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Abstract

A system dynamics model of energy transition, TEMPEST, represents political and societal factors
along with energy, emissions and mitigation measures, within a system of feedbacks. TEMPEST
simulates energy transition from 1980 to 2080, calibrated to UK historical data. An exogenous
uncertainty analysis showed most cases would achieve net zero before 2080, but only 20% would stay
within the required carbon budget. Low probability, high impact cases have twice the future cumulative
emissions than the best cases. High political capital for energy transition early on would likely reduce
total mitigation required, but risks public pushback. Endogenous uncertainty about pushback and new
measure difficulty could increase total emissions by a quarter. Dealing with unwanted feedbacks
between society and government that reduce political capital will require responsive policy making. The
socio-political feasibility of achieving the UK’s net zero target is likely less than the techno-economic

feasibility estimated through standard energy systems models.

1 Introduction

1.1 The challenge

This paper focuses on the challenge of understanding the whole system, real-world processes involved
in transforming a national energy system to emit net zero greenhouse gas emissions by 2050. The need
for this is well established. The world ‘is facing an unprecedented imperative to rapidly transition to
renewable and sustainable energy sources’ (Solomon and Krishna, 2011). At the national level,
however, energy transition is only one of many pressing issues faced by governments, and climate
change mitigation remains highly influenced by the ever changing world of politics (Meadowcroft, 2009).
For example, the phasing out of coal is more possible for governments that are independent and can

‘bear substantial political, social and economic costs’ (Jewell et al., 2019).

Governance of energy transition requires numerous types of interventions at different levels of the
economy (Smith et al., 2005). The instruments of governance are policy measures, which can be
broadly classified into three types: taxes, subsidies, and regulation (Hughes and Urpelainen, 2015).
Policy makers may not always have enough influence over policy implementation to ensure expected
policy outcomes, however, even when there is good planning (Elmore, 1980). For example: (i) CO2
emissions reductions from a Czech green investment scheme were 25% lower than expected
(Valentova et al., 2019); (ii) environmental regulations do not automatically lead to desired impacts in

reduced environmental impacts (Knill et al., 2012); (iii) residential loft and cavity wall insulation



measures were found to have reduced fuel use by as little as a third of predicted savings (Wade and
Eyre, 2015); two UK competitions for early stage CCS technology development funds were withdrawn
without winners between 2007 and 2015; the Green Deal scheme of 2013 (Mallaburn and Eyre, 2012)

was cancelled early due to poor take-up'..

Part of the difficulty of reliable policy implementation arises from difficulties in evaluating policy
outcomes, since evaluation is a vital feedback for policy makers to inform policy learning. For example,
making unequivocal conclusions about emissions reductions from transport policies is difficult because
the evidence base is not comprehensive (Gross et al., 2009). Evaluators may only be able to assign an
improvement in relative terms. For example, thirty years of energy efficiency programmes in IEA
countries were found to have accounted for the majority of the decrease in the energy intensity of GDP
(Geller et al., 2006). Despite these difficulties, there are many case studies of successful energy
transition, such as: the growth of ethanol fuel for transport in Brazil (Meyer et al., 2013); the growth of
renewables and the phase out of coal and nuclear in Germany (Kern and Markard, 2016), and the UK'’s

“dash for gas” from coal to natural gas in the power sector (Mallaburn and Eyre, 2012).

1.2 Theresearch gap

Most governments rely on energy systems models for energy transition planning. These models provide
sets of possible scenarios and detailed pathways towards decarbonisation. Energy system models are
almost all based on techno-economic theory; policies, societal responses to policies, and other factors
influencing model outputs are exogenous and determined by scenario definitions. There have been
calls for research to improve the level of realism in energy systems models: (i) Deep decarbonisation
studies should lead to policy strategies that are ‘both cost-effective and sociopolitically feasible’ (Geels
et al., 2017), although crucial factors in real-world transitions such as the process of innovation, social
acceptance, and political struggles, are difficult to model. (i) The “dynamic political feasibility space”
should be explored, which covers decarbonisation pathways for which all costs, including social and
political costs, could realistically be borne (Jewell and Cherp, 2020). (iii) ‘The techno-economic, socio-
technical and political layers of co-evolution of energy systems should be considered when analysing
long-term energy transitions’ (Bolwig et al., 2020). (iv) Insights from social sciences could be integrated
into transition models, allowing societal assumptions in existing models to be assessed (Trutnevyte et
al., 2019). (v) Although end-use services have been the predominant driver of energy supply expansion,
energy systems models focus mostly on energy supply due to the difficulty of modelling future changes
in demand (Grubler, 2013).

1.3 Transitions modelling and STET models

The body of work on the theory of modelling transition includes the following: (i) A discussion of models
as scenario tools that can be used to inform planning for transition (Malekpour, 2019); (ii) The use of
system dynamics modelling and simulation in socio-technical systems transition research
(Papachristos, 2019); (iii) Identification of the characteristics of transition modelling, along with its main

challenges and approaches (Kohler et al., 2018); and (v) A call to produce robust policy



recommendations from models that can identify the intensity, nature and timing of transitions
(Papachristos, 2014).

Within the transitions modelling field, there has been a growing trend for socio-technical energy
transition (STET) analysis ((Mekhdiev et al., 2018), (Li et al., 2015)). Examples include a transitions
model for sustainable mobility (Kohler et al., 2009); a model of technological innovation systems
(Walrave and Raven, 2016); socio-technical regime transitions modelling (Papachristos, 2011), a dual-
narrative modelling approach of socio-technical transitions, with example application of the historical
transition of India's electricity sector (Moallemi et al., 2016); and the Behaviour, Lifestyles and

Uncertainty Energy model (Li and Strachan, 2017).

This paper adds to the growing body of STET work. It describes an energy systems transition model
called TEMPEST, which models energy, emissions, and political and social factors all together. The
paper is organised into sections as follows: Section 2 presents the model conceptualisation, including
theories and concepts used; Section 3 describes model development; Section 4 presents the results of
an uncertainty analysis; Section 5 discusses the implications of the results and future work; and Section

6 provides conclusions.

2 Model conceptualisation

TEMPEST (Technological EconoMic Political Energy Systems Transition) is a simulation model of the
UK’s socio-politically driven energy transition. It was built to provide new insights about how real-world
national energy transition happens, and to examine the socio-political feasibility of the UK meeting its
net zero emissions target by 2050. This section presents an overview of the design of TEMPEST and

the concepts used.

2.1 Model overview

2.1.1 Terminology
The following key terminology is used in TEMPEST:

o “Mitigation measures” are any changes that reduce emissions and/or energy consumption.
Mitigation measures provide one or more of three types of benefits: (i) Energy supply: new low or
zero carbon energy supply capacity that replaces fossil fuel capacity; (i) Energy demand
technologies: improvements in end-use technologies that provide better energy efficiency and/or
enabling of low-carbon fuel switching; and (iii) Energy demand behaviours: changes in demand for

energy services such as heating, cooling, lighting, and transport of freight.

o “Measure diffusion” is the process by which mitigation measures are developed from early research

through to commercialisation, and then adopted throughout society and the energy sector.

e “Policy measures” are governance tools of varying types that are designed to bring about measure

diffusion to meet mitigation targets.

e “Theoretical potential” is an estimate of the total potential that each measure could achieve, without

considering financial costs, technology build rates, resource availability, or public acceptance.



e “Feasible potential’ is an estimate of how much of the theoretical potential is technologically,

socially, and economically feasible for implementation.

