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Abstract

The feasibility of different options to reduce the risks of climate change has

engaged scholars for decades. Yet there is no agreement on how to define and

assess feasibility. We define feasible as “do-able under realistic assumptions.”
A sound feasibility assessment is based on causal reasoning; enables compari-

son of feasibility across climate options, contexts, and implementation levels;

and reflexively considers the agency of its audience. Global climate scenarios

are a good starting point for assessing the feasibility of climate options since

they represent causal pathways, quantify implementation levels, and consider

policy choices. Yet, scenario developers face difficulties to represent all rele-

vant causalities, assess the realism of assumptions, assign likelihood to poten-

tial outcomes, and evaluate the agency of their users, which calls for external

feasibility assessments. Existing approaches to feasibility assessment mirror

the “inside” and the “outside” view coined by Kahneman and co-authors. The

inside view considers climate change as a unique challenge and seeks to iden-

tify barriers that should be overcome by political choice, commitment, and

skill. The outside view assesses feasibility through examining historical analo-

gies (reference cases) to the given climate option. Recent studies seek to bridge

the inside and the outside views through “feasibility spaces,” by identifying ref-
erence cases for a climate option, measuring their outcomes and relevant char-

acteristics, and mapping them together with the expected outcomes and

characteristics of the climate option. Feasibility spaces are a promising method

to prioritize climate options, realistically assess the achievability of climate

goals, and construct scenarios with empirically-grounded assumptions.
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1 | INTRODUCTION

Which options to avert dangerous climate change or adapt to its consequences are more and which are less feasible?
The most recent IPCC reports mention feasibility over 500 times1 (IPCC, 2022b, 2022d), but this question is not new—it
has engaged scholars for decades (Anderer et al., 1981; Pielke et al., 2008; van Beek et al., 2020), recently encompassing
the feasibility of negative emission technologies (Anderson & Peters, 2016; Fuss et al., 2014), low energy demand
(Brockway et al., 2021; Semieniuk et al., 2021), rapid upscaling of renewables (Cherp et al., 2021; Hansen et al., 2017;
Smil, 2016), land-based climate mitigation (Roe et al., 2021), and adaptation (Singh et al., 2020; Williams et al., 2021).
Yet, there is no agreed approach to define or assess feasibility. To begin with, the distinction between feasible, possible,
plausible, and probable is not always clear (Box 1, Figure 1). Additionally, a number of other questions have emerged:
Should we presume the availability of all political and social choices or also assess whether these choices themselves
are feasible? How should we compare the feasibility of very different options for example, de-growth versus negative
emissions? How should we account for future technological developments and policy shifts?

Here we discuss how a meaningful definition of feasibility and the principles of an effective feasibility assessment
emerge from the literature (Section 2). We also explain the challenges of incorporating these principles in assessing the
feasibility of mitigation and adaptation options in long-term scenarios generated by integrated assessment models
(IAMs) for the IPCC (Section 3). We draw parallels between today's feasibility debates and the dichotomy between the
“inside” and the “outside” views coined by Daniel Kahneman and his colleagues (Kahneman & Lovallo, 1993), where
the inside view seeks to understand detailed barriers to climate mitigation and adaptation as unique challenges and the

BOX 1 Feasibility, plausibility, probability, and related terms

The literature often uses the term “feasibility” interchangeably with “plausibility” (Hancock & Bezold, 1994;
Napp et al., 2017), “probability” (Engels et al., 2023; Engels & Marotzke, 2023; Morgan & Keith, 2008), “attain-
ability” (Riahi et al., 2021; Warszawski et al., 2021), and “achievability” (van Sluisveld et al., 2015), but these
metonyms are rarely defined. Feasibility is a characteristic of an uncertain future which is related but not iden-
tical to the other characteristics (Figure 1).

Probability is the likelihood of a future outcome which factors in likely choices of relevant agents (Hancock
& Bezold, 1994; Morgan & Keith, 2008; Nordhaus & Yohe, 1983).

Example: “Anna will probably cross the lake soon because she has a boat she can sail and needs to get
something on the other shore”.

Plausibility or possibility have a wide variety of meanings ranging from those close to probability (Pielke
et al., 2021) to those close to feasibility (Hancock & Bezold, 1994; Napp et al., 2017; Semieniuk et al., 2021). In
the classic definition, plausible means “occurable” or something that “could happen” (Henchey, 1978; Wiek
et al., 2013) under internally consistent assumptions (Nakicenovic et al., 2000; Wack, 1985).2 Plausibility is the
guiding principle in the “what-if” logic of climate scenarios (Nakicenovic et al., 2000; O'Neill et al., 2017; Riahi
et al., 2017; Rogelj et al., 2018). A further distinction is sometimes made between plausible, where assumptions
are based on existing knowledge and possible which allows for the expansion of knowledge and wildcards into
“science fiction” futures (Hancock & Bezold, 1994; McCollum et al., 2020; van Dorsser et al., 2018;
Voros, 2003). Both plausible and possible require assuming certain choices of social actors.

Example: “It is plausible that Anna crosses the lake if she gets a boat and learns to sail”.
Feasibility is defined by the IPCC as the “potential for a mitigation or adaptation option to be implemented”

(IPCC, 2022c footnote 72).3 It has a strong focus on agency (implementors) who will pursue future options
(Hancock & Bezold, 1994, p. 24)4 and thus can be rephrased as something “do-able.” The second element of this
definition is “potential,” which signals objective constraints to and opportunities for action. Thus, feasible can
also be defined as “do-able under realistic assumptions.”5 This makes feasible a subset of plausible with an addi-
tional requirement that the assumptions are backed by stronger evidence and not only by internal consistency.

