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A B S T R A C T

Delivering net zero emissions requires changing patterns of energy generation, consumption and land
use. Mitigation e�orts so far have mostly focused on reducing the emissions intensity of energy. Future
decarbonisation must look outside the energy sector to disrupt markets, infrastructure, systems and
behaviour. This study quantifies the disruption to technological markets and individual behaviours
embodied in possible decarbonisation pathways for the United Kingdom. We review 12 strategies
for decarbonisation proposed by a range of sources, including public and industry bodies, academic
organisations and advocacy groups. The broad scope of perspectives yields a large set of possible mit-
igation options. A novel metric captures the embedded disruption across dual axes of technological
and behavioural change. We find a distinct bias towards technological disruption through the pursuit of
fast deployment and speculative technologies. Behavioural mitigation remains undervalued. The pre-
dominance of supply-side decarbonisation in global climate discourse means that a technological bias,
illustrated here for the UK, is seen in mitigation strategies across the world. Historical evidence shows
that technological di�usion takes decades, especially in energy markets, while behaviour change can
be swifter. A technological bias reduces the likelihood of achieving net zero global emissions in time
to limit global warming to 2˝C. To win the race against climate change, governments should rebalance
policy e�orts and spending across technological and behavioural options for mitigation.

1. Introduction
Climate change presents a risk to the future of modern

society. Governments across the world are meeting this chal-
lenge with ambitious targets to eliminate net emissions by
mid-century. Mitigation policies currently focus on decar-
bonising energy, an undeniable priority but one that alone
cannot deliver the Paris Agreement’s warming target [1]. Lim-
iting warming to 2˝C will mean disrupting markets, systems,
infrastructure and behaviour. Disruption takes time. The
closing window to entrench change means policies that en-
able near-term mitigation should be prioritised over slow-
burn strategies, at least for now. To paraphrase a well-known
aphorism, quick mitigation is good mitigation.

We consider the type and scale of disruption in the United
Kingdom’s net zero transition and what disruption means for
the pace of decarbonisation. The achievable timescale of
mitigation depends on the nature and ambition of the pro-
posed disruption. High ambition policies—those which tar-
get large changes to markets or activities—have the greatest
abatement potential. They will also take the longest time,
as physical and social infrastructure is developed. Ambi-
tious, disruptive mitigation strategies also tend to face phys-
ical barriers [2, 3], social or political pushback [4] and high
costs [5].

Specific definitions of disruption vary in the literature
[6]. The study of disruption stems from Christensen’s the-
ory of disruptive innovation, which describes how new pro-
cesses or practices exploit niches in the business sector [7, 8].
Energy and climate researchers have broadened this origi-
nal concept to consider systemic, policy-driven changes [8].
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Ketsopoulou et al. [9] define disruption as any significant
deviation from past trends that occurs in a relatively short
time frame. They contrast disruption with continuity-based
change, in which shifts occur in line with past trends. Burt
[10] defines disruption as throwing into disorder the current
state, generating consequences that persist over time. For
climate transitions, disruption is characterised by systemic
change with socio-technical interactions [11]. Some dis-
tinguish disruption from discontinuity by arguing the latter
breaks with past experience to herald a new order [10, 12].

In a policy context, disruption is related to policy inno-
vativeness. This concept describes the adoption of an in-
strument or programme that ‘tips’ a government into a new
policy regime [13]. A successful net zero transition is likely
to combine innovative policy with coordinated and inten-
tional change, which Ketsopoulou et al. [9] refer to as purpo-
sive disruption. However, sudden and unanticipated policy
changes could create disorder and increase disruption to un-
desirable levels [14].

Our study adopts a general definition of disruption as a
swift deviation from current trends. We also distinguish two
types of disruption that are relevant to climate policy: tech-
nological and behavioural disruption. Broadly defined, tech-
nologies are ‘methods, systems and devices which are the re-
sult of scientific knowledge’ [15]. Technological disruption
a�ects markets and systems on the supply-side by scaling up
new or existing technologies. Behaviour describes choices
and actions taken in an individual capacity. Behavioural dis-
ruption is any demand-side change to personal decisions or
activities.

Technological and behavioural disruption cover all mit-
igation strategies, but are not mutually exclusive. Many op-
tions involve both technological scale-up and individual de-
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Table 1

Definitions of key terms used in this analysis.

Term Definition

Technological disruption The percentage change in market share of a new or existing technology. For example, a change
in the share of renewable energy in the electricity supply.

Behavioural disruption The percentage change in the activity share of a particular behaviour or product. For example,
a change in the proportion of red meat in diets.

Mitigation option An intervention aimed at reducing emissions arising in a market or activity.
Proposed scenario The set of decarbonisation options presented in a given report.
Decarbonisation domain The list of all decarbonisation options presented in the reviewed reports.
Scale A quantitative measure of the level of ambitiousness of a proposed option.
Mitigation potential The maximum potential abatement available for a mitigation option.
Mitigation ambition The mitigation achieved by the scale of option proposed by any given scenario.

cisions, such as the deployment of heatpumps in homes. The
specific definitions for technological and behavioural dis-
ruption adopted in this study are used to quantitatively as-
sess mitigation options. Table 1 defines technological and
behavioural disruption, along with several other terms used
throughout this analysis.

Quantifying the role of disruption in decarbonisation is
relatively uncommon, given the extent of research e�ort into
low-carbon transitions. Hanna and Gross [12] review a wide
sample of energy models and scenarios to assess how dis-
ruption and continuity are represented in energy system fore-
casting. Of 763 relevant studies, only 30 explicitly assessed
disruption. In the UK, there is a growing interest in under-
standing the role of policy in energy system disruptions [9].
Johnstone et al. [11] argue that understanding how owner-
ship, actors and regulation a�ect the rate, direction and ac-
ceptance of disruption should be a core research priority for
the net zero transition. Wilson [16] assessed the appetite for
policy to support disruptive low-carbon innovation amongst
innovators and researchers, finding unresolved tensions be-
tween the need for funding, collaboration and strategy and
the risks of ‘picking winners’. Lowes and Woodman [17] il-
lustrate that policymakers themselves are unsure of the role
of policy in disruptive change. This was exacerbated by the
uncertainties inherent in system-level disruption. However,
sector-specific studies of decarbonisation in electricity [18],
transport [19], construction [20] and heating [17] highlight
the need for deliberately disruptive policies to achieve net
zero. In our review of recent disruption literature, we did
not uncover any studies that quantify the disruption of cli-
mate policy across various sectors.

Mitigation of climate damages is not the only source of
policy disruption. Governments’ responses to Covid-19 dis-
played an extraordinary appetite for disruption. Unprece-
dented behaviour change was coupled with some of the swiftest
technological advances in medical history. Short-term crises
such as Covid-19 provide an illuminating contrast to the ‘slow
burn’ emergency of climate change.

In this study we ask whether the disruption embodied
in mitigation is balanced across technological adoption and

behaviour change. We present a new method for quantifying
disruption and apply this method to decarbonisation strate-
gies for the UK. This UK-based analysis is internationally
applicable due to the similarity of proposed mitigation path-
ways in other jurisdictions. Our disruption metric is novel
and intentionally simple. We evaluate our methodology and
assumptions in Section 2.5.

The remainder of this section describes the context of
technological and behavioural change in decarbonisation. Sec-
tion 2 sets out the method used to estimate disruption. We
present the results for several proposed pathways to net zero
in Section 3. Finally, we discuss the patterns of disruption,
risk preferences and the policy implications of our analysis.

1.1. Reducing emissions with technologies
Technological mitigation is achieved using new meth-

ods, systems or devices, usually aiming to reduce the emis-
sions intensity of energy use. Reaching net zero by 2050
means deploying new technologies as quickly as possible.
Researchers have turned to past examples of large-scale en-
ergy technology adoption to evaluate plausible future de-
ployment rates of renewable generation and carbon capture.
Smil [21] estimates that coal, oil and natural gas each took
50 to 60 years to go from 5% to 50% market share. For tran-
sitions occurring since 1900, namely nuclear, gas, wind and
solar, Gross et al. [22] show the period from invention to 20%
of maximum market share tends to be slightly shorter, with
a median duration of 43 years. Lovins et al. [23] argue that
wind and solar can beat large scale technologies like nuclear
on construction speed, addition rate and required project lead
time. However, Nelson and Allwood [3] show that the inno-
vation delay between initial conception and commercialisa-
tion was around two decades longer for wind and solar than
nuclear and gas. For all four technologies, they find an aver-
age time to commercialisation of 76 years.

Di�erent types of technologies have vastly di�erent dif-
fusion rates. End-use devices, which are smaller and have a
larger potential market, can take less than a decade to pen-
etrate a market [24]. However, decarbonisation requires an
overhaul of energy generation. The studies reviewed above
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assess large-scale energy technologies, for which complex
construction and infrastructure impede di�usion [2, 3]. Wil-
son et al. [25] suggests that a more granular transition based
on smaller-scale technologies could accelerate deployment
and reduce lock-in and social opposition. Smaller units also
require more frequent replacements, increasing the rate of
advancements and updates [26]. Lovins et al. [27] show
that less infrastructure means distributed resources can re-
duce system planning, construction and the operational bur-
den of utilities. However, replacing ‘lumpy’ technologies
with granular ones could reduce coordination and security
and increase transaction costs, pollution and material waste.