2.1.2 Modelling method

TEMPEST is a system dynamics (SD) model, built in Vensim. SD allows for the representation of the
co-evolution of economy, technology, behavioural, and policy factors over time ((Mekhdiev et al., 2018),
(Sterman, 2000)). The use of SD in modelling socio-technical systems and their transitions is well
founded (e.g. (Meadows et al., 2005), (de Gooyert et al., 2016); (Papachristos, 2011), (Moallemi et al.,
2016)). As a methodology, SD is particularly suitable for achieving the purpose of TEMPEST since it
overcomes the limitations of other modelling methods in which ‘variables known to be important are
ignored because data to estimate parameters are unavailable’ (Sterman, 1994). When such variables
are ignored it is the equivalent of saying that they have zero effect, but this is the only value known to
be wrong (Forrester, 1961, p57). The model runs from 1980 to 2019 in the historical period and from
2020 to 2080, or the years of reaching net zero, in the future period. The model scope is described in

detail in the supplementary information.

2.2 Political and social factors

2.2.1 Political Capital

The concept of political capital (PolCap) is used to represent the political element of energy transition.
PolCap acts as a kind of “fuel” or “credit” which can be used to make changes through target setting
and policy measures; it has been defined as the potential political power that can be invested in
leadership tools such as policy formulation and the overseeing of policy implementation processes
(Kjaer, 2013). Setting emissions reductions targets is relatively cheap in terms of PolCap, since targets
initially have limited impact on society. Achieving mitigation targets, on the other hand, can be very
expensive. Actors across society will be required to make (sometimes unwanted) changes, and

investments may become riskier during a period of deep and rapid change.

The existence of co-benefits from policy measures can lessen the PolCap cost. For example, framing
energy supply as a security issue allowed more political governance of the UK’'s energy system
(Kuzemko, 2014); mitigation strategies that link improvements in air quality with GHG emissions
reductions can increase society’s willingness to pay (Jenkins, 2014); the increase in policy abatement
ambition after the Paris agreement was partly due to expectations of economic co-benefits from

innovation-related technology cost reductions (Schmidt and Sewerin, 2017).

TEMPEST includes PolCap as a stock (a variable that accumulates and depletes) called “PolCap for
energy transition“. While there is no standard way to measure PolCap, a pattern can be seen when
looking at the ups and downs of PolCap in the UK in past decades. Governments tend to hold high
PolCap soon after an election, and unpopular policies are often implemented during this time rather
than closer to a coming election, to avoid losing votes. Events/trends that can sustain PolCap
throughout a government’s term include an improved economy and increased national standing in the

world; events/trends that can reduce PolCap include poor government response to geopolitical shocks,



policies that fail or are seen as money wasters, and strategies that aim to achieve difficult but necessary
changes without sufficient public consent. PolCap is needed to deal with all of the pressing issues of

government, thus the PolCap available for energy transition will be some share of the total available.

2.2.2  Policy ambition

Policy ambition can be seen as the level of commitment of resources by government, through policies
and accompanying budgets to support their implementation. Policy measures are measured in model
units of “policy ambition” for energy and emissions savings, and are assigned at the level of mitigation
measures. Available PolCap is spent on creating policy ambition, according to the need for mitigation
and the amount of PolCap available. When no PolCap is available, no new policy ambition can be
added. This aligns with two examples: The Ontario government had insufficient political capital to carry
out electricity market reform despite the energy utility Ontario Hydro being close to bankruptcy during
the 1990s (Rosenbloom and Meadowcroft, 2014); although strengthening fuel economy standards in
the USA for new vehicles in the early 2000s would have been technically and economically feasible,
elected officials were not willing to spend the political capital needed to make this change (Geller et al.,
2006). The calculation of policy ambition in TEMPEST is simple and does not account for some of the
aspects of policy making that have been seen in the real-world messy processes of government. There
is no variation in the relationship between PolCap spend and policy ambition, or in the types of policies
assigned to different measures. There is no representation of policy design being influenced by the
prioritisation of certain industries, regions or stakeholders by decision makers, due to political ideology

(e.g. left- or right-leaning on the political spectrum) and the personal affiliations of decision makers.

2.2.3 Policy soup

The concept of “policy soup” is defined as a mixture of policy solutions developed by a sector’s policy
community, including legislators, bureaucrats, NGOs, and business leaders (Carter and Jacobs, 2014).
Policy soup in TEMPEST is a stock that represents the total mix of currently active policy measures,
and it is unique for each mitigation measure. The constituency of the policy soup stock changes over
time, as new policy ambition is added and existing policies end. The length of time policies stay in the
policy soup is determined by the average lifetime of policy measures. Thus, even if no new policy
ambition is added in a model year, policy measures may still be available to drive mitigation if previously

added policy measures are still running.

2.2.4  Public willingness to participate (PWP)

The concept of public willingness to participate (PWP) is used to indicate the likelihood that the expected
outcomes of policies will be achieved. PWP is defined as a combination of social capital and an
imperative to act. Social capital is the power, or agency, of actors in society to take action (Lin, 2011).
Policies such as public information campaigns, network grants, and social marketing can improve social
capital (Foxon et al., 2013). While social capital is essential, an imperative to act is also needed. The
imperative to act can arise through extrinsic influences from mandates and rewards and punishments

from policies; an intrinsic sense of responsibility; or other influencing factors such as changes to the



economy. A deficit in the imperative to act is common, as illustrated in the terms “attitude-behaviour
gap” (Peattie, 2010) and “intention-behaviour gap” (Caruana et al., 2016), both derived from real world
studies. In other words, what people/organisations say and what they do with regards to emission
savings are often different, and the tendency is for less action than expected, rather than more. PWP
is also influenced by the user impacts associated with measures — the more disruption from a measure,
the lower the PWP. PWP plays an important role in TEMPEST within the mitigation measure diffusion

process, increasing or dampening the effect of policies to reflect the variability in policy achievements.

2.2.5 Policy-society feedbacks

Feedbacks between policy measures and societal responses have been identified by several authors,
including the following. Feedbacks between policies and political pressures incorporate a complex,
ever-changing, and interdependent mix of interest groups, large technical systems, market dynamics,
user preferences, and radical niche-innovations (Roberts et al., 2018); feedback mechanisms between
policy mixes and socio-technical systems can strengthen or weaken societal support for policies
(Edmondson et al., 2019). Within these feedbacks there is a risk to the party of government, in a
democracy, of unpopular policies leading to a loss of votes and the PolCap that they hold — termed
‘pushback” — and that pushback limits the ability of government to enact ambitious policies. For
example, the UK’s “road lobby” resisted government ambitions to radically transform transport policy,
with government ministers backing away from difficult decisions for fear of losing votes (Docherty and
Shaw, 2011); the government of Northern Ireland fell partly due to a scandal from a badly run renewable
heat incentive scheme (Muinzer, 2017); the car industry has lobbied against ambitious EU vehicle
emissions reduction targets, with some manufacturers running emissions tests in a dishonest way,
damaging public trusti. Pushback can take the form of direct protests such as fuel strikes, which are
politically damaging. In SD terminology, pushback is a kind of information feedback signal for
government on public acceptance of governance.