Example: “It is feasible for Anna to cross the lake because she has a boat and is learning to sail.”
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outside view explores historical analogies to climate action. We also propose how the two views can be bridged through
“feasibility spaces” (Section 4). Though this review does not assess feasibility of any specific climate option, it proposes
a systematic approach that can form the basis of such assessments in future research.

2 | THE INTELLECTUAL HISTORY AND PRINCIPLES OF FEASIBILITY
ASSESSMENT

The current debate on the feasibility of climate options has its roots in the 1980s, when the first global assessments and
scenarios explored resource scarcity, energy geopolitics, and rising pollution (Anderer et al., 1981; Edmonds et al., 1984;
Frisch, 1983; Goldemberg et al., 1985a; Lovins, 1976; Nordhaus & Yohe, 1983). These studies argued that proposed solu-
tions should be feasible in real-world conditions. For example, the influential Energy in a Finite World only considered
energy technologies that “would be feasible within the next fifty years” (Anderer et al., 1981, p. 21) and an early report
from the EPA argued that for a climate option to be “desirable, it must be technologically, economically and politically
feasible” (Seidel & Keyes, 1983, pp. 1–18). Over decades, the literature formulated three principles of scientific feasibil-
ity analysis: causal reasoning, comparability, and reflexive consideration of agency.

2.1 | Causal reasoning

The central role of causal reasoning can be illustrated by the early debate between “high supply” solutions stressing the
rapid expansion of nuclear power, natural gas, and renewables (Edmonds et al., 1984; Frisch, 1983), and a “soft energy
path” emphasizing energy efficiency and decentralization (Goldemberg et al., 1985a, 1985b, 1987; Lovins, 1976). For
example, Goldemberg et al. (1985a, 1985b, 1987) argued that it would be more feasible to support developing countries
through a “soft energy path” because: (1) a high growth in energy demand would require expansion of expensive infra-
structure and energy imports, which would in turn undermine state budgets, slow down economies, and trigger con-
flicts; (2) advanced end-use technologies can deliver the same energy services at a fraction of primary energy; (3) such
technologies are already widely used in developed countries; and (4) these technologies can diffuse to developing coun-
tries as some had already diffused to Brazil.

This logic illustrates causal reasoning using both inductive (2 and partially 3) and deductive (1, 4, and partially 3)
logic in a specific combination that Sorrel (2018) calls “retroductive,” and makes it possible to differentiate between the-
oretically postulated causalities on the basis of empirical evidence (see also Bhaskar (2014) and Mingers (2006) cited by
Sorrel). Causal reasoning has since become a central pillar of scientific discussions of feasibility (e.g., Jewell &

FIGURE 1 Feasible climate options are subset of possible and plausible options and wider than probable options. Modified from the

“futures cone” (Hancock & Bezold, 1994; McCollum et al., 2020; van Dorsser et al., 2018; Voros, 2003) to include feasibility and reference

cases. Note that feasible and probable climate options are depicted with fuzzy boundaries to depict their probabilistic nature. Feasibility of

climate options in scenarios can be conceptualized as the “distance” to the outer boundary of “plausible options” or alternatively to
“probable options” (Section 3.2). The feasibility space is informed by evidence from a set of reference case (Section 4.2).
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Cherp, 2020; Roe et al., 2021; Stern et al., 2022).6 A climate solution is either feasible or infeasible if there is a path, a
causal chain of events, either leading to or blocking its implementation. Discussions about feasibility should therefore
be structured around causal evidence (such as models of energy flows, economic calculations, and analogies from other
countries).

2.2 | Comparability

As in early debates, contemporary literature compares the feasibility of two or more climate options or assesses the fea-
sibility of a climate option by comparing it to a benchmark or threshold (Bager et al., 2021; Cherp et al., 2021;
Jenkins, 2014; Odenweller et al., 2022; Semieniuk et al., 2021; Vinichenko et al., 2021). This is because a mere descrip-
tion of causal mechanisms blocking or enabling a climate solution is not enough to understand whether it is “do-able.”
For example, Jenkins (2014) investigates potential opposition from businesses and consumers to show that the maxi-
mum tolerable levels of carbon price in the United States are about two orders of magnitude below the social cost of
carbon. He concludes that pricing carbon at an economically optimal level is politically infeasible and therefore other
climate policies are also needed. Thus, Jenkins' quantitative analysis of feasibility results in policy advice which would
not be possible through mere qualitative observation that carbon taxes face social resistance.

Jenkins succeeded in this remarkably informative quantification of feasibility because he analyzed a well-defined
policy constrained by a well-understood causal mechanism. In case of more complex causal mechanisms, scholars use
semi-qualitative analysis where indicators for relevant causal mechanisms are aggregated. Bager et al. (2021) use this
approach for comparing the feasibility of 86 policy options to combat deforestation using three indicators of advocacy
support, institutional complexity, and monetary costs. Roe et al. (2021) compare the feasibility of land-based mitigation
across some 200 countries using 19 indicators for national capacities such as GDP per capita, rule of law, and agricul-
tural productivity which they link to feasibility through causal reasoning, where “a clear logic […] exist[s] in the direc-
tion of the relationship between the variable in question and the feasibility of implementation of a mitigation measure”
(p. 12). The utility of this approach depends on selecting appropriate indicators and aggregation methods, as we further
discuss in Section 3.4.