The duration of di�usion depends on the political and
economic context. Countries that roll out technology af-
ter it is established elsewhere can be significantly quicker
than first movers [24]. This means that technological tran-
sitions can accelerate over time as they spread to di�erent
countries and markets. Reductions in price further acceler-
ate di�usion. Fouquet [28] evaluates 14 energy transitions
to show how high prices can reduce the impetus to switch
and lengthen the duration of change. Insu�cient govern-
ment support can also dampen price incentives for private
companies to develop and deploy technologies [29]. Capi-
talising on lower costs as well as smaller size, Lovins et al.
[27] argue that distributed energy technologies can reduce
financial risks with shorter lead times, portability and lower
fuel price volatility.

Accelerating technological di�usion is a key priority of
climate policy. Kern and Rogge [30] argue that net zero tar-
gets will herald unprecedented rates of technology change.
However, historical evidence indicates that large-scale en-
ergy transitions can take several decades. Small scale gen-
eration technologies have the potential to increase di�usion
rates and accelerate decarbonisation, as do e�ective end-use
technologies. But the required scale and pace of decarboni-
sation demands a more varied toolkit.

1.2. The role of behaviour in mitigation
Demand-side emissions arise through energy use, con-

sumption and travel. Behavioural disruption considers how
individual adjustments in these three categories can a�ect
emissions at a global scale. Changing behaviour is com-
plex. Here we review the evidence that behavioural disrup-
tion could meaningfully reduce emissions. We conclude this
section by summarising what this means for the study of dis-
ruption.

The potential for mitigation through behaviour change
is significant; the residential and transport sectors each con-
tribute 20% of UK emissions [31]. Behaviour change can
also reduce the mitigation burden on other sectors of the
economy: Roberts et al. [32] show that it can reduce the cost
of rapid decarbonisation by 10-20%. Despite this promise,
the role of behaviours in proposed decarbonisation pathways
is generally low, which Capstick et al. [33] attribute to a per-
sistent focus on direct but small-scale interventions.

Achieving broader behavioural disruption means under-
standing and tapping into the dynamics of individual decision-

making. In turn, these dynamics must be considered in their
social and cultural context. Low-carbon behaviours depend
on demographic characteristics such as attitudes and per-
sonal norms, but are also influenced by economic, physi-
cal and social infrastructure [34]. Financial incentives can
change behaviour [35]. However, cultural values and eco-
nomic development also play a large role in determining how
individuals relate to the climate challenge. Jaku�ionytė-Skodienė
and Liobikienė [36] find a significant relationship between
economic development, the perception of personal respon-
sibility and climate behaviours in European countries. Cli-
mate concern tends to be highest in cultures with particularly
high uncertainty avoidance, such as Spain and Greece [36].

Policies to disrupt behaviour must be multifaceted [37]
and address the many interconnected ways in which the pub-
lic engage with energy systems [38]. In particular, commu-
nication and the framing of climate change can have a ma-
jor impact on behaviour. Homar and Kne [39] show that
emphasising potential losses due to climate damage can in-
duce behavioural intention by capitalising on the cognitive
bias of loss aversion. Other work has found that highlight-
ing society-wide cobenefits, such as improvements in public
health or job creation, can increase engagement [40]. Loss
aversion also means that contextualising climate change in
relation to ‘big risks’ such as atmospheric tipping points can
increase public concern [41]. However, doubt that individ-
uals can achieve meaningful change can reduce the impetus
to change behaviour [42].

Technology and behaviours are interconnected. Dietz
et al. [35] estimated that households could reduce emissions
by around 20% with little or no reduction in wellbeing, largely
through the adoption of new technologies or changes in how
they use existing ones. However, the success of an interven-
tion can depend on its complexity: technologies that require
constant interaction can have limited, or even negative im-
pacts [43]. Education about technology use may be able to
improve outcomes for complex interventions. van den Broek
[44] suggests addressing energy literacy gaps by explaining
how behaviours and financial co-benefits can reduce energy
demand. Nonetheless, Adua [43] shows that interventions
that require a one-o� decision or action should be prioritised
over equivalent interactive ones.

Behavioural disruption has the potential to accelerate mit-
igation, despite the complexities of changing public beliefs
and norms. Nelson and Allwood [3] compare the duration of
historical energy and social transitions. Changes driven by
social concern—over, for example, ozone depletion or the
health risks of asbestos—take decades less than the roll out
of large energy technologies. Characteristic of many histor-
ical shifts, notably the ban of ozone depleting substances,
are ‘social tipping interventions’ [45]. These policies capi-
talise on rising social concern to activate exponential trans-
fers of behaviours, norms, technological adoption and struc-
tural reorganisation. Initiating these dynamics could create a
multi-level shift in lifestyles to decarbonise society relatively
swiftly [46].

The extensive research on low-carbon behaviours illus-
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Figure 1: The method used to evaluate the behavioural and technological disruption embodied in decarbonisation proposals.

trates both the opportunity and complexity of achieving be-
havioural disruption. Our study’s method is intentionally
simple and we omit some of these complexities. However,
by disseminating disruption into its behavioural and techno-
logical components, we can measure the role of behaviour
in decarbonisation. Our methodology, detailed below, ad-
vances e�orts to quantify the di�usion of low-carbon be-
haviours.

2. Materials and methods
We evaluate the balance of disruption in mitigation pro-

posals in three stages. First, we review several reports that
each propose a set of options to reduce emissions (Section
2.1). Our method determines comparable lists of policy op-
tions from the decarbonisation proposals. Second, we de-
velop a metric to capture the technological and behavioural
disruption embodied in the proposals (Section 2.2). Finally,
we estimate the mitigation potential of each decarbonisation
option (Section 2.3). We provide example calculations in
Section 2.4 and discussion the limitations of our method in
Section 2.5. Our method is summarised in Figure 1. Details
about mitigation options and scenarios are available in the
supplementary material.

2.1. Identifying decarbonisation scenarios
Table 2 summarises the 12 scenarios assessed in this

study, drawn from seven decarbonisation reports that cover
a broad range of sectors including industry and advocacy
groups and a government advisory committee.

2.1.1. Sampling method
In selecting decarbonisation scenarios, we had three ob-

jectives. First, to obtain a large set of mitigation options.
Second, to survey a broad set of di�erent perspectives. Third,

to include reports that were both ‘close’ to and ‘far’ from
government policymakers. Candidate reports were identi-
fied based on an internet search for ‘UK decarbonisation’
(and synonyms). Our focus on policy proposals, including
grey literature, meant we chose not to limit our search to
academic databases such as Scopus. Given that we are in-
terested in the policy impacts of potential scenario bias, we
ranked candidate reports by our estimates of their political
influence.1.

We then collected mitigation options from each report,
proceeding by rank and stopping once our sample was satu-
rated. At this point, new reports contributed marginally dif-
ferent scales of mitigation but o�ered no new options. While
not an exhaustive list of decarbonisation proposals for the
UK, the reviewed reports satisfy our three selection criteria
and provide a representative view of the optimal pathways
to net zero. The 12 scenarios capture a varied set of per-
spectives on the challenge and, importantly, yield a diverse
domain of mitigation options.

2.1.2. Classifying mitigation options
Identifying consistent decarbonisation scenarios involved

detailed reviews of proposed mitigation options, including
scale and implementation method. Merging the scenarios
provided a set of 98 mitigation options constituting the de-
carbonisation domain. We then identified which of the 98
options were proposed in each scenario to generate compa-
rable results. The final step was to cross-check the origi-
nal reports with the decarbonisation domain using a key-
word search for each option. The detailed mitigation options,
along with each report’s specific proposal, can be found in
the supplementary material.

1As Braunreiter and Blumer [54] point out, some reports may have less
influence due to researchers’ and policymakers’ perception of the quality of
the author organisation.
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Table 2

List of decarbonisation scenarios. Scenario ambition provides a brief overview of the goals of each scenario, along with the
emissions reduction target.

Source Scenario Scenario ambition

Government reports

Climate Change
Committee (CCC) [47]

Further ambition Significant decarbonisation along with roll out of new technologies reduces
emissions in 2050 by 96% compared to 1990.

Advocacy groups

Centre for Alternative
Technology [48]

Central Cross-sector and technically feasible scenario reduces emissions by 92% com-
pared to 2020 by 2030.

Friends of the Earth [49] Central Utilises new technologies to achieve net zero emissions by 2045.

Greenpeace [50] Central Socially fair, government-driven strategy based on proven technologies that
achieves net zero emissions by 2050.

Academic reports

UK Fires [51] Central Improving industrial strategy and reducing energy demand to eliminate emis-
sions by 2050 based on today’s technology and incremental improvements.

Deep Decarbonisation
Pathways Project (DDP)
[52]

Decarbonise and
expand

Near-term power decarbonisation with strong policy support, widespread
electrification and CCS to reduce 2050 emissions by 86% compared to 2010.

Multi-vector
transformation

Slower electrification and higher reliance on non-electric energy that reduces
emissions in 2050 by 90% compared to 2010.

Reduced
demand

Supply-side decarbonisation moderated by demand reductions, motivated by
policy across a number of sectors. Achieves 83% emissions reductions in
2050 compared to 2010.

Industry bodies

National Grid (NG) [53] Steady
progression

Slowest credible decarbonisation, hindered by minimal behaviour change and
no decarbonisation in heat, which reduces emissions in 2050 by 68% com-
pared to 1990.