TEMPEST represents policy pushback in a simple way. The amount of pushback depends on a
combination of how strong the policy push is and how difficult it is for actors to comply with policies —
influenced by how difficult and disruptive the measure is to develop or implement. In other words, the
likelihood of pushback rises with more disruption or change being required of societal actors and there

being simultaneously more pressure to act

2.3 Mitigation measure diffusion

TEMPEST models the whole process of mitigation measure development and diffusion.

2.3.1 Basis of diffusion simulation
Four established theories are used.

1. The Bass diffusion model (Bass, 1969), which is an augmented logistic model of innovation
diffusion that includes the exogenous stimulation of early adoption (Sterman, 2000) — commonly
known as an “S-curve”. TEMPEST adapts the SD model of Bass diffusion presented in (Sterman,

2000, p332), in which the adoption rate, which turns potential adopters into adopters, is driven by:



(i) a positive feedback loop, with adoptions resulting from word of mouth increasing the number of
adopters, which leads to more adoptions from word of mouth, and (ii) external influences such as
“advertising effectiveness”. In the TEMPEST version the limits of adoption are not in terms of
potential adopters, but in terms of a limit to the total potential for energy and emissions reductions
for each mitigation measure; and “advertising effectiveness” is replaced by the influence of policy

measures on diffusion.

2. The concept of learning by doing (LBD), simply defined as: ‘the more something is made, the
better it can be made’ (Sharpe and Lenton, 2021). In the economics of innovation LBD describes
how technology learning and resultant cost reductions are related to cumulative investments in that

technology (Anandarajah et al., 2013).

3. LBD can eventually lead to measure diffusion becoming self-sustaining without policy measure
support. This is also termed self-generating or self-accelerating (Sharpe and Lenton, 2021). For
example, in (Struben and Sterman, 2008) a simulation model of the adoption of alternative fuelled
vehicles identified a tipping point after which government programmes could be withdrawn but the

diffusion would continue.

4. The concept of measure development indexes. The process of technology development is
described as having seven stages: idea/concept, basic research, applied research, development
and design, engineering and manufacturing, marketing, and product/service (Balachandra et al.,
2010). There are several indexes for measuring technology development which can be applied to
different types of mitigation measures, such as: “technology readiness levels” (Mankins, 2009); the
“carbon capture and storage readiness index” (Consoli et al., 2017), and the “commercial readiness
index” (Animah and Shafiee, 2018).

2.3.2 Measure typology

A measure typology simplifies the simulation of mitigation measure diffusion in TEMPEST. It was
developed through observation of UK historical patterns of measure diffusion 1980 to 2019, identifying
the basic characteristics of different measures and how they influence the diffusion process, including
interactions with wider political and social factors. The basic characteristics are: novelty and difficulty,
user impacts, international RD&D, commercialisation tipping point, and self-sufficient tipping point.
There are 9 measure types in the typology, and 39 mitigation measures. Some of the measures are a
group of measures more usually modelled separately, such as residential energy efficiency. The 39
measures are assigned a type in the typology. Details of the typology are provide in the supplementary

information.

2.3.3 Phases in measure diffusion

Table 1 presents details of the three phases of measure diffusion in TEMPEST. The speed at which
measures move through the phases is unique for each measure and dependent on policy ambition.
Some measures start in phase two or three at the start of simulation because they were already mature

at that time, such as building energy efficiency.



Phase One (development)

Phase Two (implementation
with policy measures)

Phase Three (self-sufficient
implementation)

When From measure From measure From self-sufficiency to the
active conceptualisation to commercialisation to self- end of the diffusion process
commercialisation sufficiency
Function Creates feasible potential Turns the feasible potential Continues the conversion of
from theoretical potential. created in phase one into feasible potential into energy
measure implementation that | and emissions savings started
provides energy and in phase two, but without
emissions savings. policy support.
Mechan- LBD that achieves measure Measure implementation is Measure implementation is
isms commercialisation is modelled | driven by a combination of the same as in phase two but
as follows: niche innovation PWP, feasible potential, how | without policy ambition
(partly driven by policy much of the potential has increasing PWP.
measures) attracts investment | already been implemented, Measure implementation
in research, design and and the maximum measure continues until: (i) there is no
development (RD&D), which implementable per year. more feasible potential, or (ii)
leads to technology learning, | |ncreases in measure sector energy or emissions
which improves niche adoption increase LBD, which | are at their minimum, or (i)
Innovation, etc. improves measures and leads | the national mitigation target
to more adoption. has been reached.
Policy Investment in early stage lab- | Incentive schemes like feed in
measures based RD&D, funding for tariffs, equipment regulation,
technology demonstration power sector market
projects, and funding for pilot | mechanisms such as the
studies. Contracts for Difference
scheme'l, guaranteed prices
(strike price) for new power
capacity, carbon taxes, and
consumer information
schemes.
Differences | Behavioural measures do not | Behavioural measures: do Similar to phase two, except
for go through this phase. not achieve LBD; disposable behavioural measures
behaviour- income decreases PWP; continue to get policy support
al measures produce negative if needed.
measures energy savings if PWP is < 0.

Technological measures:
achieve LBD; disposable
income increases PWP for
mass-market technological
measures; measures are not
implemented when PWP < 0;
only produce negative energy
savings for fuel switching
measures.

Table 1: Details of the three phases in mitigation measure diffusion

3 Model development
This section briefly describes the building and calibration of TEMPEST. Further details are provided in

the supplementary information.

3.1 High-level view of model feedbacks

A simple representation of the main feedback loops in TEMPEST is shown in Figure 1, as a causal loop

diagram. This portrays the high-level structure of the model.
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Figure 1. Simple representation of the feedbacks in TEMPEST as a causal loop diagram

The feedback loops are explained as follows.

Loop 1. Balancing: mitigate while not at target. Loop 1 drives the whole model, seeking to achieve
mitigation while the distance to target is non-zero. The model stops running once the target is reached
or the year reaches 2080. The target has changed since 1980, as government responded to increasing
confidence in climate science and new international agreements were made. In 2019, the UK target
was set to be net zero emissions by 2050 and so the target does not vary in the future period. Relation
to model conceptualisation: purpose of the model (section 2.1) and basic SD modelling theory (section

2.1.2) of modelling a goal-seeking system as a balancing loop.

Loop 2. Balancing: measures in mix are more difficult as target is approached. Loop 2 reflects
changes in the overall mix of mitigation measures with potential for development (theoretical) and/or
implementation (feasible). Since 1980, much of the “low hanging fruit” of mitigation measures has been
used, and much of the mitigation potential for the future is provided by measures that are increasingly
more technologically difficult (e.g. typology type 9) and/or more impactful to users. Thus, the changing
mix of mitigation measures that are available for policy ambition in TEMPEST reflects this trend.
Relation to model conceptualisation: use of theoretical and feasible potential for measures in phases
one to three of diffusion (section 2.3.3), measure typology (section 2.3.2) and the relative difficulty of

measures due to their characteristics.

Loop 3 Balancing: policy ambition uses up political capital. In loop 3, PolCap is used to create
policy ambition. The availability of PolCap limits the amount of policy ambition that can be set by
government and therefore the rate of mitigation measure diffusion. The limitation on policy ambition
does not necessarily mean that mitigation will not happen, however, since in some cases loop 5 will
continue without a strong policy push — such as when measures are in phase 3. Relation to model

conceptualisation: definition of PolCap (section 2.2.1) and policy ambition (section 2.2.2).