2.3 | Reflexive consideration of agency

According to political philosophers Gillabert and Lawford-Smith (2012), an outcome is feasible if there is an agent or
group of agents who can carry out a set of actions which will lead to an outcome in a given context. Thus, the question
of “feasible for whom?” is central to a meaningful feasibility assessment (Gilabert & Lawford-Smith, 2012; Jewell &
Cherp, 2020). But what does this practically mean? Implementing any climate option involves many actors from
policymakers to investors, entrepreneurs, and the public. Should the choices of these actors be analyzed alongside other
feasibility constraints, or should a feasibility assessment seek to inform and influence these choices?

In fact, the literature contains both approaches. Some human actions are treated similarly to other causalities affect-
ing the implementation of climate solutions. For example, Jenkins (2014) argues that businesses and households block
carbon prices above a certain level and Bager et al. (2021) argue that bureaucrats fail to follow overly complex proce-
dures. These constraints constrain feasibility in a similar manner to the scarcity of land or lack of resources since they
are “not under the control of policymakers” (Majone, 1975, p. 261). The second approach assumes that actors can make
free choices, for example, that US policy makers can set any carbon price and EU policymakers can implement diverse
regulations on deforestation. Here, scholars do not seek to predict policy choices through analyzing pressure from
voters, party ideologies, state imperatives or other such factors. Instead, these studies aim to inform policy makers about
relevant constraints7 and assume freedom of choice within that set of constraints. But why do the same studies treat dif-
ferent actors differently? The approach depends on the intended audiences and their role in implementing the climate
option. Jenkins (2014) and Bager et al. (2021) grant freedom of choice to US and EU policy makers who are their audi-
ence but not to businesses, consumers, and bureaucrats—who are not.

Thus, answering the question “feasible for whom?” requires clarity not only about the actors who can potentially
influence the climate option, but also about the audience of the feasibility assessment, as well as the relationship
between these two groups (Figure 2). A meaningful feasibility assessment informs its audience about what is “do-able”
under realistic assumptions without over-constraining their freedom of choice or unrealistically over-extending their
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agency to factors that are in reality outside of their control. This requires analysis of both the actors and the context
including the stage in the policy cycle when the feasibility assessment is prepared (Lövbrand, 2011; Merton, 1945).

In summary, the following three principles of a sound feasibility assessment emerge from the literature discussed in
this section:

1. Feasibility assessments are based on inductive and deductive causal reasoning that identifies assumptions under
which climate options could be blocked or implemented and assesses the realism of these assumptions.

2. Feasibility assessments compare feasibility across climate options, their implementation levels, contexts, or
with relevant benchmarks.

3. Feasibility assessments reflexively consider the degree of control of their audiences over the implementation of cli-
mate options avoiding on the one hand overextension of agency and on the other hand unintentionally constraining
choices by prematurely ruling out or highlighting certain options.

3 | FEASIBILITY DEBATES IN GLOBAL SCENARIOS

Climate mitigation and adaptation require long-term efforts, which are commonly explored through global scenarios
defined as “plausible description[s] of how the future may develop based on a coherent and internally consistent set of
assumptions about key driving forces and relationships” (IPCC, 2019, pp.823). Contemporary global scenarios are nor-
mally developed with support from IAMs representing a multitude of complex causal relationships through mathemati-
cal algorithms (Guivarch et al., 2022; IPCC, 1992; Nakicenovic et al., 2000; Riahi et al., 2012). To which extent can
these scenarios facilitate assessing the feasibility of climate options in accordance with the three principles outlined
above?

3.1 | Causal reasoning in scenarios

Causal reasoning is central to climate scenarios and makes them a logical starting point for assessing feasibility. The
role of a climate option in a scenario is typically determined by both external assumptions and internal model algo-
rithms ensuring a consistent storyline. For example, responding to criticisms about assumptions on the feasibility of
large deployment of negative emissions technologies in most 1.5�C scenarios, Grubler et al. (2018) constructed the
prominent low-energy demand scenario (LED) where they assumed rapid worldwide diffusion of cutting-edge energy
demand practices and argued that it's possible to achieve the 1.5�C target without negative emissions beyond afforesta-
tion. By varying their assumptions, IAMs can generate thousands of plausible scenarios (Byers et al., 2022; Guivarch
et al., 2022; Riahi et al., 2022) each depicting hundreds of climate options designed to explore the “solution space"8

(Edenhofer & Kowarsch, 2015). The scenario and modelling community understands the “solution space” here as the
ultimate ensemble of scenarios and options including both those that have already been developed as well as those that

FIGURE 2 The audience of the feasibility assessment, the actors who have control over implementing the climate option, and their

overlap.
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should be explored in the future. The solution space is not static or set in stone and can change over time as new cir-
cumstances or knowledge emerge or as scenario audiences change their stance on meaningful assumptions to explore
(Beck & Oomen, 2021; Cointe & Guillemot, 2023; Du et al., 2022; Ellenbeck & Lilliestam, 2019; Haasnoot et al., 2020;
Keyßer & Lenzen, 2021; Livingston & Rummukainen, 2020; Lövbrand, 2011).