System
transformation

Large-scale shift towards hydrogen for heating and supply side flexibility, but
low consumer engagement and lower efficiency. Achieves net zero emissions
by 2050.

Consumer
transformation

High consumer engagement and demand-side flexibility, supported by elec-
trified heat and energy efficiency. Achieves net zero emissions by 2050.

Leading the way Fastest credible decarbonisation, requires significant lifestyle change and a
mix of electrification and hydrogen. Achieves net zero emissions by 2050.

Some reports mentioned the merits of potential options
but did not directly propose them, such as the ‘speculative
options’ proposed by the Climate Change Committee [47].
Speculative proposals were not included in the decarboni-
sation domain. Even for directly proposed options, creat-
ing a comparable decarbonisation domain occasionally re-
quired merging similar options across di�erent proposals.
We merged options where the implementation or intent of
the proposals were the same.

2.1.3. Direct and indirect mitigation options
Decarbonisation options are classified as achieving di-

rect or indirect mitigation. Direct options reduce the energy-
intensity of an activity, or cut emissions from energy gener-

ation, agriculture, land use or industry. Indirect options en-
able mitigation through other avenues. For example, produc-
ing hydrogen using electrolysis or steam methane reforming
does not reduce emissions (indeed, it will increase emissions
unless the electricity is carbon-free or the steam methane re-
forming is paired with carbon capture and storage). How-
ever, replacing fossil fuels with hydrogen in transport, heat-
ing and energy generation supports mitigation in these sec-
tors. Indirect options cannot be linked to emissions reduc-
tion so are treated separately in the analysis.

2.2. Disruption metric
We quantify the disruption of mitigation options based

on the proposed change in the associated market or activ-
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ity. Following the definitions given in Table 1, technological
disruption describes changes in the market share of a tech-
nology; behavioural disruption is changes in the behaviour
share of a given activity.

Our disruption metric is based on the percentage change
in the market or activity between 2020 and 2050. We take
the absolute value since change is disruptive regardless of
direction, and use the natural logarithm to temper large dif-
ferences across options. Letting i be the option, p the pro-
posed scenario and d the type of disruption (technological
or behavioural), then disruption is given by:

Disruptioni,p,d =

ln
ÛÛÛÛÛ
100 ù

Target sharei,p,d * Baseline share in 2020i,d
Baseline share in 2020i,d

ÛÛÛÛÛ
We calculated the baseline using contemporary statistics

for the technology or behaviour share in 2020, except in two
cases. If an option related to e�ciency, we indexed the base-
line to 2020 and measured relative improvements. Similarly,
when the relevant baseline was the size of the market rather
than a market share, such as for reducing ceramics consump-
tion or total distance travelled, we again indexed changes to
2020. For each option, the target scale was identified in the
detailed review of policy scenarios. The scale was usually
described quantitatively (‘an 80% reduction in sales of emit-
ting vehicles’) but was occasionally more vague (‘a signif-
icant shift towards electric vehicles’). In the latter case we
allocated a quantitative value proportional to the implied am-
bition. When the target did not match the identified market
or activity in the baseline, we assumed a proportional shift
consistent with the proposal’s description.

Using percentage rather than absolute change gives an
indication of the ease of transition by capturing the size of
the existing market. For example, going from 50% to 60%
market or behaviour share is less disruptive than going from
0.1% to 10.1% because the established option has existing
physical or social infrastructure to swiftly facilitate growth.
Some proposed options do not currently exist at market scale,
such as hydrogen, CCS or demand-side response technolo-
gies [55, 56, 57]. In such cases, a 0% baseline share was
replaced by 0.0001% to enable calculation while still captur-
ing the barriers to implementation.

2.2.1. Identifying the relevant market and activity
Quantifying disruption required first identifying the rel-

evant market or activity for each proposed option. This was
straightforward for most options: reducing meat consump-
tion is related to eating; increasing o�shore wind a�ects the
electricity market. However, in some cases—particularly
cases where an option a�ected both markets and behaviour—
it was less obvious. Table 3 provides examples from di�er-
ent sectors to illustrate how we identified relevant markets
and activities. Our examples describe the most disruptive
options in each sector. Where relevant we include an ex-
ample with both technological and behavioural disruption.
Additional notes and the classifications for all 98 mitigation
options are provided in the supplementary material.

2.2.2. Assessing the disruption metric
Our chosen metric is based on simple measures: the pro-

posed change in market or activity share of a technology or
behaviour. We considered several alternatives, including the
readiness level of the technology, market concentration, and
the social acceptability of the behaviour. These factors are
important in disruption. However, we believe our chosen
metric is the most transparent method to quantify disruption.
Possible extensions to the metric are discussed in Section
2.5.1.

Assessing whether our results can, as we hope, be inter-
preted as disruption is di�cult because no other studies per-
form similar analysis. However, we can take some guidance
directly from the report produced by the Climate Change
Committee (CCC). It estimates that 9% of emissions reduc-
tions in its scenario arise from changes in societal or con-
sumer behaviours, 38% from deployment of low carbon tech-
nologies, and 53% from a combination of technology and be-
haviour change [47, p. 155]. Using our classification, 9% of
the CCC’s mitigation options involve only behavioural dis-
ruption and 73% involve only technological disruption. The
remaining 17% require a combination.

Our classification of behavioural mitigation options shows
close agreement to the CCC’s own estimates. However, the
CCC allocates far more mitigation to options which combine
technological and behaviour changes than under our defini-
tions. Although it does not explain the categorisation, we
suspect that the discrepancy occurs because the CCC defines
societal and behavioural changes more broadly than we do.
Specifically, the CCC may classify changes in supply-side
practices as societal changes, and so identify more options as
combining societal and technological change. For example,
changing building codes would require construction work-
ers to adjust their behaviour and possibly retrain. This may
constitute societal change to the CCC, combined with tech-
nological change in low-carbon building materials. In con-
trast, we would classify it as a solely technological disrup-
tion because it is a supply-side adjustment. We stand by our
behavioural classification method as the best way to capture
the demand-side disruption of mitigation options. However,
adding a category of market disruption is a potential area for
future research.

2.3. Estimating mitigation
Disruption can be thought of as the risk embodied in a

decarbonisation scenario; mitigation is the return. Here we
describe the process of estimating mitigation for the 98 pro-
posed options. We distinguish mitigation potential and am-
bition. Mitigation potential describes the maximum possi-
ble emissions reduction for any option in the decarbonisa-
tion domain. Mitigation ambition considers the emissions
reduction from a proposed scale of technology or behaviour
share, and applies to specific decarbonisation scenarios.

2.3.1. Global emissions shares
The first step to calculate mitigation potential of decar-

bonisation options is to identify the emissions produced by
the relevant market or activity. We calculate these emissions
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Table 3

Classifying the market and activity of mitigation options in different sectors of the economy.

Sector Option Technological market or behavioural activity (and relevant share)

Agri-
culture

Hydrogen in farm vehicles and
machinery

Market: Farm vehicles and machinery (share using hydrogen)

Reduce meat consumption Activity: Eating (red meat share of adult energy intake)

Build- Hydrogen in new homes (1) Market: New build homes (share with hydrogen heat)
ings Reduce home temperatures Activity: Home heating (share of time spent in heated home) (2)

Hydrogen heat in Market: Existing homes (share with hydrogen heat)
existing homes (3) Activity: Retrofit decisions (share of existing homes with low carbon heat) (4)

Carbon
removal

Direct air CCS Market: Negative emissions (share of emissions captured, benchmarked to 2020)
(5)

Use wood in construction Market: New build homes (share with timber frames)

Energy
supply

CCS with fossil fuels Market: Electricity generation (share of electricity from fossil fuels with CCS)

Shiftable energy demand Activity: Energy use (share of homes with shiftable demand)

Industry Hydrogen industrial heat Market: Industrial heat (share from hydrogen)
Use products for longer Activity: Product purchase and use (share of consumers considering environment

in purchase and use decisions) (6)
Limit steel production Market: Steel production (share produced using scrap)
and recycle steel Activity: Steel use (consumption, benchmarked to 2020) (7)

Land Develop biomass crops Market: Arable land use (share used for biomass)
use Restore peatland Market: Peatland restoration (share in restored state)

Activity: Land availability (restored peatland as share of total land) (8)
Increase forested area Market: Afforestation (forests as share of total land)

Activity: Land availability (forests as share of total land)

Trans- Ammonia for shipping Market: Shipping fuel (share using ammonia)
port Reduce total travel Activity: Travel (overall distance, benchmarked to 2020)

Electrify cars Market: Passenger cars (electric share of car stock)
Activity: Car purchase decisions (electric share of car sales)

Waste Reduce emissions from water
management

Market: Water management (emissions from waste water management, as share
of 2020 emissions)

Reduce all waste streams Market: Commercial and industrial waste (share of total, benchmarked to 2020)
Activity: Residential waste (share of total, benchmarked to 2020)

(1) Where changes are made to new homes, we assume that the responsibility for meeting building standards falls on the
construction industry and individual decisions (house purchasing) are not affected. (2) We estimate this based on home
occupancy factors and an estimation of the heating season [58, 59]. (3) Retrofits require both technological deployment in the
construction market, and behaviour change by homeowners. (4) We assume the behavioural decision to install low carbon
heating is the same across modes (electric and hydrogen). (5) We benchmark to 2020 emissions for CCS because estimating as
a share of projected emissions inflates disruption as total emissions falls. (6) This is exceptionally difficult to judge. We assume
that consumers who take environmental considerations into account is approximately equivalent to the share for whom
durability is important. Using survey results introduces questions of stated preferences versus revealed actions, but we did not
uncover any useful statistics indicating revealed actions for use-life of consumer goods. (7) Where the option requires an
absolute reduction in a technology or behaviour, we benchmark to 2020. (8) Restoring peatland and afforestation affects
individuals by reducing space for building, while potentially creating more recreational space.

shares using the global emissions Sankey diagram in Ba-
j�elj et al. [60]. Their study traces emissions from final ser-
vices, such personal travel, thermal comfort, construction of
buildings and so on, through sector, equipment, device, fi-

nal energy, fuel and emissions. Di�erences between the UK
and global economies means we over- or under-estimate true
mitigation for some options. However, no such analysis ex-
ists for the UK. BEIS [31] provides emissions data for some
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categories but not for final uses, and attributing emissions to
final uses is extremely challenging. Existing UK Sankey dia-
grams are produced only for energies and exclude end uses.
The Baj�elj et al. [60] framework o�ers an internally con-
sistent method to estimate mitigation for options acting at
di�erent points of the supply chain and across di�erent mar-
kets.

