of ICV technology phase-out by some manufacturers, 
alongside investments in electric vehicle charging infrastructure and 
manufacturer contributions to subsidies for LEVs [102–104]. A variety 
of policy instruments have been used to engage incumbent transport 
firms, including mandatory ICV phase-out target dates, used to signal 
long term policy intent and so encourage strategic re-orientation by 
private firms [101]. More immediate policy measures have included 
imposing market quotas and providing support for innovation invest-
ment (see next section, ‘overall policy mixes’). 

In the case of buildings heating, the extent to which incumbent 
supply-side interests will continue to play a major role after the phase- 
out of fossil fuel technology is uncertain, particularly in countries 
where national gas grids provide a large amount of heat. Anticipating 
the threat that decarbonisation presents to their futures, gas-based 
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incumbent interests in the UK buildings heating sector have been 
developing evidence and lobbying for sectoral transition paths that 
involve a significant ongoing role for existing assets, using low carbon 
hydrogen or biofuels; some others with less vested interest have ques-
tioned the suitability of such solutions [25,105–108]. Although the in-
fluence of incumbents on policy making for fossil fuel technology phase- 
out is unclear, there are suggestions that it may be partly responsible for 
a prominent role for hydrogen in UK policy debates on the future of 
heating [109]. 

Stakeholder collaboration for the phase-out of fossil fuel heating also 
faces a very different organisational landscape from that associated with 
earlier gas grid transitions. Instead of a few large vertically integrated 
corporations, the UK heating sector now involves many more, mostly 
privately-owned companies, some with limited resources and short 
planning horizons [79]. As well as large upstream and midstream 
companies, incumbent interests in home heating also include many 
thousands of small installers and maintenance firms [25], with signifi-
cant possible loss of income and retraining needs [110,111]. 

4.3. Policy design issues 

4.3.1. Overall policy mixes and rationales 
Policy mixes were key factors shaping the technology phase-out 

cases reviewed here. Our evidence review suggests that an effective 
policy mix for technology phase-out relates particularly to the appro-
priate combination of supply-side and demand-side interventions, and 
also, supporting the phasing-in of a replacement technology as well as 
disincentivising the technology to be phased-out. For example, in all of 
the transport cases reviewed, national governments introduced financial 
and non-financial incentives for low emission vehicles before intro-
ducing ICV phase-out dates [112,113]. Similarly, in home heating, 
incentive programmes for condensing boilers in the UK ran for many 
years before the mandated phase-out of non-condensing boilers [96]. 

In transport, the phase-out of ICVs and the diffusion of LEVs inter-
nationally is being driven by a range of supply and demand side policy 
tools, including demand side financial incentives such as purchase 
subsidies and tax relief benefits [112]. In some countries, such as China 
and the UK, these incentives have recently been reduced as electric 
vehicle technology matures [114,115], and governments and industry 
have become increasingly confident about the direction and pace of 
change [116–118], setting up a positive feedback ‘ambition loop’ be-
tween business and government [119]. 

In addition, a range of non-financial incentives have also played an 
important role, including preferential road access and congestion zone 
relief for LEVs, and public investments new infrastructure [120–122]. 
Public procurement rules specifying a minimum proportion of LEVs in 
public authority vehicle fleets have also been introduced in a number of 
countries; in the UK, for example, national government vehicle fleets 
must be fully ‘zero emission’ by 2030 [123] [124]. 

Alongside these demand-side incentives, strong supply side measures 
are also seen in some cases –particularly in countries with established 
car manufacturing industries. These include investments in innovation 
and manufacturing for key LEV technologies such as electric batteries 
[125] and less commonly, direct financial support for manufacturers to 
invest in LEV manufacturing capacity – seen for example in China 
[108,117]. In addition, LEV sales mandates have been imposed on 
vehicle manufacturers in some cases; for example, mainstream car 
manufacturers in China and California have been required to achieve a 
minimum proportion of their total sales from LEVs by a specified future 
date [126]. 