Loop 4 Balancing: pushback can affect political capital. Loop 4 reflects the relationship between
policy ambition and societal responses, allowing the concept of pushback to be modelled. Pushback is
more likely with simultaneous increases in measure difficulty (behavioural or technological) and policy
ambition. As pushback increases, PolCap decreases. Relation to model conceptualisation: definition of

pushback (section 2.2.5).

3.1.1 Loop 5 Reinforcing: measure achievements reduce difficulty

Loop 5 is the key reinforcing loop through which energy and emissions savings are achieved,
representing LBD in all phases of diffusion. Loop 5 reduces measure difficulty, which increases PWP
and therefore reduces the need for policy ambition. Growth in loop 5 also reduces pushback, avoiding
loss of PolCap. Loop 5 can be slow to take off for some measures if there is insufficient policy ambition

at the right time. Relation to model conceptualisation: LBD theory (section 2.3.1).

Several loop combinations involving loop 5 may become important on the route to net zero. The
combination of loops 4 and 5 forms a reinforcing loop that can run in two directions. If loop 5 reduces
average measure difficulty fast enough then “negative pushback” would increase PolCap and further
increase the rate of adoption of measures. A weak loop 5 makes pushback more likely, as high measure
difficulty will combine with the high policy ambition needed to meet the target. Loop 5’s growth rate
might be limited by unavailability of sufficient policy ambition through loop 3, due to barriers that reduce
PolCap such as economic downturns. Loop 2 can be counterbalanced by loop 5. If loop 5 reduces
mitigation measure difficulty faster than the rate at which more difficult measures are required over time,

then loop 2 will become insignificant which will speed up the transition.

3.2 SD diagram
Figure 2 illustrates the stock and flow structure of TEMPEST as a simplified version of the full SD model,

and an expanded version of Figure 1. The following are notable in the model.

e The flow of mitigation through stocks on the right of the diagram is from theoretical potential, to
feasible potential, to achieved mitigation, in line with the diffusion process discussed in section
2.3.3.

e Loop 5 from Figure 1 is split into two: one for LBD in mitigation measure development (R1) and one

for LBD in measure implementation (R2).

e The stock of PolCap, on the left, is increased at a rate relative to the distance to the target and is
decreased when it is used to create policy ambition. It is also influenced by drivers and barriers and

pushback.

e Policy ambition is assigned through a policy choice engine, which is a simple representation of the
process of policy making that goes on in government. Policy ambition is assigned to measures
based on how much PolCap is available, the cost of the measure (based on the measure type),

and available theoretical (phase one) or feasible (phase two) potential of measures.

The development of TEMPEST included several stages — initial build, calibration to historical data, and

model validity testing. Details of the calibration process are provided in the supplementary information.
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Figure 2: System dynamics diagram of TEMPEST", simplified from the full model.

4 Model results — the future of UK energy transition

4.1 Uncertainty analysis

An uncertainty analysis explores the range of uncertainty in two key indicators:
1. The year of reaching net zero, for which the target is 2050

2. Cumulative emissions between 2020 and the year of reaching net zero or 2080 (whichever comes
first), for which the target is to limit emissions to within the budget of 5626 MtCO:2 (based on the
Committee on Climate Change’s CO:2 projections from 2020 to 2050 (CCC, 2021)).

A sensitivity test (using the Monte Carlo simulation feature in Vensim) simultaneously varies seven

sensitivity variables across 1000 cases. Details are provided in the supplementary information.

41.1 Key indicators

Figure 3 (left) shows a histogram of future cumulative emissions. The distribution is positively skewed
despite sensitivity variables being varied normally around a neutral mean. This is partly because
mitigation achievements are limited by the starting values for energy and emissions, but increases in
emissions are not similarly limited. Figure (right) shows the year that cases reach the target (for those

that do) against total emissions. Emissions increase as the year of reaching the target increases,
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although this trend levels off after 2060. The uncertainty spread in emissions increases up to 2060, and
then decreases.
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Figure 3: Probability density for cumulative emissions (left) and emissions by year target is met
(right).

4.1.2 Policy ambition and achieved mitigation

Based on the model design, it would be expected that policy ambition and PWP are negatively
correlated with emissions.

Figure 4 illustrates these relationships, showing a decrease in emissions associated with increases in
policy soup (left) and PWP (right) (Note: policy soup and PWP values are the sum across all measures).

The relationship is not linear, however; the best fit is a negative power equation.
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Figure 4: Relationships between total policy ambition and total emissions (left), and between
total PWP and total emissions (right).

4.1.3 Behavioural changes and policy

Behavioural measures were seen to have played an important role in energy and emissions changes
in the historical period. Figure 5 (left) maps savings from behavioural measures against policy ambition
in the future period. A tipping point is seen — once the size of policy soup falls too low, behavioural
measures produce medium to strong negative savings. Figure 5 (right) shows the relationship between
behavioural measure savings and total emissions. Only with positive behavioural savings do emissions

fall to a level comparable to the CCC carbon budget. In other words, in these model runs technology
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measures do not provide sufficient savings to counter energy consumption increases when energy
service demand rises quickly.
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Figure 5: Relationships between policy ambition and energy savings from behavioural
measures (left), and between emissions and behavioural measure savings (right).

4.1.4 Uncertainty groups and measure achievements

The 1000 sensitivity cases were grouped by outcome into five groups, with decreasing achievements
in reducing cumulative emissions, from group 1 to 5, as follows: (i) Less than the CCC budget (20% of
cases); (ii) Less than 7000 MtCO2 (43% of cases); (iii) Less than 8000 MtCO2 (17% of cases); (iv) Less
than 10000 MtCO: (18% of cases); (v) More than 10000 MtCO2 (2% of cases). While group 5 has very
low probability, it provides an indication of what a worst case would look like. TEMPEST was run using
the average sensitivity variable values for the five groups, so each group is represented by a single
model run. Supplementary information provides details of sensitivity variables and indicators of model
response across the 5 groups.

Figure 6 (left) shows average annual changes in energy use for demand sectors. Groups 3, 4 and 5
show negative savings from behavioural measures. Additions of low-carbon power are much lower for
groups 3 to 5. Energy savings from non-behavioural measures are lowest for group 3, which has the
lowest disposable income of all the groups — likely due to income influencing ability to purchase new

low carbon measures.

Figure 6 (right) shows reductions in energy use and carbon intensity in the final year of the model run,
as a percentage of 2019 values. Energy savings decline when going from groups 1 to 5. All groups
show increases in electricity use, due in part to fuel switching but also due to increases in energy
services that use electricity. Reductions in the carbon intensity of electricity occurs at a similar level
across all groups, with power measures being less influenced by changes in PWP. Reductions in the
carbon intensity of nonelectric fuels decreases from group 1 to group 5, since some of the more difficult
measures, such as hydrogen (H2) fuel and carbon capture and storage (CCS), require more policy

ambition which may not be available.
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Figure 6: Energy and emissions achievements by groups of uncertainty analysis cases. DMST
= domestic (residential); NDMS = non-domestic sectors; TRNA = air transport; TRNS = surface
transport; BEH= behavioural; Cl = carbon intensity; BEH_NONELEC and BEH_ELEC are energy
demand savings from behavioural measures for nonelectric and electric fuels;
NONELEC_NONBEH and ELEC_NONBEH are energy demand savings from non-behavioural
measures; PWR_EN_LC is addition of low-carbon electricity generation in the power sector.