If a climate option falls outside of the solution space then there is no known causal path leading to its implementa-
tion, in other words, such an option is not feasible.9 However, not all options inside the solution space are feasible
(Figure 1). For example, the LED scenario may be infeasible because the underlying model does not account for poten-
tial barriers to rapid worldwide introduction of energy demand practices or for the rebound effect that may cancel out
the benefits of energy efficiency (Brockway et al., 2021; Semieniuk et al., 2021). More generally, a typical solution space
does not incorporate all relevant causalities and therefore contains many climate options that are not feasible in the real
world (Anderson & Jewell, 2019; Geels et al., 2016; Hirt et al., 2020). While credibly representing techno-economic and
geophysical processes, IAMs commonly fail to incorporate other causalities (Iyer et al., 2015; Loftus et al., 2015; van
Sluisveld et al., 2015) such as public acceptance (Reusswig et al., 2016; Roddis et al., 2018), incumbent resistance
(Geels, 2014; D. Lee & Hess, 2019), technological inertia (Iyer et al., 2015), technology readiness, investment require-
ments, infrastructure issues (Loftus et al., 2015), and political priorities (Cherp et al., 2018). In other words, plausibility
in models “provides a useful context to understand technical and economic concerns [but] need[s] to be strictly differ-
entiated from feasibility … in the real world, which hinges on a number of other factors, such as political and social con-
cerns that might render […] model solutions unattainable” (Riahi et al., 2015, p. 19).

One strategy to respond to this criticism, has been to improve “model realism” by incorporating additional social
causal mechanisms into models (Trutnevyte et al., 2019) or to produce scenarios by combining modelling with “socio-
technical transitions” storylines (Geels et al., 2020). So far, this approach has not resulted in notable breakthroughs in
assuring the feasibility of scenarios (Hirt et al., 2020; Keppo et al., 2021). An important reason might be that some social
science knowledge is epistemologically incompatible with evidence that can be integrated in models (Geels et al., 2016),
or does not meet the criteria for “retroductive” reasoning which differentiates between theoretically postulated and
empirically observable causal mechanisms (Sorrell, 2018). These difficulties necessitate turning to other approaches of
assessing the feasibility of climate options within the solution space as we discuss in Sections 3.4 and 4.1.

3.2 | Comparative assessment of feasibility in scenarios

A meaningful feasibility assessment should compare the feasibility of different climate options, or of the same option
in different contexts or at different implementation levels. The solution space makes a step in this direction by filtering
out clearly infeasible options, for which models cannot find internally consistent pathways. But how can the feasibility
of climate options within the solution space be comparatively assessed?

One approach is to define feasibility “thresholds” for different climate options in terms of their implementation
levels or contexts (Brutschin et al., 2021; Riahi et al., 2022; Warszawski et al. 2021). A straightforward source of such
thresholds may be the model parameters themselves which constrain the solution space. For example, many IAMs
impose limits on bioenergy use making it possible to differentiate between options that almost exceed these limits and
those that are well within the limits: the former being judged as less feasible than the latter (Brutschin et al., 2021). Met-
aphorically speaking, this method measures the distance between the climate option and the boundary of the solution
space (Figure 1). However, since the solution space does not account for all relevant constraints, scholars often search
for feasibility thresholds based on evidence outside of models or scenario storylines. For example, several studies assess
the feasibility of climate scenarios based on whether they impose too high carbon taxes (Jenkins, 2014), would lead to
“drastic reductions in energy demand” (Iyer et al., 2015), would be socially unacceptable (Gambhir et al, 2017), or
would require too high mitigation costs (Brutschin et al., 2021).

Setting feasibility thresholds is often challenging because it requires knowledge of the aggregate effect of all causal
mechanisms driving and blocking a climate option. For example, Brutschin et al. (2021) note that the threshold for car-
bon price based on its macroeconomic effects does not consider social resistance to carbon taxes. There are attempts to
address this challenge through establishing a comprehensive set of indicators reflecting diverse barriers and enablers
(de Coninck et al., 2018), but it is not clear how to ensure that the indicators are comprehensive and consistent across
climate options, how to set a threshold for each indicator, or how to aggregate across multiple indicators (see more in
Section 3.4). Another problem is how to account for the dynamic, context dependent and malleable nature of thresh-
olds. For example, thresholds that represent the costs of climate options, only make sense in relation to the motivations
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and capacities of actors to meet these costs in different contexts (Jewell & Cherp, 2020). Brutschin et al. (2021) illustrate
an approach to address this challenge by proposing a threshold that combines the speed of emission reduction with the
governance effectiveness, but such efforts can easily be mired in overwhelming complexity as the number of barriers,
drivers and relevant contexts and capacities multiply.

An alternative method does not rely on setting thresholds but rather uses an intuitive notion that more probable
options are also more feasible. Speaking metaphorically, instead of measuring the distance to the outer boundary of the
solution space, this approach measures the distance to the “probable core” (Figure 1). Here, scholars sometimes turn to
projections or outlooks (Pielke et al., 2022) as a depiction of the “probable” future implementation of a climate option.
Such scenarios use assumptions or model parameters based on the strongest evidence (e.g., current trends, definite
plans, or forecasts). Forecasts often identify a central or “most likely” scenario as well as a set of less likely scenarios.
Climate options depicted in the central estimate can be considered more feasible because they are determined by the
most probable combination of causal factors. For example, Pielke et al. (2021) uses this approach in arguing that based
on IEA forecasts of emission trajectories, certain IPCC scenarios are implausible.