The mitigation potential for each option depends on the
existing emissions intensity of the market or activity. To es-
timate this we locate the option within a relevant class in the
emissions Sankey diagram [60] by determining where along
the supply chain the option acts, from end-user service to
energy use. Within that class, the option is allocated a cate-

gory that yields an estimate of the global emissions arising
from that activity or market. We then multiply the category’s
share of global emissions by the UK’s influenceable emis-
sions.

2.3.2. The UK’s influenceable emissions
The emissions influenced by UK policy are those gen-

erated in UK production, embodied in imports and arising
from international aviation and shipping. Production emis-
sions are provided by BEIS [31]. We estimate imported emis-
sions based on Davis et al.’s [61] analysis of the carbon-
intensity of trade, which finds that imports equate to 55%
of production emissions in the UK. Aviation and shipping
emissions are estimated by adjusting reported figures [31]
to include the e�ect of radiative forcing that increases the
global warming potential of air travel [62], based on con-
version factors provided for organisational greenhouse gas
reporting [63]. These three emissions sources give an esti-
mate of 780MtCO2e.

2.3.3. Maximum potential mitigation
Mitigation options may not a�ect all emissions arising

from a market or activity. We determine scaling factors for
each option based on the share of category emissions that
an option can reduce. Technology scaling factors reflect the
maximum practicable deployment. For behavioural options,
maximum mitigation relates to what Dietz et al. [35] call
‘plasticity’: the maximum potential adoption of e�ective in-
struments. Scaling factors therefore ensure realism in our
mitigation calculations.

Multiplying UK category emissions by the scaling factor
yields maximum potential mitigation. Our scaling assump-
tions over the electricity and hydrogen supply are particu-
larly important.2 Mitigation from electrification depends on
the availability of non-emitting electricity. We assume an
unlimited supply of renewable generation. Similarly, we as-
sume that the production of hydrogen is non-emitting. Any
option based on the use of hydrogen therefore implies a par-
allel increase in either steam methane reforming with CCS
or renewable-powered electrolysis. Both processes face high
barriers to scale that could constrain hydrogen production.

2These are strong assumptions. The availability of non-emitting elec-
tricity and, particularly, the nature and scale of future hydrogen production
are two of the most challenging issues in achieving decarbonisation. Cal-
culations under this assumption are intended as technical maxima.

2.3.4. Estimating mitigation ambition
Mitigation ambition relates the mitigation potential to

the target scale in a given scenario. To calculate ambition we
first define a maximum possible share for each option within
the context of the identified market or behaviour change. For
example, for an option applied to new homes, the maximum
share is 100%, meaning that all new builds adopt the change.
We then calculate the ambition ratio given the proposed am-
bition of intervention in each scenario. Again letting i be
the option, p be the proposed scenario and d be the type of
disruption, then:

Ambitioni,p,d =

Target sharei,p,d * Baseline share in 2020i,d
Maximum sharei,d * Baseline share in 2020i,d

Where an option implies both technological and behavioural
change, we take the higher ambition across the two disrup-
tion types to capture the dominant e�ect. Mitigation ambi-
tion is given by:

Mitigation ambitioni,p =

Maximum potential mitigationi ù Ambitioni,p

2.4. Illustrating our method with examples
We clarify our method further with example calculations

of disruption and mitigation for three options proposed by
the Centre for Alternative Technology (CAT) [48]. The first
option is reducing beef and lamb consumption, which re-
quires no technological adoption but significant behaviour
change. Second, installing energy and thermal e�ciency
measures in new homes will require suppliers—builders, ar-
chitects and developers—to change practices and technol-
ogy. No behaviour change is necessary from home buy-
ers. The third option is electrifying road passenger trans-
port. This blended option generates technological and be-
havioural disruption: it requires both the technological dif-
fusion of electric vehicles and individual behaviour changes
by car buyers.

Table 4 provides the information necessary to calculate
technological and behavioural disruption, using the method
described in Section 2.2. Table 5 illustrates the calculations
described in Section 2.3 to calculate the mitigation ambition
for each option. These tables are drawn from our supplemen-
tary material, which provides these data and assumptions for
all proposed mitigation options.

2.5. Evaluating our method
Our method provides a novel, transparent and easily-evaluated

measure of disruption. It is a first pass at quantifying tech-
nological and behavioural change across a broad swathe of
mitigation options. Here we discuss assumptions and possi-
ble limitations.
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Table 4

Example disruption calculations for options proposed by the Centre for Alternative Technology [48].

Technological factors Behavioural factors Centre for Alternative Technology

Market 2020
baseline

Activity 2020
baseline

Market share Technological
disruption

Behaviour
share

Behavioural
disruption

Reduce beef and lamb consumption

Eating (red meat share of adult diet
by energy intake) [58]

6% N/A 0 0.48% (1) 4.5

Install energy and thermal efficiency measures in new residential builds

Construction (share of new homes at
EPC level C or above) [64] (2)

94% 100% 1.8 N/A 0

Electrify road passenger transport

Passenger vehicles (share of car stock
that is electric or hybrid) [65]

2.3% Car purchasing (share of car sales that
are electric or hybrid) [66]

8.1% 90% 8.3 100% 7.0

(1) CAT targeted a 92% reduction in beef and lamb consumption. (2) Energy Performance Certificates (EPCs) measure efficiency of buildings.

Table 5

Example mitigation calculations.

Global emissions share UK maximum mitigation Centre for Alternative Technology

Class Category Activity or market
share

Category
emissions

Scaling
factor

Mitigation
potential

Ambition factor Mitigation ambition

Reduce beef and lamb consumption

Land use Livestock; pasture (1) 58%; 36% 34MtCO2e 1 34MtCO2e 0.92 31MtCO2e

Installing energy and thermal efficiency measures in new homes

Final service Residential thermal comfort 5.5% 43MtCO2e 0.05 (2) 2.2MtCO2e 1 2.2MtCO2e

Electrify road passenger transport

Equipment Car 6.9% 54MtCO2e 1 (3) 54MtCO2e 1 54MtCO2e

(1) We make several assumptions to allocate enteric fermentation and land use emissions to cattle and sheep stock: see supplementary Table 14. (2) We assume that an energy
efficient home produces 24% less emissions than average home [67]. In 2050, 21.5% of housing stock in 2050 will be new [51, 68, 69, 70] (3) We calculate technical maxima so
assume non-emitting electricity.
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2.5.1. Assumptions of the disruption metric
Our disruption metric implicitly captures the di�culty

of scaling technological and behavioural adoption by com-
paring a proposal to today’s baseline. However, it does not
explicitly consider the barriers themselves, including cost. A
more explicit consideration of the complexity and potential
non-linearity of mitigation options would improve the metric
but requires extremely detailed analysis for every mitigation
option. Adding a component to capture the readiness level
of a technology or the penetration of social norms would in-
flate the disruption of options which are more technologi-
cally or socially abstract. Incorporating cost would increase
the disruption of demand-side policies which rely on indi-
vidual investment. This could help identify options where
government subsidies would have the most e�ect.

Disruption depends on time: the same change over a
shorter period of time will be more disruptive to markets and
behaviours. Our metric does not take into account the ef-
fect of di�erent proposed timescales across scenarios. This
means that our calculations underestimate the disruption em-
bodied in the scenarios from CAT and Friends of the Earth,
which aim to achieve net zero before 2050 [48, 49]. How-
ever, net zero has been legislated for 2050 in the UK. We
focus on the di�erent combination of mitigation options to
achieve this target, rather than variations on the target itself.
Incorporating the time horizon of mitigation options is an
important area for future research in quantifying decarboni-
sation disruption.

We apply our disruption metric to a descriptive analysis
of decarbonisation reports. The dearth of quantitative re-
ports on behavioural mitigation options limits our analysis.
Studies on the potential for socially-driven decarbonisation
[e.g., 71] would yield a more behaviourally disruptive sce-
nario, but have yet to provide a quantitative pathway to net
zero. They were therefore not included in our review. More-
over, we may have overlooked a set of particularly disrup-
tive interventions, such as geoengineering, by focusing on
relatively mainstream sources. While our analysis considers
policies that are perhaps most politically realistic, a wider
net may provide a more complete picture.