4.1.5 Behaviour of uncertainty groups over time

Figure 7 presents four key indicators over time, in the future period, for the five groups. At top left is
shown annual emissions. Groups start to diverge after 2030, with groups 1 to 3 reaching net zero
between 2056 and 2068, while groups 4 and 5 failing to meet the target before 2080 and showing rising
emissions after 2040. At top right is shown total PWP. Groups 1 and 2 have high PWP between 2030
and 2050, but groups 3 to 5 show declining PWP after 2030, which slows down the diffusion of
measures and fails to dampen energy services demand. At lower left is shown PolCap over time, with
trends for each group illustrating the mixture of political shocks, drivers and barriers, and feedbacks that
increase or decrease PolCap. Group 1 has low barriers, high drivers, no change to disposable income,
lower population than forecast, and a positive shock, all of which increase PolCap. In contrast, group 5
has high barriers, low drivers, much higher disposable income, higher population than forecast, and a
negative shock. Thus, enough PolCap is available for groups 1 and 2 but not for groups 3 to 5. At lower
right is shown the share of required mitigation in each model year as feasible potential, across all
measures. This illustrates where a lack of niche innovation can slow down mitigation. Groups 1 to 3 all

achieve enough feasible potential eventually, but groups 4 and 5 fail to generate enough.
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Figure 7: Behaviour over time for key model indicators, by uncertainty groups — annual
emissions, total PWP across measures, PolCap, and share of required mitigation that is feasible.
Values are shown until the year of reaching net zero or 2080 (whichever is first).

5 Discussion

This section reflects on several aspects of the model and its outputs.

5.1 Nonlinearity and endogenous uncertainties

The uncertainty analysis in section illustrates wide variability in the socio-political feasibility of achieving
energy transition targets in the UK. The question remains as to whether this variability is caused by
non-linear or linear system dynamics. The core part of TEMPEST, measure diffusion that responds to
the requirement to meeting mitigation targets, is basically a nonlinear first-order system — the S-shaped
growth curve. First order systems do not oscillate (Sterman, 2000, pp 290), and TEMPEST did not
produce any surprising dynamical responses during uncertainty testing. In theory, the system could
exhibit second order behaviours in future, however, based on the potential for unexpected interactions
between loops 2 and 4 in Figure 1. If those in governance fail to estimate the strength of increase in
measure difficulty up to net zero, then emissions reductions will be too slow. There could then be a
strong policy push, but combined with the higher difficulty of the targeted measures this would cause a
large pushback effect. There would likely be recovery over time after the drop in PolCap, although

perhaps too slow to ramp up measure implementation at the rate required.

During the calibration of TEMPEST pushback was set to have a limited influence on system behaviour,
since there is not enough evidence from the historical review that it can have a dominant effect on the

whole transition — although it has certainly contributed to failures of certain policies. To test potential for
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second order behaviours, TEMPEST was run with an increase in two key uncertainties in its
endogenous responses: the strength of pushback, and the difficulty of diffusion of measures with the
type called “branching”. The branching type includes the most difficult and novel technologies that are
expected to provide savings in future but are not yet commercialised and at cost parity, as of 2021.
They include CCS and H2 in the power sector and non-domestic sectors to reduce carbon intensity of
fuels, and fuel switching to electricity or H2 in air transport. These technologies, apart from their high
cost and technological complexity, lack co-benefits in addition to emissions savings making investment

more politically expensive and diffusion more uncertain overall.

Three TEMPEST runs explore the influence of these two uncertainties. All have default values for the
exogenous variables varied in the uncertainty analysis, including drivers and barriers for PolCap; there
are no political shocks. In other words, differences between cases are due to endogenous responses.
The 1st case has no changes in pushback; the 2" case has high pushback; the 3™ case has high
pushback and increased difficulty for branching measures. Cumulative emissions increase by 11% and
28% in the 2" and 3" cases compared to the first case, respectively. The 2" case shows a delay of 10
years in reaching the target, and the 3@ case does not reach the target before 2080. Figure 8 (left)
shows annual emissions for the three cases. The increasing strength of pushback and reduced learning
by doing is seen in a slowing down of emissions reductions for cases 2 and 3 after 2040. Figure 8 (right)
shows total PolCap each year, with increasing dampening of system responses to the need for
mitigation seen as large decreases in PolCap after 2030 and slow recovery of PolCap levels — taking
10 years to start recovering in case 2, and 25 years to start recovering in case 3. Negative PolCap for

case 3 leads to a lack of mitigation progress after 2050.
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Figure 8: Annual emissions for cases with low pushback, high pushback, and high pushback
with increased difficulty of branching measures (left), and changes in PolCap over time in the
three cases (left).

5.2 Supporting policy making

To some readers, the model may seem to sit uncomfortably in a balance between being highly
conceptual, and being a practical tool for supporting decision making that can be compared to existing
trusted models. One argument for accepting the model as a source of new insights to inform energy
transition governance, or at least add to the body of STET work, is that the model design is based on a
wide-ranging review of the literature combined with historical data. The key concepts presented in

section 2 are derived from political science, the social sciences, energy and emissions mitigation work.
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Combining these concepts with a review of experience from 40 years of energy policy and programmes
in the UK enabled a whole energy system dynamic hypothesis to be developed that is grounded in real-
world experience. This was further emphasised once the dynamic hypothesis was translated into a
model and the model was calibrated to historical data for energy, emissions, policies, and mitigation
measures. The resulting model structure presented in Figure 1 illustrates the revised dynamic

hypothesis as a system of feedback loops.

More work needs to be done to further validate and build confidence in the model. One way would be
to incorporate qualitative case data on different aspects of energy transition in the model, bringing in a
different mental models about the problem space from a variety of actors (Schaffernicht and Groesser,
2011). Another way would be to incorporate new evidence to review some of the simplifying
assumptions about variable relationships used in TEMPEST. New reports are being published at a fast
rate as the push to achieve net zero gets stronger across the world. For example, the citizens assembly
that was run in the UK provides new findings about public willingness to change energy behaviours
(House of Commons, 2020). TEMPEST is a new model and its usefulness for governance has yet to
be proven. However, early conversations with civil servants in the UK government indicate a strong
interest in it as fulfilling a research need thy have known about for some time — namely being able to

relate social and political feasibility with technological and economic feasibility together in one place.

5.3 Contributions
TEMPEST has contributed the following insights to the field of STET modelling.

1. A conceptual view of the socio-political-technological feedbacks involved in the process of energy
transition, and the particular roles of political and societal factors in those feedbacks. Evidence on
the importance of managing feedbacks to limit uncertainty in energy transition outcomes. The
importance of including at least some representation of political and societal factors when modelling

energy transition.

2. A simplified way of modelling mitigation measure diffusion that combines the basic characteristics
of mitigation measures, defined in a measure typology, with varying responses of actors involved
in implementing measures, and varying levels of policy support during three phases of diffusion.
This approach includes less economic and technological data, compared to the standard method

of modelling measure diffusion, but adds data on political and social issues.

3. An estimate of the range of socio-political uncertainty in meeting the net zero target. While the
majority of cases reach net zero before 2080, low probability but high impact outcomes show a
doubling of cumulative emissions from 2020 to 2080, compared to the best case. This indicates
that the socio-political feasibility of reaching the net zero target in time is likely less than the techno-

economic feasibility that has been estimated through standard energy systems models.