However, outlooks are not suitable to explore large uncertainties and unexpected developments, including techno-
logical breakthroughs, social change and policy choices that need to be considered in global climate scenarios. This is
illustrated by the failure of early forecasts to accurately predict future energy demand (Morgan & Keith, 2008), the
growth of nuclear power (Anderer et al., 1981; Wynne, 1984) and more recently—the costs of solar PV (Meng
et al., 2021; Nemet, 2019). Another obstacle to assessing feasibility based on probability is that the majority of the IPCC
scenarios are not probabilistic forecasts, but rather “exploratory scenarios” (Skea et al. (2021)), which means that their
assumptions are deliberately varied to explore potential choices and uncertainties such as implementation of Nationally
Determined Contributions (NDCs) (Ou et al., 2021; Roelfsema et al., 2020; Sognnaes et al., 2021) or future economic
development, international cooperation, and technological progress (O'Neill et al., 2017; Riahi et al., 2017). The “norma-
tive” subset of exploratory scenarios explores assumptions relevant to achieving various levels of global warming (Riahi
et al., 2022; Rogelj et al., 2018) or energy goals (IEA, 2021; Riahi et al., 2013). It is the feasibility of these “normative”
scenarios that is often questioned by the literature (Anderson & Jewell, 2019; Anderson & Peters, 2016; Cherp
et al., 2021; Semieniuk et al., 2021; Vinichenko et al., 2021).

There have long been calls to estimate the probability of different scenarios (Morgan & Keith, 2008; Nordhaus &
Yohe, 1983; Schneider, 2001), which would facilitate analyzing the feasibility of climate options in normative and other
exploratory scenarios. However, the mainstream scenario literature has rejected these calls on the basis that “[t]here
are no independent observations and no repeat[] experiments” in social science for climate scenarios (Grübler &
Nakicenovic, 2001, p. 15). This seriously hampers assessing the feasibility of climate options based on the information
contained in most global scenarios. As we explain in Section 4, the “outside view” fills this gap by providing “natural
experiments” based on independent observations and supported by inductive reasoning.

3.3 | Reflexive consideration of agency in scenarios

There are methodological parallels between considering agency in feasibility assessments and in scenarios even though
the two perform different functions. Feasibility assessments aim to separate what is within versus outside of the policy-
maker's control (Majone, 1975) and answer the question “feasible for whom?” (Gilabert & Lawford-Smith, 2012;
Jewell & Cherp, 2020). Similarly, scenarios seek to separate “masterable” trends, which depend upon users' choices,
from “dominant” trends, which do not (De Jouvenel, 1967). This distinction was clear already in Shell's pioneering
work on future oil markets where dominant trends comprised oil demand, government policies, and economic develop-
ments and masterable trends—the company's corporate strategy (Wack, 1985). Global climate scenarios have attempted
to maintain this distinction by capturing dominant trends within the shared socio-economic pathways (covering popu-
lation, economic, political, and technological developments; O'Neill et al., 2014, 2017, 2020; Riahi et al., 2017) and
masterable trends within the Shared climate policy assumptions (covering climate policies; Kriegler et al., 2014).

Global climate scenarios deal with much higher complexity than early corporate scenarios and their audiences are
broader and harder to delineate,10 though in practice scenarios are often developed in close collaboration with climate
policy makers and international climate negotiators (Livingston & Rummukainen, 2020; Lövbrand, 2011; van Beek
et al., 2022). This collaboration, often called knowledge co-production, helps both sides: policy makers rely on scenarios
in formulating policy goals and agendas, while scientists benefit from the recognition of their role in policy-making and
funding that often comes with it (Cointe & Guillemot, 2023; Lövbrand, 2011).
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Unfortunately, when it comes to feasibility assessment, this mode of interaction between scenario scientists and pol-
icy makers can easily falter. For example, it is entirely acceptable for an exploratory scenario to depict achieving an
ambitious climate goal requiring rapid global deployment of negative emission technologies. In contrast, the task of a
feasibility analysis in this case would be to rigorously analyze the realism of underlying assumptions: who can invest in
the required facilities? who can pass the carbon taxes making such investments profitable? who can mobilize industrial
capacity to build the required infrastructure? and will such infrastructure be socially accepted? It may be difficult for
scientists involved in knowledge co-production to seriously investigate these concerns because this involves questioning
the degree of control their close partners have over each of these factors, where a multitude of other actors are involved.
Furthermore, such investigation may lead to the inconvenient conclusion that the climate target is infeasible
(Geden, 2015) or requires much more radical action than what policy makers are ready for (Anderson & Jewell, 2019;
Stoddard et al., 2021).

Such risks may discourage scenario developers from engaging in rigorous feasibility assessments for the sake of
maintaining close collaboration with policy makers. Scenario co-production without formal and rigorous feasibility
assessment has been criticized for “performativity,” when the mere inclusion of solutions such as negative emissions in
scenarios already implied their feasibility (Beck & Mahony, 2018; Carton et al., 2020). Additional criticism highlights
the “co-dependence” of scenario developers and climate policy makers, where normative scenarios are developed in
response to political goals (such as 2 or 1.5�C targets) and then used to justify the feasibility of these goals even in the
absence of a suitable feasibility assessment (Cointe & Guillemot, 2023; Lövbrand, 2011). Sometimes scenario developers
defend this approach arguing that policy makers know better what is feasible. This misrepresents a large uncertainty
over multiple interconnected and constrained choices for a “masterable” trend and therefore overextends the agency of
scenario users without advancing our understanding of feasibility.

3.4 | Multidimensional feasibility assessment

The IPCC proposed a framework for analyzing the feasibility of climate options in its Special Report 1.5 (de Coninck
et al., 2018; Solecki et al., 2018), which was subsequently refined by several teams of IPCC authors (Brutschin
et al., 2021; Singh et al., 2020; Steg et al., 2022). This framework is called “multidimensional” because it is based on six
categories (“dimensions”)—economic, technological, socio-cultural, institutional, geophysical, and ecological/environ-
mental—that aim to comprehensively capture all categories of causal factors that can affect the implementation of any
climate option (Steg et al., 2022).