2.5.2. Assumptions in estimating mitigation
We chose to estimate the UK’s influenceable emissions

by combining territorial emissions with estimated emissions
from imports, aviation and shipping. Two alternative calcu-
lations were considered. The first calculates imported emis-
sions using the share of emissions embedded in trade [72, 73,
74]. This method yields an estimate of 710MtCO2e, 9% less
than our central estimate. The second combines consumption-
based emissions [75] with estimates of land-use emissions
[31] and export emissions [61]. This gives emissions of
830MtCO2e, 6.1% higher than our central estimate. From
these two alternatives, we take the higher discrepancy of 9%
as the uncertainty in mitigation potential.

Our mitigation estimates provide a signal for each op-
tion’s environmental return, rather than an exhaustive calcu-
lation of the embodied mitigation. Calculations are there-

fore subject to the double counting caveat. Proposed options
are interdependent; mitigation is contingent on the order in
which they are applied. For example, reducing electricity
demand cuts emissions only if electricity is generated using
fossil fuels. If all electricity is non-emitting, these measures
do not reduce emissions. This interdependence means the
mitigation potential across all options will sum to more than
current UK emissions. Our mitigation estimates should not
be treated as integrated projections of scenario emissions.
Instead, they can be used to compare mitigation options.

3. Results
Our survey yields a set of 98 mitigation options and 538

proposed policies across the 12 decarbonisation scenarios.
Here we present the disruption and mitigation results. The
analysis depends on our classification of options and the dis-
ruption metric itself. Further detail on each individual option
is given in the supplementary material.

Table 6 provides summary statistics across eight sectors
of the economy. The most technologically-disruptive sec-
tors are industry and carbon removal, driven by the adoption
of CCS and hydrogen or electricity for industrial processes.
High technological disruption in energy supply also arises
from CCS and hydrogen, as well as the development of en-
ergy storage. Installing heat pumps and developing hydro-
gen for heating and cooking creates technological disruption
in the building sector.

Mitigation in buildings is the most behaviourally disrup-
tive sector. Demand-side interventions such as retrofitting
houses require both technological and behavioural disrup-
tion. Homeowners must decide whether to retrofit and which
technologies to install. Behavioural end-use changes, such
as home heating practices, can be highly disruptive but were
only proposed in half of the surveyed reports. Land use
changes including restoring peatland and expanding forests
cause behavioural disruption by limiting the availability of
land for building development. Disruption in agriculture and
transport is created by demand-side interventions including
changing diets, purchasing electric vehicles and using more
public transport.

3.1. Disruption under maximum ambition
Each mitigation option has a maximum possible ambi-

tion. This maximum scenario does not necessarily reflect the
surveyed proposals, but rather takes their suggestions to the
logical extremes. Maximum ambition may be 100% adop-
tion of a new technology or behaviour or complete elimina-
tion of current emitting practices. The disruption and miti-
gation associated with the maximum ambition scenario are
presented in Figure 2. Bubble size indicates how each op-
tion compares in environmental e�cacy. For clarity, we la-
bel only some of the mitigation options.

Most options in the maximum scenario are more techno-
logically than behaviourally disruptive. Many rely entirely
on technological disruption; the decarbonisation of electric-
ity generation and industry require little behaviour change.
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Table 6

Summary statistics for the 538 proposed decarbonisation options collected in this study, by sector.

Sector Number of

options

Number of

proposals

Average mitigation

(MtCO2e)

Average

technological

disruption

Average

behavioural

disruption

Agriculture 9 27 11 4.6 2.1
Buildings 15 108 11 6.2 2.3
Carbon removal 3 7 25 7.7 0
Energy supply 18 143 56 6.4 0.83
Industry 18 91 32 7.7 1.2
Land use 5 14 10 4.6 2.2
Transport 23 130 18 8.1 1.9
Waste 8 19 3 3.2 1.8
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Figure 2: The maximum disruption and abatement for all mitigation options. The size of the bubble gives the relative mitigation
potential.
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In aggregate, hydrogen and CCS are the most disruptive tech-
nologies, driving change in buildings, transport, industry,
energy and carbon removal. While overall behavioural change
is low in the energy sector, shiftable energy demand is the
most disruptive option for both technological and behavioural
change. Shiftable energy demand, sometimes called demand-
side response, increases the flexibility of the electricity grid
by automatically reducing demand in periods of high sys-
tem stress. Such flexibility is critical in an electricity sec-
tor with a high share of intermittent renewable generation
[53]. Shiftable demand needs new technologies to adjust en-
ergy use, such as smart appliances and vehicle charging, and
requires individuals to change energy use behaviours. The
high disruption of this option reflects both its important role
in decarbonisation and its low 2020 market share.

Purely behavioural options tend to be significantly less
disruptive than technological alternatives. Interesting results
are seen in the building sector. Insulation is less disrup-
tive than electrifying heat, but is associated with less mit-
igation. This is partly a result of our methodology. For the
maximum ambition scenario we assume that the electricity
grid is decarbonised, so electrifying heat eliminates all res-
idential heat emissions. In contrast, insulation can reduce
residential emissions by up to 24% [76], all else remaining
equal. Of course, this understates the importance of insula-
tion. During the transition to net zero, insulating homes will
reduce electricity demand and limit emissions from the not-
yet-decarbonised grid. In a 2050 snapshot, however, electri-
fication eliminates more emissions. Returning to disruption,
Figure 2 shows that insulating new homes requires no be-
havioural disruption but generates less mitigation than retrofits.
New buildings are the responsibility of supply-side parties
whose decisions are not captured in our behavioural classifi-
cations. Changing new build practices might be easier than
retrofitting but provides less mitigation because the vast ma-
jority of homes in the 2050 housing stock have already been
built.

The behavioural options in our analysis may generate
spillover technological disruption. For example, lab grown
meat is a technologically-disruptive substitute to beef and
lamb. Similarly, communication and virtual reality tech-
nologies may grow if international travel declines. How-
ever, our analysis focuses on the mitigation option itself,
and is confined to what is suggested in the surveyed reports.
Deeper inspection of the options is warranted and welcome.
Our intention in this high-level analysis is to highlight the
many interesting questions that we face in the next three
decades of disruptive decarbonisation.

3.2. Disruption in the proposed decarbonisation
scenarios

The proposed decarbonisation scenarios convey a heavy
reliance on technological disruption, albeit a more muted
one than under maximum ambition. We perform cluster anal-
ysis on the 538 proposed mitigation options to identify groups

with similar characteristics.3 This allows us to assess the
scenarios more generally. Figure 3 shows the results. Each
cluster is labelled with a summary of the grouped options.

The most technologically disruptive cluster relies on un-
proven technologies. Proposed mitigation options in this
cluster include direct air CCS and hydrogen. Both options
could provide significant emissions savings, but are highly
speculative and require investment and time to become vi-
able. The most commercially viable iteration of direct air
CCS has not yet progressed beyond proof-of-concept [56].
Hydrogen can be e�ective in transport and energy, but faces
high barriers to scale due to large carbon-free energy require-
ments [55]. Despite the drawbacks, these speculative op-
tions are considered important in most decarbonisation pro-
posals.

There are no highly disruptive purely behavioural op-
tions. In part, this is because most decarbonisation behaviours
already exist to some extent. Unlike some technologies, be-
havioural options do not usually start from a 0% baseline,
meaning their disruption is lower. For example, the behavioural
option which provides the most mitigation is an increase in
the lifetime of consumer goods, proposed by Greenpeace and
others. This option reduces emissions by cutting material
use. Such a broad recommendation is hard to measure; we
use consumers’ beliefs over the importance of longevity in
purchase decisions to proxy behaviours to increase goods’
lifetimes. Although this is a di�cult transition, people al-
ready acknowledge its importance, reflected in the non-zero
2020 baseline. Similarly, improvements to domestic waste
management build on existing behaviours. Options a�ecting
diets—reductions in meat and dairy consumption—confer
relatively little behavioural disruption because these prod-
ucts constitute a small share of the average diet.

Along with lower disruption, interventions which depend
on behavioural change generally have a lower scope for mit-
igation than their technological counterparts. There are no-
table exceptions. Our results suggest limiting material de-
mand could eliminate a similar amount of emissions as elec-
trifying the car fleet. Halving meat consumption would pro-
vide about the same mitigation as retrofitting appliances in
all homes. Despite these potentially appealing comparisons,
Figure 3 highlights the relative dearth of behavioural op-
tions. This reflects both the challenges of behaviour change
and the under-exploration of large scale demand-side miti-
gation.

Four clusters create both technological and behavioural
disruption by requiring consumer uptake of new technolo-
gies and systems. The two least disruptive of these are reduc-
ing waste and switching travel modes, and electrifying and
retrofitting homes. These are common demand-side strate-
gies that appear in all 12 proposals. The cluster of options
utilising hydrogen in buildings and cars is a translation along
the technological axis of electrifying and retrofitting homes.

3We use k-means clustering and determine clusters using the elbow
method, which finds the number of clusters that most reasonably balances
reductions in the sum of the squared errors against the total number of
clusters. Two similar low technological disruption clusters are grouped for
brevity and an outlier is omitted.
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Figure 3: The technological and behavioural disruption for all mitigation options proposed in the scenarios. The size of the
bubble gives the relative mitigation potential. Cluster analysis identifies different segments of decarbonisation strategies.