The emerging mix of supply and demand side policy tools in home 
heating to promote fossil fuel technology phase-out has some similarities 

with those seen in transport. For example, demand side market support 
measures such as purchase grants or loans are common in both sectors, 
and mandatory targets for low carbon heating in public buildings are 
also being introduced; for example, the Scottish Government intends 
that all publicly-owned buildings to meet zero emission heating re-
quirements by 2038 [146]. However, other incentives seen in transport, 
such as granting preferential infrastructure access for low carbon tech-
nology, are inappropriate in heating. In home heating, purchase sub-
sidies for low carbon technologies remain a critical component of fossil 
fuel phase-out policy in the UK, reflecting the capital cost differential 
cost of gas boilers and heat pumps [114]. 

Supply side policies to promote low carbon innovation have also 
been less commonly seen in heating than in transport – perhaps 
reflecting the greater strategic importance of vehicle manufacturing in 
many countries. While there is a need for innovation to improve the 
performance and reduce the cost of low carbon heat technologies such as 
green hydrogen [127], R&D support takes time to have effect, and this 
sits in tension with the urgent imperative of fossil fuel technology phase- 
out suggested by net zero targets in the UK and elsewhere [128]. In this 
context, more direct and immediate market growth support for low 
carbon heating technology, such as manufacturing quotas are more 
appropriate, and the UK Government is consulting on a heat pump sales 
quota mechanism for fossil fuel boiler manufacturers [129]. 

At the same time, the less conspicuous nature of heating technology 
compared to electric vehicles means that supply side forcing is unlikely 
to be matched by demand side pull in the same way [91]. The buildings 
heating sector also involves a greater variety of national contexts than 
transport. National heat transition paths vary widely – many countries 
do not require any home heating – so international market demand and 
competition are less concerted. The lack of stakeholder consensus on the 
heat transition path within countries may also mean that supply side 
support and infrastructure transition measures – such as an emphasis on 
gas grid repurposing or electricity grid reinforcement – may be less 
focussed. 

Across all sectors, the underlying rationales for policy-induced 
technology phase-out – economic, social and environmental – under-
pin policy effectiveness and public reaction [130]. Some of the more 
successful cases of technology phase-out reviewed here relied on mul-
tiple benefit rationales, including economic and social issues such as 
local community benefit. For example, ICV technology phase-out is 
being accelerated by low emission zones (LEZs) which prohibit or 
penalise the most polluting vehicles entering a local area – a policy 
primarily intended to reduce local air pollution. LEZs are increasingly 
common in cities around the world; there are over 250 in the EU [112]. 

Multiple benefits policy rationales are arguably less important in 
heating than transport. Although heating plays a role in local air 
pollution, in developed economies such as the UK this is a generally less 
important source than transport emissions [131]. While relatively high 
levels of fuel poverty in some countries, including the UK, suggest an 
unmet demand for heating services and improved thermal comfort, 
there are likely to be more immediate ways to address fuel poverty, such 
as improved buildings insulation, energy tariff reforms or wider social 
welfare policy reform. To a greater extent than transport, heating 
decarbonisation policy is motivated by mitigating international climate 
change, rather than air quality or other multiple local benefits. More 
recently, the impact of geopolitical instability on wholesale gas prices 
has suggested energy security benefits from the accelerated phase-out of 
fossil fuel based heating technologies [93]. 

4.3.2. Voluntary or mandatory policy and the pace of change 
A key issue for technology phase-out policy is the possible prohibi-

tion of technology sale or use. Experiences in some of the phase-out 
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cases reviewed here, such as the phase-out of ICV cars in Norway, sug-
gests that prohibition may not always be necessary – although a 
voluntary approach may not drive phase-out at a pace consistent with 
overall targets for net-zero emissions. 