4. Identification of risks in energy transition from unhelpful directions in feedbacks between societal
actors and government. Model testing shows that an increase in societal pushback to unpopular
policies could delay meeting the target by ten years, and when combined with more difficult than
expected implementation of key measures the target would be missed. Policy making may need to

be more responsive and agile in future should these system responses arise.
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5. Identification of the importance of having enough PolCap early on in the period 2021 to 2050. There
is an inverse correlation between the amount of PolCap available between 2020 and 2030 and the
total amount of mitigation needed before reaching net zero. While spending a lot of PolCap early
on could be risky for politicians, the rewards for society would be seen in shortening the length of
the energy transition and reducing its overall disruption. This observation illustrates a common
pattern seen in other system dynamics studies, named “worse before better”. When changes are
made to a system to improve it, increased costs and/or reduced useful outputs are often seen,
although only temporarily. If managers abandon the improvement efforts too early, the end result
will be overall dis-benefits (Lyneis and Sterman, 2016). Similarly, the short term pain of high
spending of PolCap early on would greatly improve the whole energy transition process, but only if
efforts are not abandoned early due to political difficulties. PolCap is influenced by many factors
not related to energy, however, so there is no guarantee that enough will be available when needed.
Making use of societal-level drivers of energy transition could in theory fill gaps that may exist at
the governance level, working in tandem with top-down policy making. Finally, achieving early
energy transition would place the UK in a position of leadership in the world on energy transition,
increasing PolCap and creating new co-benefits such as increased exports of expertise and

technologies.

5.4 Further work

Plans for further development of TEMPEST include: (i) Adding more detail in the policy choice engine,
so that mitigation measures receive several different types of policy measures, allowing optimisation of
policy strategy to make the best use of available PolCap. This could include adding detail on the trade-
offs policy makers face in prioritising policy measures, between technological diversity and technology
scale-up (van den Bergh, 2008). (ii) Adding economic data for measures and fuels, and widening the
detail in the categories of measures, which would bring TEMPEST closer to mainstream energy system
models and enable findings to be more easily compared. (iii) Adding representation of societal-led
innovations, such as smart technologies linked to social media, which could contribute to measure
implementation and increases PWP. (iv) Improving the simplified assumptions in the calculations used
to represent societal pushback, by using evidence gained through working with government policy
makers and analysts. (v) Including energy price factors in modelling of energy service demand
represented by behavioural measures. Should rapid decarbonisation push up retail energy prices
significantly, there would be changes to service demand through energy price elasticity and direct

rebound effects from efficiency (Stapleton et al., 2016).

6 Conclusions

The conceptualisation, design, build, and initial findings from a new model of energy transition have
been presented. The model, TEMPEST, was designed to contribute to a research gap in energy
transition modelling: enabling social and political factors known to be important to energy transition in

the real world to influence the quantitative models used to support decision making.
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TEMPEST is a system dynamics simulation model that represents the UK energy system, its emissions
and fuels, and the key mitigation measures that have been used, or are planned to be used, for
achieving a net zero emissions target. The model was calibrated to approximately reproduce the energy
system behaviour between 1980 and 2019, and then the future was simulated from 2020 to 2080. An
uncertainty analysis, based on variations in exogenous variables, revealed that a majority of the cases
would meet the net zero target before 2080, but only 20% would stay within the required carbon budget
up to 2050. Analysis of five groups of uncertainty cases showed strong differences in energy savings
from behavioural measures and the worst group had cumulative emissions twice as high as the best
group. Lowest emissions occurred when there was a positive shock that temporarily increased political
capital, the expected trajectory for disposable income, low barriers and high drivers to energy transition,
and lower than expected population growth. Testing uncertainty in system responses, including high
public pushback to policies and higher than expected difficulty in new technologies, revealed that
reaching net zero could be delayed by a decade or more due to losses in political capital and slower

implementation of mitigation measures.

Key contributions from the study include: A conceptual view of the socio-political-technological
feedbacks involved in the process of energy transition, and evidence on the importance of managing
the feedbacks to limit uncertainty in transition outcomes. A simplified way of modelling mitigation
measure diffusion that combines the basic characteristics of mitigation measures, defined in a measure
typology, with varying responses of actors involved in implementing measures, and varying levels of
policy support during three phases of diffusion. An estimate of the range of socio-political uncertainty in
meeting the net zero target. The socio-political feasibility of reaching the net zero target in time is likely
less than the techno-economic feasibility that has been estimated through standard energy systems
models. Identification of risks in energy transition from unhelpful directions in feedbacks between
societal actors and government. An increase in societal pushback to unpopular policies could delay
meeting the target by ten years, and when combined with more difficult than expected implementation
of key measures the target would be missed. Identification of the importance of having enough political
capital early on in the period 2021 to 2050, since there is an inverse correlation between political capital
availability between 2020 and 2030 and the total amount of mitigation needed before reaching net zero.
While spending a lot of political capital early on could be risky for politicians, the rewards for society
would be seen in shortening the length of the energy transition and reducing its overall disruption. Since
political capital is influenced by many factors not related to energy, societal-level drivers of energy
transition may be needed to work in tandem with policy measures. Achieving early energy transition
would place the UK in a position of leadership in the world on energy transition, increasing political

capital and creating new co-benefits such as increased exports of expertise and technologies.

7 Acknowledgements

This work was conducted as a part of the O-STET (Operationalising socio technical energy transitions)
project, supported by the UK Engineering and Physical Sciences Research Council Grant number:
EP/S002707/1. My sincere thanks and deep appreciation to the other members of the O-STET team,

who have provided important contributions to the content of this paper, made during constructive and

19



creative discussions and through early reviews of this paper: Prof Neil Strachan, Prof Tim Foxon, Dr
Katherine Lovell, Dr Francis Li, and Dr Brunilde Verrier. My thanks to our key stakeholders from the
Energy Systems Catapult, the CCC, and BEIS, for valuable insights and participation in early reviews
of the work, including at a workshop. Finally, a thank you to the two anonymous reviewers for EIST who

provided valuable and insightful comments that greatly improved the paper.

8 References

Anandarajah, G., McDowall, W., Ekins, P., 2013. Decarbonising road transport with hydrogen and
electricity: Long term global technology learning scenarios. Int. J. Hydrogen Energy 38, 3419—
3432. https://doi.org/10.1016/}.ijhydene.2012.12.110

Animabh, I., Shafiee, M., 2018. A framework for assessment of technological readiness level (TRL) and
Commercial Readiness Index (CRI) of asset end-of-life strategies. Saf. Reliab. - Safe Soc. a
Chang. World - Proc. 28th Int. Eur. Saf. Reliab. Conf. ESREL 2018 1767-1774.
https://doi.org/10.1201/9781351174664-221

Balachandra, P., Salk, H., Nathan, K., Reddy, B.S., 2010. Commercialization of sustainable energy
technologies. Renew. Energy 35, 1842-1851. https://doi.org/10.1016/j.renene.2009.12.020

Bass, F., 1969. A new product growth model for consumer durables. Manage. Sci. 15, 215-227.