The choice between electricity or hydrogen power does not
materially a�ect the decision over whether to buy a low car-
bon car or retrofit heating. However, carbon-free hydrogen
is far more technologically disruptive. The final cluster of
supply- and demand-side disruption is the roll out of shiftable
energy demand. This option requires technological and be-
havioural change and has low current adoption.

3.3. Comparing decarbonisation scenarios
The proposed mitigation options in all scenarios are skewed

towards technological disruption. However, some scenarios
rely on technology more than others. Figure 4 shows disrup-
tion in the 12 proposed scenarios. In the proposals from the
Climate Change Committee and National Grid (NG), at least
84% of options have higher technological than behavioural
disruption. The least disruptive scenario was proposed by
UK Fires, in which 66% of options were more technologi-
cally than behaviourally disruptive. This proposal aimed to
‘respond to climate change using today’s technologies with

incremental change’ [51, p. 1]. The outcome is a decar-
bonisation scenario that implies relatively little disruption
to markets and lives.

Yet even the most technologically conservative report we
surveyed provided less than half of mitigation through be-
haviour change. Figure 5 aggregates the results of Figure
4 to show the average disruption across all options in each
scenario. Every proposal lies below the diagonal, indicating
a greater reliance on technological over behavioural disrup-
tion.

4. Discussion
Our results illustrate an imbalance between technologi-

cal and behavioural disruption in the net zero pathway. We
discuss whether this constitutes a bias in climate policy, and
why such a bias might arise. We then consider what it means
for wider observations about disruption preferences, partic-
ularly in light of the Covid-19 pandemic.
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Figure 4: The technological and behavioural disruption of the mitigation options, for each of the 12 decarbonisation strategies
reviewed. Our mitigation estimation considers the options in isolation. It cannot be used to describe the whole mitigation scenario
as a sum of parts, as we note in Section 2.5.2. We therefore omit mitigation potential from this figure.

4.1. Is there a disruption bias in today’s
decarbonisation scenarios?

There is a distinct preference for technological disruption
across the decarbonisation reports. 64% of proposed mitiga-
tion options rely exclusively on technological change. These
supply-side policies are ‘invisible’ to private individuals—
they do not require any consumer buy-in. Purely behavioural
mitigation options are less common, making up 20% of pro-
posed options. The remaining 16% of options require both
technological adoption and behaviour change.

Technological mitigation options also tend to be more
ambitious. The average technological disruption for options
requiring some level of technological change was 8.0; the
average behavioural disruption for those with behavioural
change was 4.9. For purely behavioural options, which re-
quire no new technology, the average disruption was 3.5.
Some of this di�erence arises because purely behavioural

options are often adjustments of existing behaviour—eating
less meat or turning down the thermostat—so are less dis-
ruptive than behaviours associated with new demand-side
technologies. However, there appears to be a bias against
ambitious behaviour change. The maximum portfolio takes
the proposed options to their most ambitious scale ignoring
all political, social or technical complexities. For this port-
folio, options with only behavioural change were 19% less
disruptive than the set of all behavioural options. For the 12
proposed scenarios, this di�erence was 28%. This means
that purely behavioural options were relatively less ambi-
tious than blended options, which require both technologi-
cal and behavioural change, in the proposed decarbonisation
scenarios. In contrast, purely technological mitigation was
equally as disruptive as blended technological options across
both the maximum and proposed scenarios.

Our results illustrate a bias towards technological dis-
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Figure 5: The embodied technological and behavioural disrup-
tion of decarbonisation proposals, averaged across all mitiga-
tion options.

ruption. Technological options are more common and more
ambitious than their behavioural counterparts. Faith in the
development of unproven innovations underlines the techno-
logical bias and demonstrates why it is concerning.

Purely technological mitigation is concentrated in the en-
ergy and industrial sectors. Some technology transitions are
well underway, such as the decarbonisation of the electricity
grid and industrial energy e�ciency measures. These op-
tions face challenges to scale including high construction re-
quirements [2] and skills shortages [77] but use technologies
which have been deployed at scale for decades. They there-
fore require relatively little technological disruption. How-
ever, a significant portion of mitigation arises from highly
disruptive technological options. These technologies are un-
proven, meaning they have not yet been implemented at scale,
without incident, for a protracted period of time [78]. It is
certainly important that these technologies are investigated
and developed where possible. However, relying on their
development may reduce the impetus to pursue alternative
strategies because the emissions are already ‘accounted for’
in carbon forecasts.

Prudent future planning means treating speculative options—
both technological and behavioural—with caution [79]. Pol-
icymakers should not assume that new technologies will be-
come technically and commercially feasible in time for the
net zero transition. Such prudence was largely absent from
the surveyed decarbonisation scenarios.

4.2. Why are some proposals more technologically
biased than others?

All decarbonisation scenarios display some level of tech-
nological bias. However, some are far more technologically
disruptive than others. The Climate Change Committee and
National Grid are the most technologically disruptive. They
are also ‘closest’ to government; the Committee is a statu-
tory body and National Grid operates the UK’s electricity
system. Their proposals are likely more influenced by the
undeniable political challenges of behavioural interventions.
This creates an echo chamber of technological bias. Of course,
the other implication of their closeness is that these propos-
als have significant influence over UK climate and energy
policy. Acknowledging the impact of political bias should
be a priority for the organisations that must balance decar-
bonisation and politics.

This balancing act may get easier as the urgency of cli-
mate action becomes more widely recognised. Even the most
technologically disruptive scenarios are trending towards be-
havioural change. While politics may influence the recom-
mendations of the Climate Change Committee and National
Grid, behavioural change has had a growing role in their cli-
mate proposals in recent years. The Climate Change Com-
mittee’s updated 2020 policy proposal includes a Balanced

Net Zero pathway in which 16% of emissions reductions are
attributable to social or behavioural changes [80], up from
9% in 2019 [47]. Between 2019 and 2020, National Grid re-
placed decentralisation with societal change as a metric for
estimating the speed of decarbonisation [53]. These organ-
isations are moving towards more balanced scenarios, per-
haps reflecting the slow but sure shift in public opinion—
and therefore politics—towards more interventionist climate
policy.

4.3. What can climate scenarios tell us about
disruption preferences?

People have preferences over disruption. Conceptually,
disruption is necessary to reduce emissions but undesirable
insofar as it makes mitigation harder and more risky. In a
typical optimisation problem with two equally disliked char-
acteristics, we might conclude that the government would
select the set of mitigation options which minimises disrup-
tion across both technology and behaviour. In Figure 5 this
would be a scenario near to the origin and along the diago-
nal. However, this conclusion assumes that people—and the
politicians who represent them—dislike technological and
behavioural disruption equally. In reality, politicians may be
unwilling to pursue behavioural changes due to perceived or
real public opposition. They would follow a strategy which
is more technologically risky and less behaviourally disrup-
tive, as observed in our results.

Figure 5 supports the idea of a preference for techno-
logical disruption amongst climate decision makers. This
preference would intensify the echo chamber e�ect of tech-
nological bias. Researchers might preemptively skew their
proposal towards technological options to improve its recep-
tion with politicians [54]. As we discussed above, this is par-
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ticularly pertinent for organisations closest to government.
A preference for technological disruption means policy-

makers might overlook potential behavioural mitigation op-
portunities. Our evidence suggests that behaviour changes,
while more limited than technological options, could pro-
vide relatively low-disruption mitigation. Given historical
delays in energy technology di�usion, the need for swift de-
carbonisation means balanced disruption preferences could
yield a better, quicker pathway to net zero.

Covid-19 caused sweeping technological and behavioural
disruption. Policy responses to the pandemic reveal rela-
tively balanced disruption preferences that illustrate a fun-
damental di�erence in the perception of health and climate
crises. The pandemic presents an immediate and, impor-
tantly, transient threat. In contrast, climate damages could
be immense but will likely not be felt in the UK for decades
[81]. The British government responded to Covid-19 with
virtually unfettered public spending and tight lockdowns. On
climate, governments are reluctant to take disruptive action.
Climate policy is tailored to minimise cost and inconvenience.
The tangible risks of a viral pandemic seem to have shifted
disruption preferences to a more even balance between new
technologies and behaviour change.

Analysing climate proposals for other countries may pro-
duce interesting comparisons of national disruption prefer-
ences. Our study focuses on the UK. We believe this o�ers
a su�ciently broad perspective on global mitigation options
due to the similarity of national decarbonisation strategies.
However, other countries may have di�erent political con-
texts which allow for more interventionist policies. Identify-
ing such di�erences could yield interesting insights on how
disruption preferences a�ect the pace of decarbonisation.

5. Conclusion
The stakes of the climate challenge demand a careful bal-

ance between ‘safe’ mitigation and high risk, high reward
strategies. Our results illustrate a bias towards technological
disruption through the pursuit of speculative technologies.
Technology doubtless has an important role in decarboni-
sation; the scale-up of renewable energy and electrification
of heating and transport are crucial. These transitions are
achievable, if challenging, because they utilise proven tech-
nology. However, renewable energy and electrification are
not su�cient to reach net zero. Behavioural changes can
reduce this mitigation gap. The reviewed scenarios, and in-
deed UK policy, all include demand-side alternatives such as
retrofitting homes and encouraging electric vehicle uptake.
However, we found that decarbonisation proposals tend to
rely heavily on unproven technologies to meet the mitigation
gap, such as CCS and hydrogen power. These technologies
face significant and time-consuming barriers to scale. Dis-
ruptive behavioural interventions, such as regulating meat
consumption, are o� the table.