Conventional domestic boiler phase-out in the Netherlands and the 
UK offer contrasting experiences on the use of voluntary or mandatory 
approaches. In the Netherlands, a long period of policy support for 
condensing boiler phase-in, including consumer purchase subsidies and 
training of installers, led to the phasing-out of conventional boilers 
without mandatory regulation [96]. The domestic boiler transition in 
the UK initially took a similar form, based on voluntary, subsidised take- 
up. The rate of change, however, proved much slower than in the 
Netherlands, and the sale of conventional boilers was prohibited in the 
mid-2000s [81,96]. The use of prohibition in this case was eased by 
similarities between old and new technologies [45] and the relatively 
non-disruptive changes involved; for example, domestic gas safety 
checks allowed a non-intrusive way to certify adoption [132]. 

Changes to energy metering technology internationally have also 
involved a variety of mandatory and voluntary approaches. User in-
centives have been largely absent, with either a mandatory transition, or 
assumed willingness to change without incentives. In some countries, 
including Finland and Italy, a mandatory approach proved relatively 
straightforward, with meters widely considered the responsibility of the 
network operator [73,133,134]. In other countries (the UK, the 
Netherlands and Australia), a mandatory approach was initially adop-
ted, only to be abandoned in response to public concerns about data 
privacy and a perceived lack of a benefit for households (see Section 4.2, 
above). 

In transport, some national governments are moving from voluntary 
to mandatory policy, with prohibition dates on ICV sales – although 
typically these targets are not yet legally binding, and are issued as a 
long-term signal to manufacturers and consumers. In 2021, the UK 
Government announced the prohibition of new petrol and diesel cars 
and vans by 2030, with all new cars and vans being fully zero emission 
from 2035 [135]. While the automotive industry may value the clarity 
that these cut-off dates provide, such fundamental changes over rela-
tively short timescales, given vehicle investment and development cy-
cles, are unlikely to be universally accepted by manufacturing and 
consumer groups [136,142]. 

For consumer or domestic technologies, technology phase-out policy 
can focus on particular ‘trigger points’, such as when domestic boilers 
are replaced, or new cars purchased. However, relying on replacement 
trigger points allows the continued wider use of existing technologies, 
and means uncertain sector-wide phase-out rates. Even so, there are 
currently few firm phase-out policy commitments applying to existing 
technology or second-hand markets [101,138]. 

In the electricity supply sector, the timing and pace of phase-out is 
typically determined by a formal regulatory consultation process, with 
reference to sectoral emissions reduction targets and the suitability and 
readiness of alternative technologies. Reflecting well organised supply- 
side interests and close engagement with regulators, these processes 
have typically led to prohibition deadlines being set sufficiently far 
ahead to allow power plants to be fully amortised before phase-out 
[139]. 

The cases reviewed here suggest some risks for the mandated phase- 
out of fossil fuel heating technologies. Policymakers are likely to be 
reluctant to introduce prohibitions on use which imply retiring home-
owner assets in advance of regular replacement cycles. However, as 
fossil fuel boilers can operate for 25 years [140], achieving technology 
phase-out by mid-century without stranding homeowner assets or 
changing replacement cycles implies the introduction of a mandatory 
sales ban as early as the mid-2020s. The UK Government's current 
intention is that the sales ban is only introduced in 2035 for replacement 
boilers, and 2025 for new home [129]. Meeting net zero buildings 
emissions under these targets is therefore likely to necessitate a prohi-
bition in the use of gas boilers, such as has been introduced for oil boilers 

in Norway [141]. In addition, infrastructure phase-out involving the 
decommissioning or repurposing of gas grids would require a mandatory 
area-based approach, with most homeowners in a designated area 
converting at the same time [4].7 

5. Discussion and conclusions 

The rapid phase-out of fossil fuel domestic heating technologies has 
emerged as a key part of the accelerated energy system transition 
imperative. Translating this into a technically and economically feasible 
transformation within a generation, while also ensuring stakeholder 
engagement and public support, is a formidable policy challenge. In 
such situations, reference to other technology phase-out experiences can 
offer useful insights and familiar narratives; however, the partial and 
anecdotal use of analogues may mislead rather than inform. 