Bolwig, S., Bolkesjg, T.F., Klitkou, A., Lund, P.D., Bergaentzlé, C., Borch, K., Olsen, O.J., Kirkerud,
J.G., Chen, Y. kuang, Gunkel, P.A., Skytte, K., 2020. Climate-friendly but socially rejected energy-
transition pathways: The integration of techno-economic and socio-technical approaches in the
Nordic-Baltic region. Energy Res. Soc. Sci. 67, 101559.
https://doi.org/10.1016/j.erss.2020.101559

Carter, N., Jacobs, M., 2014. Explaining radical policy change: The case of climate change and energy
policy under the British labour government 2006-10. Public Adm. 92, 125-141.
https://doi.org/10.1111/padm.12046

Caruana, R., Carrington, M.J., Chatzidakis, A., 2016. “Beyond the Attitude-Behaviour Gap: Novel
Perspectives in Consumer Ethics”: Introduction to the Thematic Symposium. J. Bus. Ethics 136,
215-218. https://doi.org/10.1007/s10551-014-2444-9

CCC, 2021. The Sixth Carbon Budget Dataset.

Consoli, C.P., Havercroft, I., Irlam, L., 2017. Carbon Capture and Storage Readiness Index:
Comparative Review of Global Progress towards Wide-scale Deployment. Energy Procedia 114,
7348-7355. https://doi.org/10.1016/j.egypro.2017.03.1585

de Gooyert, V., Rouwette, E., van Kranenburg, H., Freeman, E., van Breen, H., 2016. Sustainability
transition dynamics: Towards overcoming policy resistance. Technol. Forecast. Soc. Change 111,
135-145. https://doi.org/10.1016/j.techfore.2016.06.019

Docherty, I., Shaw, J., 2011. The transformation of transport policy in Great Britain? “New realism” and
new labour's decade of displacement activity. Environ. Plan. A 43, 224-251.
https://doi.org/10.1068/a43184

Edmondson, D.L., Kern, F., Rogge, K.S., 2019. The co-evolution of policy mixes and socio-technical
systems: Towards a conceptual framework of policy mix feedback in sustainability transitions.
Res. Policy 48, 103555. https://doi.org/10.1016/j.respol.2018.03.010

Elmore, R.F., 1980. Mapping Backward and Implementation Policy Decisions. Polit. Sci. Q. 94, 601—
616.

Forrester, J., 1961. Industrial dynamics. Massachussets Institute of Technology and Jon Wiley and
Sons, New York--London.

Foxon, T.J., Pearson, P.J.G., Arapostathis, S., Carlsson-hyslop, A., Thornton, J., 2013. Branching
points for transition pathways: assessing responses of actors to challenges on pathways to a low
carbon future. Energy Policy 52, 146—-158. https://doi.org/10.1016/j.enpol.2012.04.030

Geels, F., Sovacool, B., Schwanen, T., Sorrell, S., 2017. Sociotechnical transitions for deep
decarbonization. Science (80-. ). 357, 1242-1244. https://doi.org/10.1126/science.aao03760

20



Geller, H., Harrington, P., Rosenfeld, A.H., Tanishima, S., Unander, F., 2006. Polices for increasing
energy efficiency: Thirty years of experience in OECD countries. Energy Policy 34, 556-573.
https://doi.org/10.1016/j.enpol.2005.11.010

Gross, R., Heptonstall, P., Anable, J., Greenacre, P., E4tech, 2009. What policies are effective at
reducing carbon emissions from surface passenger transport? Technology and Policy
Assessment Function, UK Energy Research Centre.

Grubler, A., 2013. Grand designs: Historical patterns and future scenarios of energy technological
change, in: Wilson, C., Grubler, A. (Eds.), Energy Technology Innovation: Learning from Historical
Successes and Failures. Cambridge University Press, pp. 39-53.
https://doi.org/10.1017/CB0O9781139150880.007

House of Commons, 2020. The Path to Net Zero; Climate Assembly UK full report.

Hughes, L., Urpelainen, J., 2015. Interests, institutions, and climate policy: Explaining the choice of
policy instruments for the energy sector. Environ. Sci. Policy 54, 52-63.
https://doi.org/10.1016/j.envsci.2015.06.014

Jenkins, J.D., 2014. Political economy constraints on carbon pricing policies: What are the implications
for economic efficiency, environmental efficacy, and climate policy design? Energy Policy 69, 467—
477. https://doi.org/10.1016/j.enpol.2014.02.003

Jewell, J., Cherp, A., 2020. On the political feasibility of climate change mitigation pathways: Is it too
late to keep warming below 1.5°C?, in: Wiley Interdisciplinary Reviews: Climate Change. pp. 1-
12. https://doi.org/10.1002/wcc.621

Jewell, J., Vinichenko, V., Nacke, L., Cherp, A., 2019. Prospects for powering past coal. Nat. Clim.
Chang. 9, 592-597. https://doi.org/10.1038/s41558-019-0509-6

Kern, F., Markard, J., 2016. Analysing Energy Transitions: Combining Insights from Transition Studies
and International Political Economy, in: de Graaf, T., Sovacool, B.K., Ghosh, A., Kern, F., Klare,
M.T. (Eds.), The Palgrave Handbook of the International Political Economy of Energy. Palgrave
Macmillan UK, London, pp. 291-318. https://doi.org/10.1057/978-1-137-55631-8 12

Kjaer, U., 2013. Local Political Leadership: The Art of Circulating Political Capital. Local Gov. Stud. 39,
253-272. https://doi.org/10.1080/03003930.2012.751022

Knill, C., Schulze, K., Tosun, J., 2012. Regulatory policy outputs and impacts: Exploring a complex
relationship. Regul. Gov. 6, 427-444. https://doi.org/10.1111/j.1748-5991.2012.01150.x

Kohler, J., Haan, F. de, Holtz, G., Kubeczko, K., Moallemi, E., Papachristos, G., Chappin, E., 2018.
Modelling Sustainability Transitions: An Assessment of Approaches and Challenges. J. Artif. Soc.
Soc. Simul. 21(1), 201. https://doi.org/10.18564/jasss.3629

Kohler, J., Whitmarsh, L., Nykvist, B., Schilperoord, M., Bergman, N., Haxeltine, A., 2009. A transitions
model for sustainable mobility. Ecol. Econ. 68, 2985-2995.
https://doi.org/10.1016/j.ecolecon.2009.06.027

Kuzemko, C., 2014. Politicising UK energy: What “speaking energy security” can do. Policy Polit. 42,
259-274. https://doi.org/10.1332/030557312X655990

Li, F.G.N., Strachan, N., 2017. Modelling energy transitions for climate targets under landscape and
actor inertia. Environ. Innov. Soc. Transitions 24, 106-129.
https://doi.org/10.1016/].eist.2016.08.002

Li, F.G.N., Trutnevyte, E., Strachan, N., 2015. A review of socio-technical energy transition (STET)
models. Technol. Forecast. Soc. Change 100, 290-305.
https://doi.org/10.1016/j.techfore.2015.07.017

Lin, N., 2011. The Theory and Theoretical Propositions, in: Social Capital: A Theory of Social Structure
and Action. Cambridge University Press, pp. 55—77. https://doi.org/10.1017/CB0O9780511815447

Lyneis, J., Sterman, J., 2016. How to Save a Leaky Ship: Capability Traps and the Failure of Win-Win
Investments in Sustainability and Social Responsibility. Acad. Manag. Discov. 2, 7-32.
https://doi.org/10.5465/amd.2015.0006

Malekpour, S., 2019. Models as scenario tools for developing robust transformative plans, in: Moallemi,
E.A., de Haan, F.J. (Eds.), Modelling Transitions Virtues, Vices, Visions of the Future. Routledge,
London. https://doi.org/10.4324/9780429056574

Mallaburn, P., Eyre, N., 2012. Lessons from energy efficiency policy and programmes in the UK 1973

21



to 2012. https://doi.org/10.20555/kokugoka.72.0_93

Mankins, J.C., 2009. Technology readiness and risk assessments: A new approach. Acta Astronaut.
65, 1208-1215.