With less than three decades to reach net zero, climate
policies should be prioritised for security and speed. Options
that minimise disruption by relying on existing technology

or accepted behaviours should be pursued at pace. Avoiding
disruption entirely is impossible, however, and disruptive
technologies should be matched by interventions to influ-
ence behaviour. Achieving net zero swiftly and with the least
possible disruption means accepting that behaviour change
is just as essential as technological change. Rebalancing the
decarbonisation agenda will diversify climate policy and ac-
celerate progress in the race to net zero emissions.

Policy recommendations:

• To increase the likelihood of swift and successful
mitigation, governments should aim to balance
disruption across technology deployment and
behaviour change.

• Accelerating decarbonisation will mean allocating
more funding to interventions proven to reduce
energy demand.

• Governments should undertake a meaningful
exploration of the role of policy in achieving social
tipping points towards more climate-friendly
consumption patterns.
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change concern , personal responsibility and actions related to
climate change mitigation in EU countries: Cross-cultural analysis.
J. of Clean. Prod., 281, 2021. doi:
https://doi.org/10.1016/j.jclepro.2020.125189.

[37] William Young and Lucie Middlemiss. A rethink of how policy and
social science approach changing individuals’ actions on greenhouse
gas emissions. Energy Policy, 41:742–747, 2012. doi:
https://doi.org/10.1016/j.enpol.2011.11.040.

[38] Jason Chilvers, Rob Bellamy, Helen Pallett, and Tom Hargreaves. A
systemic approach to mapping participation with energy transitions.
Nat. Energy, 2021. doi:
http://dx.doi.org/10.1038/s41560-020-00762-w.

[39] Aja Ropret Homar and Ljubica Kne. The e�ects of framing on
environmental decisions: A systematic literature review. Ecological

Econ., 183, 2021. doi:
https://doi.org/10.1016/j.ecolecon.2021.106950.

[40] Neil Jennings, Daniela Fecht, and Sara De Matteis. Mapping the
co-benefits of climate change action to issues of public concern in
the UK: a narrative review. The Lancet Planet. Health, 4(9):
e424–e433, 2020. doi:
https://doi.org/10.1016/S2542-5196(20)30167-4.

[41] Scott Barrett and Astrid Dannenberg. Negotiating to avoid ’gradual’
versus ’dangerous’ climate change: An experimental test of two
prisoners’ dilemmas. In Todd L Cherry, Jon Hovi, and David M
McEvoy, editors, Toward a New Climate Agreement: Conflict,

Resolution and Governance. Routledge, London, 2014. doi:
https://doi.org/https://doi.org/10.4324/9780203080009.

[42] Ann Bostrom, Adam L. Hayes, and Katherine M. Crosman. E�cacy,
Action, and Support for Reducing Climate Change Risks. Risk

Anal., 39(4):805–828, 2019. doi: https://doi.org/10.1111/risa.13210.
[43] Lazarus Adua. Reviewing the complexity of energy behavior:

Technologies , analytical traditions , and household energy
consumption data in the United States. Energy Res. and Soc. Sci.,
59, 2020. doi: https://doi.org/10.1016/j.erss.2019.101289.

[44] Karlijn L. van den Broek. Household energy literacy: A critical
review and a conceptual typology. Energy Res. and Soc. Sci., 57:
101256, 2019. doi: https://doi.org/10.1016/j.erss.2019.101256.

[45] Ilona M. Otto, Jonathan F. Donges, Roger Cremades, Avit
Bhowmik, Richard J. Hewitt, Wolfgang Lucht, Johan Rockström,
Franziska Allerberger, Mark McCa�rey, Sylvanus S.P. Doe, Alex
Lenferna, Nerea Morán, Detlef P. van Vuuren, and Hans Joachim
Schellnhuber. Social tipping dynamics for stabilizing Earth’s climate
by 2050. Proc. of the Natl. Acad. of Sci., 117(5):2354–2365, 2020.
doi: https://doi.org/10.1073/pnas.1900577117.

[46] Frank W. Geels, Benjamin K. Sovacool, Tim Schwanen, and Steve
Sorrell. The Socio-Technical Dynamics of Low-Carbon Transitions.
Joule, 1(3):463–479, 2017. doi:
https://doi.org/10.1016/j.joule.2017.09.018.

[47] Chris Stark and M Thompson. Net Zero: The UK’s contribution to
stopping global warming, 2019. URL
https://www.theccc.org.uk/publication/

net-zero-the-uks-contribution-to-stopping-global-warming/.
(accessed 28 June 2019).

[48] Centre for Alternative Technology. Zero carbon Britain: rising to
the climate emergency, 2019. URL https://www.cat.org.uk/

info-resources/zero-carbon-britain/research-reports/

zero-carbon-britain-rising-to-the-climate-emergency/. (accessed
16 April 2020).

[49] Friends of the Earth. A pathway to ‘net zero’ greenhouse gas
emissions, 2018. URL
https://cdn.friendsoftheearth.uk/sites/default/files/downloads/

Pathway-net-zero-greenhouse-gas-emissions-UK.pdf. (accessed 13
August 2020).

[50] Greenpeace. How government should address the climate
emergency, 2019. URL https://www.greenpeace.org.uk/wp-content/

uploads/2019/04/0861_GP_ClimateEmergency_Report_Pages.pdf.
(accessed 10 August 2020).

[51] J Allwood, C.F Dunant, R.C Lupton, C.J Cleaver, A.C.H Serrenho,
J.M.C Azevedo, P.M Horton, C Clare, H Low, I Horrocks, J Murray,
J Lin, J.M Cullen, M Ward, M Salamati, T Felin, T Ibell, W Zho,
and W Hawkins. Absolute Zero, 2019. URL
http://www.eng.cam.ac.uk/news/absolute-zero. (accessed 11
December 2019).

[52] S Pye, H Waisman, L Segafreo, and R Pierfederici. Pathways to
deep decarbonisation in the United Kingdom, 2015. URL
https://www.iddri.org/en/publications-and-events/report/

pathways-deep-decarbonization-united-kingdom-uk-2015-report.
(accessed 10 August 2020).

[53] National Grid ESO. Future Energy Scenarios, 2020. URL https:

//www.nationalgrideso.com/future-energy/future-energy-scenarios.
(accessed 13 August 2020).

[54] Lukas Braunreiter and Yann Benedict Blumer. Of sailors and divers:
How researchers use energy scenarios. Energy Res. and Soc. Sci.,
40:118–126, 2018. doi: https://doi.org/10.1016/j.erss.2017.12.003.

[55] Iain Sta�ell, Daniel Scamman, Anthony Velazquez Abad, Paul
Balcombe, Paul E. Dodds, Paul Ekins, Nilay Shah, and Kate R.
Ward. The role of hydrogen and fuel cells in the global energy
system. Energy and Environ. Sci., 12(2):463–491, 2019. doi:
https://doi.org/10.1039/c8ee01157e.

[56] Duncan McLaren. A comparative global assessment of potential
negative emissions technologies. Process Saf. and Environ. Prot., 90
(6):489–500, 2012. doi: https://doi.org/10.1016/j.psep.2012.10.005.

[57] A Chase, Robert Gross, Phil Heponstall, Malte Jansen, Michael
Kenefick, Bryony Parris, and Paul Robson. Realising the potential of
demand-side response to 2025, 2017. URL https://www.gov.uk/

guidance/funding-for-innovative-smart-energy-systems#

research-on-realising-the-potential-of-demand-side-response.
(accessed 29 March 2021).

[58] Public Health England. Review and update of occupancy factors for
UK homes, 2018. URL https://assets.publishing.service.gov.uk/

government/uploads/system/uploads/attachment_data/file/763306/

review_and_update_of_occupancy_factors_for_UK_homes.pdf.
(accessed 10 December 2020).

[59] BRE and Department of Energy and Climate Change. Energy
follow-up survey Report 4: Main heating systems, 2013. URL
https://www.gov.uk/government/statistics/

energy-follow-up-survey-efus-2011. (accessed 22 November 2020).
[60] Bojana Baj�elj, Julian M. Allwood, and Jonathan M. Cullen.

Designing climate change mitigation plans that add up. Environ. Sci.

and Technol., 47(14):8062–8069, 2013. doi:
https://doi.org/10.1021/es400399h.

[61] Steven J. Davis, Glen P. Peters, and Ken Caldeira. The supply chain
of CO 2 emissions. Proc. of the Natl. Acad. of Sci., 108(45):
18554–18559, 2011. doi: https://doi.org/10.1073/pnas.1107409108.

[62] Victoria Williams and Robert B Noland. Comparing the CO 2
emissions and contrail formation from short and long haul air tra�c
routes from London Heathrow. Environ. Sci. & Policy, 9:487–495,
2006. doi:
https://doi.org/https://doi.org/10.1016/j.envsci.2005.10.004.

[63] BEIS. Greenhouse gas reporting: conversion factors 2018, 2018.
URL https://www.gov.uk/government/publications/

greenhouse-gas-reporting-conversion-factors-2018. (accessed 20
October 2020).

[64] Ministry of Housing Communities and Local Government. Live
tables on Energy Performance of Building Certificates, 2019. URL
https://www.gov.uk/government/statistical-data-sets/

live-tables-on-energy-performance-of-buildings-certificates#

epcs-for-all-domestic-properties-existing-and-new-dwellings.
(accessed 20 September 2020).