In this paper, we have drawn more fully on experiences of technology 
phase-out in the energy sector to better inform efforts to rapidly phase- 
out fossil fuel heating in buildings. We reviewed international experi-
ences of technology phase-out from three different energy sectors, 
including five cases of technology phase-out spanning twenty different 
national contexts. The cases were selected on the basis that they all 
resembled fossil fuel heating technology phase-out in some way, and 
have been cited in policy oriented debates on heat decarbonisation. 
While the rapid decarbonisation of home heating is an energy policy 
priority in many countries, our particular concern is with the UK policy 
context. The transferability of evidence is a key concern in policy 
studies, and for each of the key factors or issues we identified, our 
analysis included a consideration of relevance for fossil fuel heating 
technology phase-out in the UK. 

To encourage a more comprehensive and less selective engagement 
with evidence, and also better represent the range of interacting factors 
and issues which typically influence energy technology phase-out, we 
devised an interpretive framework in which phase-out is understood as 
an outcome of three distinctive but interacting forces: techno-economic 
factors, socio-institutional factors and policy design issues. Within this, 
and based on an inductive and grounded approach to evidence review, 
we identified seven distinctive factors or issues shaping technology 
phase-out: relative cost and performance; infrastructure and system 
context; stranded asset risks; public engagement and acceptability; 
stakeholder engagement and incumbent interests; overall policy mixes 
and rationales; and voluntary or mandatory policy and the pace of 
change. 

As the accelerated transition imperative has grown, technology 
phase-out has emerged as a significant theme in sustainable transitions 
research, and our set of factors and issues include a number of devel-
oping themes in such research. On policy design issues, for example, our 
review findings resonate with established themes in policy mix research 
on the importance of well-co-ordinated policy mixes [10,11,13], and the 
increasingly important role of mandated phase-out, using bans and 
prohibitions [21,101,142]. 

The effectiveness of mandatory phase-out dates or bans in our cases 
has been mixed: in some situations, such as the phase-out of conven-
tional domestic gas boilers in the UK, they have helped accelerate a 
technology transition. In other cases, such as the phase-out of analogue 
energy meters in some counties, they proved less successful, meeting 
with stakeholder or public opposition or disinterest, especially where 
collective and individual benefits are intangible. Other cases suggest 
that this risk can be ameliorated by minimising the direct economic 

7 There are opportunities to anticipate area-based switchovers by adopting 
hybrid technologies in advance, such as ‘hydrogen-ready’ boilers and appli-
ances [4,150]. However, hydrogen-ready boilers raise technology lock-in con-
cerns, in that they create dependency on future hydrogen fuel (which may carry 
significant levels of embedded carbon emissions, or prove to be unaffordable), 
prolonging the use of natural gas [151,152]. 
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impact of phase-out on consumers and granting responsibility for phase- 
out programmes to trusted intermediaries. 

In other cases, such as the phase-out of coal or nuclear power gen-
eration in some countries, sudden phase-out has led to adverse knock-on 
environmental or economic effects. In a context of increasing policy 
forcing by issuing prohibitions on sale or use – seen for example in 
emerging proposals to ban the future sale of new ICVs and fossil fuel 
boilers – our review suggests that the effectiveness of such measures 
depends on replacement technology cost and performance, system and 
infrastructure context and the distribution of costs and benefits across 
society – and public perception of the fairness of this distribution. Policy 
mandated phase-out needs to take into account these factors. 

While our approach underscores existing insights on energy tech-
nology phase-out on issues such as policy mixes and incumbent interests, 
we have framed these as part of an interacting set factors and issues, 
alongside others, such as infrastructure and system context and stranded 
asset risks, some of which are highly case or context specific. In this way, 
we aim to encourage more robust forms of analogous reasoning in en-
ergy transitions policymaking and research, reflecting the differences as 
well as similarities involved. 

In practice, however, policy debates on analogous evidence may only 
selectively engage with the interacting factors and issues involved, and 
this may misinform current technology phase-out efforts. For example, 
the historic phase-out of town gas in the UK and the Netherlands 
apparently closely resembles today’s fossil fuel heating phase-out chal-
lenge, in terms of the pace of change and its society-wide reach. In both 
countries, many millions of homes were converted within a decade, and 
a new heat service became widely adopted and accepted. 