The origin of these dimensions can be traced to Majone (1975) who mentions political, economic, technological,
and sociological constraints to policies. The six dimensions retain “economic” and “technological;” substitute “political”
with “institutional;” “sociological” with “socio-cultural;” and add “geophysical” and “environmental/ecological” to
reflect groups of IAM variables and the international climate change debate. Dimensions signal the relevance of several
academic fields (economics, political science, sociology, ecology, engineering) to feasibility assessment, however, to
reflect any specific causal mechanisms they need further operationalization, usually through indicators (Table 1). It is
thus at the level of indicators that the comprehensiveness and relevance of the multidimensional framework can be
analyzed.

Two distinct approaches to setting up indicators have emerged so far (Table 1). The first uses 3–4 generic indicators
for each dimension (de Coninck et al., 2018; Khourdajie et al., 2022; Ley et al., 2022; Singh et al., 2020; Steg
et al., 2022), for example “technological maturity,” “scalability” and “simplicity” for the “technological” dimension. This
approach standardizes feasibility concerns across climate options, but it runs the risk of neglecting barriers and enablers
that are unique to specific options or contexts. In fact, when Majone (1975) first published his four categories of con-
straints he warned, “[i]t should be clear…that some kind of exhaustive listing [of all political, technological or economic
constraints] would be … impossible and … pointless without reference to a specific policy problem” (p. 264). This rea-
soning rings even true with respect to climate options which have a wider scope than the policy problems Majone had
in mind. Even at a high level, there are contrasting views on the main factors affecting climate options. For example,
the majority of the eight overarching causes blocking the decline of global GHG emissions identified by Stoddard et al.
(2021): geopolitics and militarism, economics and financialization, vested interests, inertia of energy systems, inequity,
high-carbon lifestyles and social imaginaries, do not match any of the IPCC feasibility indicators. Likewise, most of the
top-level variables explaining energy transitions (Cherp et al., 2018): energy infrastructure, supply–demand balance,
technology diffusion, innovation systems, and state goals also do not directly match any of the indicators. The diversity
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of scientific perspectives would always make it difficult to reach an agreement on a set of indicators applicable to all
mitigation and adaptation options.

In the second approach to applying the multi-dimensional framework, the six dimensions are used as a guidance to
elaborate specific indicators for a specific feasibility question, such as the systemic feasibility of scenarios (Brutschin
et al., 2021), or suitability of various contexts to a particular climate option (Roe et al., 2021; Thoni et al., 2020). This
avoids the problems with generic indicators, but requires scientific agreement concerning the process for selecting the
indicators. The six dimensions may serve as input into such a process, if they are used in retroductive identification of
relevant concerns, rather than in abductive rationalization of ad hoc indicators.11

The users of the multidimensional framework typically evaluate and then aggregate indicators using a “traffic light”
or similar semi-quantitative scores (Brutschin et al., 2021; de Coninck et al., 2018; IPCC, 2022a; Pathak et al., 2022; Roe
et al., 2021; Singh et al., 2020). This produces an easy-to-communicate assessment where the complexity of underlying
causal mechanisms is reduced to a few simple variables. However, this approach raises two methodological challenges:
(a) how to consistently assign scores for individual indicators across different climate options and (b) how to aggregate
the scores across multiple indicators for the same option. The first problem can be illustrated through Steg's et al.'s
(2022) argument that electric vehicles and industry electrification face barriers of public acceptance, legal and institu-
tional capacity, while solar electricity does not face any such barriers. This claim is difficult to justify (Baldwin
et al., 2016; Cousse, 2021) unless there are dedicated studies systematically analyzing the three options against the three
criteria. In reality, this finding is based on expert views and literatures likely using different definitions and methods of
measuring public acceptance and institutional capacities for different options, which makes credible comparison across
options difficult if not impossible. The second challenge relates to aggregating the scores across feasibility indicators. In
case of generic indicators similar for all options, it requires assigning consistent weights which reflect the importance of
different factors for different climate options or contexts. When indicators are option- or context-specific, consistent
aggregation becomes even more challenging. The lack of an agreed and reliable method of comparative feasibility
assessment makes it unsurprising that there are conflicting conclusions on the feasibility of different pathways
(Livingston & Rummukainen, 2020; van Beek et al., 2022).

With respect to reflexively addressing the agency of their users, the studies using the multidimensional framework
have so far aimed to inform a similarly broad audience as global climate scenarios. For example, Roe et al. (2021) pro-
pose to use their analysis of land-use mitigation feasibility “to plan and prioritize country-specific policies and mea-
sures” and offer “key considerations for external actors who seek to help [developing] countries mobilize their
mitigation potential.” Singh et al.'s (2020) feasibility assessment of adaptation aims at “global and national
policymakers as well as nongovernmental adaptation decision-makers and practitioners.” The methods and findings of
such assessments are presented alongside global scenarios in the IPCC reports however, their stated purpose shifted
from assessing feasibility (as in SR1.5 see de Coninck et al. (2018) and IPCC AR6 Annex II IPPC (2022a)) to “identify
[ing] barriers to and enablers of implementing climate […] options” and to “provide[ing] critical information to govern-
ments and decision makers on what factors would need to be targeted to improve the feasibility of options to ensure
[they] can be implemented at scale on a timely basis” (Steg et al., 2022, p. 1218). This may signal a shift of the IPCC
away from assessing the feasibility of what is possible, potentially reflecting the limitation of science-policy interactions
discussed in the previous section.