[65] Department for Transport. Vehicle licensing statistics (Table 0203),
2020. URL https://www.gov.uk/government/statistical-data-sets/

all-vehicles-veh01. (accessed 17 September 2020).
[66] Department for Transport. Vehicle licensing statistics (Table 0253),

First Author et al.: Preprint submitted to Elsevier Page 18 of 19

https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://www.theccc.org.uk/publication/net-zero-the-uks-contribution-to-stopping-global-warming/
https://www.cat.org.uk/info-resources/zero-carbon-britain/research-reports/zero-carbon-britain-rising-to-the-climate-emergency/
https://www.cat.org.uk/info-resources/zero-carbon-britain/research-reports/zero-carbon-britain-rising-to-the-climate-emergency/
https://www.cat.org.uk/info-resources/zero-carbon-britain/research-reports/zero-carbon-britain-rising-to-the-climate-emergency/
https://cdn.friendsoftheearth.uk/sites/default/files/downloads/Pathway-net-zero-greenhouse-gas-emissions-UK.pdf
https://cdn.friendsoftheearth.uk/sites/default/files/downloads/Pathway-net-zero-greenhouse-gas-emissions-UK.pdf
https://www.greenpeace.org.uk/wp-content/uploads/2019/04/0861_GP_ClimateEmergency_Report_Pages.pdf
https://www.greenpeace.org.uk/wp-content/uploads/2019/04/0861_GP_ClimateEmergency_Report_Pages.pdf
http://www.eng.cam.ac.uk/news/absolute-zero
https://www.iddri.org/en/publications-and-events/report/pathways-deep-decarbonization-united-kingdom-uk-2015-report
https://www.iddri.org/en/publications-and-events/report/pathways-deep-decarbonization-united-kingdom-uk-2015-report
https://www.nationalgrideso.com/future-energy/future-energy-scenarios
https://www.nationalgrideso.com/future-energy/future-energy-scenarios
https://www.gov.uk/guidance/funding-for-innovative-smart-energy-systems#research-on-realising-the-potential-of-demand-side-response
https://www.gov.uk/guidance/funding-for-innovative-smart-energy-systems#research-on-realising-the-potential-of-demand-side-response
https://www.gov.uk/guidance/funding-for-innovative-smart-energy-systems#research-on-realising-the-potential-of-demand-side-response
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/763306/review_and_update_of_occupancy_factors_for_UK_homes.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/763306/review_and_update_of_occupancy_factors_for_UK_homes.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/763306/review_and_update_of_occupancy_factors_for_UK_homes.pdf
https://www.gov.uk/government/statistics/energy-follow-up-survey-efus-2011
https://www.gov.uk/government/statistics/energy-follow-up-survey-efus-2011
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2018
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2018
https://www.gov.uk/government/statistical-data-sets/live-tables-on-energy-performance-of-buildings-certificates#epcs-for-all-domestic-properties-existing-and-new-dwellings
https://www.gov.uk/government/statistical-data-sets/live-tables-on-energy-performance-of-buildings-certificates#epcs-for-all-domestic-properties-existing-and-new-dwellings
https://www.gov.uk/government/statistical-data-sets/live-tables-on-energy-performance-of-buildings-certificates#epcs-for-all-domestic-properties-existing-and-new-dwellings
https://www.gov.uk/government/statistical-data-sets/all-vehicles-veh01
https://www.gov.uk/government/statistical-data-sets/all-vehicles-veh01


Technology or behaviour?

2020. URL https://www.gov.uk/government/statistical-data-sets/

all-vehicles-veh01. (accessed 17 September 2020).
[67] Climate Change Committee. UK housing: Fit for the future?, 2019.

URL https:

//www.theccc.org.uk/publication/uk-housing-fit-for-the-future/.
(accessed 21 September 2020).

[68] Gavin Killip. Transforming the UK’s Existing Housing Stock, 2008.
URL https:

//d7.ciob.org/sites/default/files/FMBBuildingAGreenerBritain.pdf.
(accessed 15 October 2020).

[69] Phil Jones, Simon Lannon, and Jo Patterson. Retrofitting existing
housing: How far, how much? Build. Res. and Inf., 41(5):532–550,
2013. doi: https://doi.org/10.1080/09613218.2013.807064.

[70] M Eames, M Hunt, T Dixon, and J Britnell. Retrofit City Futures:
Visions for Urban Sustainability, 2013. URL
www.retrofit2050.org.uk. (accessed 15 October 2020).

[71] Richard Carmichael. Behaviour change, public engagement and Net
Zero, a report for the Committee on Climate Change, 2019. URL
https://www.theccc.org.uk/publication/

behaviour-change-public-engagement-and-net-zero-imperial-college-london/.
(accessed 21 April 2020).

[72] Our World in Data. CO2 emissions embedded in trade, 2020. URL
https://ourworldindata.org/grapher/share-co2-embedded-in-trade?

tab=chart&country=~GBR. (accessed 23 November 2020).
[73] Glen P. Peters, Jan C. Minx, Christopher L. Weber, and Ottmar

Edenhofer. Growth in emission transfers via international trade from
1990 to 2008. Proc. of the Natl. Acad. of Sci., 108(21):8903–8908,
2011. doi: https://doi.org/10.1073/pnas.1006388108.

[74] Global Carbon Project. Supplemental data of Global Carbon Budget
2019 (Version 1.0) [Data set], 2019.

[75] Defra. UK’s Carbon Footprint 1997 – 2015, 2020. URL
https://www.gov.uk/government/statistics/uks-carbon-footprint.
(accessed 21 October 2020).

[76] Climate Change Committee. Reducing UK emissions - 2019
Progress Report to Parliament, 2020. URL
https://www.theccc.org.uk/publication/

reducing-uk-emissions-2019-progress-report-to-parliament/.
(accessed 30 November 2020).

[77] UK Energy Research Centre. Review of Energy Policy 2020, 2020.
URL
https://ukerc.ac.uk/publications/review-of-energy-policy-2020/.
(accessed 4 January 2020).

[78] Jeremy Straub. In search of technology readiness level (TRL) 10.
Aerosp. Sci. and Technol., 46:312–320, 2015. doi:
http://dx.doi.org/10.1016/j.ast.2015.07.007.

[79] T. W. Brown, T. Bischof-Niemz, K. Blok, C. Breyer, H. Lund, and
B. V. Mathiesen. Response to ‘Burden of proof: A comprehensive
review of the feasibility of 100% renewable-electricity systems’.
Renew. and Sustain. Energy Rev., 92:834–847, 2018. doi:
https://doi.org/10.1016/j.rser.2018.04.113.

[80] Climate Change Committee. The Sixth Carbon Budget: The UK’s
path to Net Zero, 2020. URL
https://www.theccc.org.uk/publication/sixth-carbon-budget/.
(accessed 25 March 2021).

[81] O. Hoegh-Guldberg, D. Jacob, M. Taylor, M. Bindi, S. Brown,
I. Camilloni, A. Diedhiou, R. Djalante, K.L. Ebi, F. Engelbrecht,
J. Guiot, Y. Hijioka, S. Mehrotra, A. Payne, S.I. Seneviratne,
A. Thomas, R. Warren, and G. Zhou. Impacts of 1.5C global
warming on natural and human systems. In V. Masson-Delmotte,
P. Zhai, H.-O. Pörtner, D. Roberts, J. Skea, P.R. Shukla, A. Pirani,
W. Moufouma-Okia, C. Péan, R. Pidcock, S. Connors, J.B.R.
Matthews, Y. Chen, X. Zhou, M.I. Gomis, E. Lonnoy, T. Maycock,
M. Tignor, and T. Waterfield, editors, An IPCC Special Report:

Global Warming of 1.5C. Intergovernmental Panel on Climate
Change, 2018. URL https://www.ipcc.ch/sr15/. (accessed 20
November 2020).

First Author et al.: Preprint submitted to Elsevier Page 19 of 19

https://www.gov.uk/government/statistical-data-sets/all-vehicles-veh01
https://www.gov.uk/government/statistical-data-sets/all-vehicles-veh01
https://www.theccc.org.uk/publication/uk-housing-fit-for-the-future/
https://www.theccc.org.uk/publication/uk-housing-fit-for-the-future/
https://d7.ciob.org/sites/default/files/FMB%20Building%20A%20Greener%20Britain.pdf
https://d7.ciob.org/sites/default/files/FMB%20Building%20A%20Greener%20Britain.pdf
www.retrofit2050.org.uk
https://www.theccc.org.uk/publication/behaviour-change-public-engagement-and-net-zero-imperial-college-london/
https://www.theccc.org.uk/publication/behaviour-change-public-engagement-and-net-zero-imperial-college-london/
https://ourworldindata.org/grapher/share-co2-embedded-in-trade?tab=chart&country=~GBR
https://ourworldindata.org/grapher/share-co2-embedded-in-trade?tab=chart&country=~GBR
https://www.gov.uk/government/statistics/uks-carbon-footprint
https://www.theccc.org.uk/publication/reducing-uk-emissions-2019-progress-report-to-parliament/
https://www.theccc.org.uk/publication/reducing-uk-emissions-2019-progress-report-to-parliament/
https://ukerc.ac.uk/publications/review-of-energy-policy-2020/
https://www.theccc.org.uk/publication/sixth-carbon-budget/
https://www.ipcc.ch/sr15/