However, our framework highlights important differences in historic 
and contemporary gas grid transitions, in terms of relative cost and 
performance, stakeholder collaboration and the role of incumbent in-
terests. Natural gas was readily abundant in both the UK and the 
Netherlands, had a much higher thermal capacity and was less toxic than 
the manufactured gas it replaced – factors which enabled a significantly 
superior service offering and public acceptance. Low carbon heating 
technologies have fewer techno-economic and socio-institutional ad-
vantages – they are preferable to fossil fuel technologies primarily 
because they release no carbon emissions upon combustion.8 

Historic and contemporary gas grid cases also face very different 
organisational contexts: fossil fuel phase-out requires coordination of 
many more private and public sector interests than town gas phase-out. 
In the latter, key state owned or controlled actors were able to retain a 
stake or receive compensation during phase-out. Today’s relatively 
diffuse organisational landscape makes inclusion of incumbents in fossil 
fuel heat phase-out more challenging.9 The domestic boiler phase-out 
case reflects a more contemporary context, with a strong role for 
market-based incentives and private firms. However, these cases 
involved an incremental technology change, with much less disruption 
than presented by the phase-out of fossil fuel heating technologies. 

Fossil fuel technology phase-out presents a more radical threat to 
incumbent supply interests than earlier gas grid transitions. Some recent 
transitions scholarship has acknowledged more plural roles for in-
cumbents, going beyond resistance and regime defence [24,26,27]. 
Overall, our review supports this more plural view: some incumbents 
played a positive, enabling role in some of the cases we reviewed, such 
as local gas grid phase-out, the Dutch phase-out of conventional boilers 
and in the ongoing phase out of ICVs in transport. In other cases, 
including conventional boiler phase-out and a number of cases of 

electricity generation technology phase-out, incumbents mainly sought 
to delay or resist change. 

A key determinant of whether incumbent agency was mainly resis-
tive or proactive was the prospect of a continuing significant role after 
phase-out. In the phase-out of fossil fuel heating, this prospect is chal-
lenged by the need for a rapid net zero transition, making incumbent- 
oriented replacement technologies such as hydrogen and biofuels less 
favoured – either because of residual emissions issues, or the need for 
substantial innovation before commercial deployment. Instead, recent 
independent evidence and policy strategies have emphasised the role of 
heat pumps and heat networks [141,144–146] – more established 
technologies internationally, but with weaker embedded interests in the 
UK. In this context, UK incumbent heating interests face a diminished 
role after fossil fuel technology phase-out,10 making a resistive role more 
likely. 

Although our review considered evidence from transport and elec-
tricity sectors as well as buildings, it is important to recognise sectoral 
differences as well as similarities. For example, while net zero policy 
targets imply a sectoral transition within a generation in both transport 
and heating, the transport transition is currently more advanced, 
reflecting greater consensus on the transition path, encouraging the 
setting mandatory phase-out dates by governments and proactive stra-
tegies and investments from incumbent firms. Despite a similar level of 
urgency, the heat transition currently lacks an equivalent level of 
consensus and response, in part because of the greater threat to 
incumbent interests. 

In the electricity supply sector, climate change and other environ-
mental concerns have driven impressive levels of fossil fuel technology 
phase-out in some countries – including the UK – but this has tended to 
involve upstream technological substitution, remote from most end 
users, and with technically, economically or environmentally superior 
replacement technologies. By comparison, home heating decarbon-
isation will be much more visible across society and potentially more 
expensive, at least in technology switching costs. 

The home heating technology phase-out challenge resembles other 
energy technology phase-out experiences in some respects, but it also 
presents particular challenges and opportunities. By reviewing inter-
national evidence across different sectors, technologies and countries, 
we have developed a more rounded view of technology phase-out, as 
interacting techno-economic and socio-institutional factors and policy 
design issues. Some of these feature prominently in policy debates and 
transitions research, while others tend to attract less attention. Evidence 
review can develop a fuller and ultimately more realistic view of the 
home heating phase-out challenge, and the extent to which we have (or 
haven't) been here before. 
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