4 | THE OUTSIDE VIEW AND THE FEASIBILITY SPACE

4.1 | The inside and the outside view

A distinct approach to assessing the feasibility of climate options in global scenarios focuses on comparing them with
historical analogies. Concern about the historically unprecedented speeds of carbon intensity decline envisioned in cli-
mate mitigation scenarios was first raised by Pielke et al. (2008) and echoed by the argument that historical transitions
to new energy sources were much slower than required in scenarios (Smil, 2010). A multitude of subsequent studies
have compared historical transitions to those in scenarios to support (Höök et al., 2012; Kramer & Haigh, 2009; Napp
et al., 2017; van der Zwaan et al., 2013), reject (Loftus et al., 2015; Wilson et al., 2013), or provide mixed evidence (Iyer
et al., 2015; van Sluisveld et al., 2015) to this argument (Table 2). Similar analysis has been done comparing historical
observations to scenarios for the decline of energy (Loftus et al., 2015; Semieniuk et al., 2021; Steckel et al., 2013) and
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emission intensity (Loftus et al., 2015; Pielke et al., 2008, 2021), as well as the rate of fossil fuel decline (Vinichenko
et al., 2021, 2023).

Using historical evidence for feasibility assessment has faced two criticisms. The first is that such evidence may not
exactly clarify the causes of historical developments (van Sluisveld et al., 2015, p. 448). For example, though Vinichenko
et al. (2021) note that the oil crises, state-ownership of electric utilities, and the scalability of nuclear power can explain
the rapid decline of coal and oil use in France, Japan, and Sweden in the 1970–1980s, they do not investigate which of
these factors was most important. Yet, inductive reasoning by analogy has the same epistemological validity as mecha-
nistic reasoning (Knachel, 2021). The second criticism is that the future will be inevitably different from the past. For
example, future energy transitions can be accelerated by strong climate policies (Fouquet & Pearson, 2012; Kern &
Rogge, 2016), the costs of renewables could rapidly decline (Creutzig et al., 2017; Victoria et al., 2021), and developing
economies could swiftly “leapfrog” to clean energy learning from experience of frontrunners (Goldemberg, 1998;
Ockwell & Mallett, 2012). However, similar forces have already influenced historical outcomes: policies also shaped
past transitions (Cherp et al., 2017; Ikenberry, 1986), cost declines propelled past technological growth (Fouquet, 2016),
and developing countries introduced advanced technologies (Comin & Mestieri, 2018). At the same time, past policies
were constrained by vested interests (Jacobsson & Lauber, 2006), past cost declines cancelled out by geophysical con-
straints and countervailing resistance (Kramer & Haigh, 2009; Lauber & Jacobsson, 2016; Markard, 2018; Wüstenhagen
et al., 2007), and the institutional constraints in developing economies hindered leapfrogging (Cherp et al., 2021;
Comin & Mestieri, 2018; van Benthem, 2015). What we really need to understand is whether and why the combined
outcome of these factors will be different in the future?

The stalemate in this debate has no obvious solution. On the one hand, the future will definitely be different from
the past, which justifies exploring future opportunities and uncertainties in forward-looking scenarios less constrained
by past experience. On the other hand, scenarios may fail to anticipate key historical forces that shaped the past and
are likely to affect the future. From this standpoint, historical experience can serve as a benchmark for scenario realism.
This dichotomy has been captured beyond the climate literature by Daniel Kahneman who coined the terms “inside
view” and “outside view” to capture distinct approaches to developing forecasts and plans (Kahneman & Lovallo, 1993).
The inside view:

focus[es] on the [unique] case at hand, by considering the plan and the obstacles to its completion, by con-
structing scenarios of future progress… [and] …views risk as a challenge to be overcome by the exercise of
skill and choice as a commitment to a goal (Kahneman & Lovallo, 1993, p. 25).

It is easy to see the parallels between the global climate scenarios literature and the inside view, including the per-
ception of climate change as a unique policy problem, “constructing scenarios of future progress” as normative “climate
mitigation pathways” (Clarke et al., 2014; Riahi et al., 2022) as well as the expectation that policy makers could over-
come risks and barriers through their skill, choice, and commitment to climate goals.

The efforts to improve model realism and identification of “multidimensional” barriers entrenches rather than tran-
scends the inside view. This is because contrary to what one would expect, the availability bias may result in assigning
higher probabilities to outcomes with more constraints (Fox & Birke, 2002; Redelmeier et al., 1995; Slovic et al., 1977;
Tversky & Kahneman, 1983). Thus, providing more complex models and more details on barriers may paradoxically
increase over-confidence in the likelihood of a given storyline (Morgan & Keith, 2008) and is more likely to solidify the
perception of scenarios as realistic, rather than improve their actual realism. Some studies attempt to overcome this lim-
itation through expert or stakeholder “elicitation” (Steg et al., 2022), but this introduces another problem. Whereas
overly knowledgeable experts may exhibit the availability bias, outside stakeholders unfamiliar with the details are even
less likely to provide informative opinions (Morgan, 2014).

In contrast, the literature comparing historical analogies to future scenarios has much in common with the outside
view, which:

ignores the details of the case at hand, and … instead focuses on the statistics of a class of cases chosen to
be similar in relevant respects to the present one (Kahneman & Lovallo, 1993, p. 25).