Meadowcroft, J., 2009. What about the politics? Sustainable development, transition management, and
long term energy transitions. Policy Sci. 42, 323-340. https://doi.org/10.1007/s11077-009-9097-z

Meadows, Donella, Randers, J., Meadows, Dennis, 2005. The Limits to Growth: The 30-year Update.
Taylor & Francis.

Mekhdiev, E.T., Khairullina, N.G., Vereshchagin, A.S., Takmakova, E.V., Smirnova, O.M., 2018.
Review of energy transition pathways modeling. Int. J. Energy Econ. Policy 8, 299-312.
https://doi.org/10.32479/ijeep.7106

Meyer, D., Mytelka, L., Press, R., Dall'Oglio, L., de Sousa, P.T., Grubler, A., 2013. Brazilian ethanol:
Unpacking a success story of energy technology innovation, in: Wilson, C., Grubler, A. (Eds.),
Energy Technology Innovation: Learning from Historical Successes and Failures. Cambridge
University Press, pp. 275-291. https://doi.org/10.1017/CB09781139150880.027

Moallemi, E., Aye, L., Webb, J., de Haan, F., 2016. Policy analysis of renewable electricity development
in India: From a transition modelling perspective. 34th Int. Conf. Syst. Dyn. Soc. 1-22.

Muinzer, T., 2017. Incendiary developments: Northern Ireland’s Renewable Heat Inventive, and the
collapse of the devolved government. elaw Newsl. 99, 18-21.

Papachristos, G., 2019. System dynamics modelling and simulation for sociotechnical transitions
research. Environ. Innov. Soc. Transitions 31, 248-261. https://doi.org/10.1016/j.eist.2018.10.001

Papachristos, G., 2014. Towards multi-system sociotechnical transitions: why simulate. Technol. Anal.
Strateg. Manag. 26, 1037—-1055. https://doi.org/10.1080/09537325.2014.944148

Papachristos, G., 2011. A system dynamics model of socio-technical regime transitions. Environ. Innov.
Soc. Transitions 1, 202—233. https://doi.org/10.1016/j.eist.2011.10.001

Peattie, K., 2010. Green consumption: Behavior and norms. Annu. Rev. Environ. Resour. 35, 195-228.
https://doi.org/10.1146/annurev-environ-032609-094328

Roberts, C., Geels, F.W., Lockwood, M., Newell, P., Schmitz, H., Turnheim, B., Jordan, A., 2018. The
politics of accelerating low-carbon transitions: Towards a new research agenda. Energy Res. Soc.
Sci. 44, 304-311. https://doi.org/10.1016/j.erss.2018.06.001

Rosenbloom, D., Meadowcroft, J., 2014. The journey towards decarbonization: Exploring socio-
technical transitions in the electricity sector in the province of Ontario (1885-2013) and potential
low-carbon pathways. Energy Policy 65, 670-679. https://doi.org/10.1016/j.enpol.2013.09.039

Schaffernicht, M., Groesser, S.N., 2011. A comprehensive method for comparing mental models of
dynamic systems. Eur. J. Oper. Res. 210, 57-67. https://doi.org/10.1016/j.ejor.2010.09.003

Schmidt, T.S., Sewerin, S., 2017. Technology as a driver of climate and energy politics. Nat. Energy 2,
17084. https://doi.org/10.1038/nenergy.2017.84

Sharpe, S., Lenton, T.M., 2021. Upward-scaling tipping cascades to meet climate goals: plausible
grounds for hope. Clim. Policy 21, 421-433. https://doi.org/10.1080/14693062.2020.1870097

Smith, A., Stirling, A., Berkhout, F., 2005. The governance of sustainable socio-technical transitions.
Res. Policy 34, 1491-1510. https://doi.org/10.1016/j.respol.2005.07.005

Solomon, B.D., Krishna, K., 2011. The coming sustainable energy transition: History, strategies, and
outlook. Energy Policy 39, 7422—-7431. https://doi.org/10.1016/j.enpol.2011.09.009

Stapleton, L., Sorrell, S., Schwanen, T., 2016. Estimating direct rebound effects for personal automotive
travel in Great Britain. Energy Econ. 54, 313-325.
https://doi.org/https://doi.org/10.1016/j.eneco.2015.12.012

Sterman, J., 2000. Business Dynamics: Systems Thinking and Modeling for a Complex World.
Irwin/McGraw-Hill, Boston ; London.

Sterman, J., 1994. Learning In and About Complex Systems. Syst. Dyn. Rev. 10, 291-330.

Struben, J., Sterman, J., 2008. Transition challenges for alternative fuel vehicle and transportation
systems. Environ. Plan. B Plan. Des. 35, 1070-1097. https://doi.org/10.1068/b33022t

Trutnevyte, E., Hirt, L.F., Bauer, N., Cherp, A., Hawkes, A., Edelenbosch, O.Y., Pedde, S., van Vuuren,
D., 2019. Societal Transformations in Models for Energy and Climate Policy: The Ambitious Next

22



Step. One Earth 1, 423-433. https://doi.org/10.1016/j.oneear.2019.12.002

Valentova, M., Karasek, J., Knapek, J., 2019. Ex post evaluation of energy efficiency programs: Case
study of Czech Green Investment Scheme. Wiley Interdiscip. Rev. Energy Environ. 8, 1-11.
https://doi.org/10.1002/wene.323

van den Bergh, J.C.J.M., 2008. Optimal diversity: Increasing returns versus recombinant innovation. J.
Econ. Behav. Organ. 68, 565-580. https://doi.org/10.1016/j.jebo.2008.09.003

Wade, J., Eyre, N., 2015. Energy Efficiency Evaluation: The evidence for real energy savings from
energy efficiency programmes in the household sector. UKERC, London.

Walrave, B., Raven, R., 2016. Modelling the dynamics of technological innovation systems. Res. Policy
45, 1833-1844. https://doi.org/10.1016/j.respol.2016.05.011

i Government kills  off flagship  green deal for home insulation, The  Guardian.
www.theguardian.com/environment/2015/jul/23/uk-ceases-financing-of-green-deal

i The Facts Behind Every Major Automaker Emissions Cheating Scandal Since VW. Road and Track magazine,
May 2016. www.roadandtrack.com/new-cars/car-technology/a29293/vehicle-emissions-testing-scandal-cheating.

i The Contracts for Difference scheme is the government’s main mechanism for supporting low-carbon electricity
generation. www.gov.uk/government/publications/contracts-for-difference/contract-for-difference

v To interpret the model: Positive causation is represented by solid arrows with a plus (“+”) sign. Negative causation
is represented by dashed arrows with a minus (“-") sign. Reinforcing feedback loops are named R1, R2, etc., and
grow indefinitely until interrupted. Balancing feedback loops are named B1, B2, etc., and are goal seeking, growing

until a goal or limit is reached.

23