Instead of focusing on specific model assumptions or investigating barriers or enablers this literature searches for
historical precedents, which are “similar in relevant respects” to the solutions envisioned in scenarios. It then
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establishes a range of outcomes in these precedents as realistic benchmarks for scenarios (Napp et al., 2017, Vinichenko
et al., 2021; Loftus et al., 2015; Cherp et al., 2021).

Kahneman and his colleagues argued that the inside and the outside views correspond to two different modes of
human cognition called “narrow” versus “broad framing.” They believed that a meaningful collaboration between the
inside and the outside view can improve forecasting and decision-making (Kahneman & Lovallo, 1993; Lovallo
et al., 2012). In the next section, we propose a methodological tool—a feasibility space—for facilitating such collabora-
tion with respect to climate solutions.

4.2 | Feasibility space

The feasibility space is a tool for assessing the feasibility of a climate option by its characteristics, context, or implemen-
tation levels. Like the solution space (see Section 3.2 and Figure 1), the feasibility space is a virtual multidimensional
space, where the position of a climate option determines its feasibility. Both the solution and the feasibility space are
dynamic and evolve over time as new evidence becomes available. There are, however, three important differences
between the feasibility and the solution space.

• First, the solutions space is constructed by modelling an internally consistent (“solvable”) set of parameters, while
the feasibility space adds boundaries based on additional causal reasoning derived from empirical and other evidence
not necessarily used in scenario models. This results in the feasibility space being “narrower” or “more constrained”
than the solution space (see Figure 1);

• Second, the solution space typically depicts pathways or scenarios, which are combinations of different climate
options deployed together. The feasibility space typically depicts a single climate option or a few options for compari-
son. There are, however, exceptions, for example, Brutschin et al. (2021) visualize feasibility of entire scenarios.

• Third, the solution space is normally binary, that is, it has an external border but no internal structure, so that it does
not differentiate between pathways or solutions that are judged “plausible.” In contrast, the feasibility space can be
internally structured: it may contain for example “feasibility zones” (Vinichenko et al., 2021) separating more feasible
from less feasible solutions.

The original proposal for assessing feasibility of climate mitigation through “feasibility spaces” (Jewell &
Cherp, 2020) provided few operational details. Here we elaborate the five steps of constructing a feasibility space
(Figure 3) using illustrations from recent literature.

4.2.1 | Step 1. Define the target case: implementation of a climate option

The first step in constructing a feasibility space is to clearly define the climate option and its required implementation,
called the “target case.” Climate options can be defined at different levels of granularity, and their implementation
includes the scale, geographical extent, and timing. This answers the first two questions of feasibility assessment: “Fea-
sibility of what?” and “Feasibility when and where?” (Gilabert & Lawford-Smith, 2012; Jewell & Cherp, 2020). Feasibil-
ity assessments often focus on the implementation of climate options prescribed in national targets or normative
scenarios. For example, Odenweller et al. (2022) evaluate the feasibility of the EU target for hydrogen production and
Semieniuk et al. (2021) evaluate the levels of energy demand envisioned in IPCC SR 1.5�C-compatible scenarios
(Table 2). An excellent inventory of global and regional climate options associated with different temperature outcomes
is the IPCC climate scenarios database (Byers et al., 2022), which contains over 1200 scenarios, depicting the implemen-
tation of hundreds of climate options in 2020–2100 in 10 world regions.

4.2.2 | Step 2. Identify relevant reference cases

The second step is identifying reference cases12 that should be “similar in relevant respects” (Kahneman and Lovallo
(1993)) to the target case. While it is impossible to exactly match future and past analogies, reference cases should rep-
resent the same broad class of social processes13 and causal mechanisms as the target case. For example, the
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substitution of high- for low-carbon technologies is a technological transition and therefore it is logical to look for refer-
ence cases among past technological transitions (Grubler et al., 1999; Kramer & Haigh, 2009; Loftus et al., 2015; Wilson
et al., 2013). Likewise, energy demand growth is linked to socio-economic development (Csereklyei et al., 2016) and
therefore it is logical to search for reference cases of energy use in past episodes of economic development (Semieniuk
et al., 2021). Similarly, behavioral and lifestyle changes such as dietary and transportation choices may use reference
cases of historical changes in behavior such as smoking and seatbelt use (Nelson & Allwood, 2021).

Beyond causal or process similarity, there is no fail-safe algorithm for identifying reference cases. It is generally rec-
ommended to search for similar outcomes in similar contexts (Kahneman & Lovallo, 1993; Kahneman & Tversky, 1982;
Lovallo et al., 2012) as schematically illustrated in Table 3. “Similar outcome”, which refers to the similarity between
the reference case analogies and the climate option, can be interpreted in narrow or broader terms. For example, many
authors use the growth of historical power technologies as reference cases for renewable electricity development (Iyer
et al., 2015; Loftus et al., 2015; van Sluisveld et al., 2015; Wilson et al., 2013), Loftus et al. (2015) use diesel engines as a
reference case for electric vehicles and oil and gas drilling and pipelines as reference for CCS storage and transporta-
tion, and van Ewijk and McDowall (2020) use flue-gas desulfurization as a reference case for CO2 capture. Odenweller
et al. (2022) use much broader historical analogies of diverse technologies such as nuclear weapons and high-speed rail-
ways as reference cases for hydrogen production.

Reference cases should also ideally come from similar contexts with respect to system size, wealth, institutional con-
figurations, etc. At the same time, broadening the search to diverse contexts, often makes it possible to find reference
cases when a climate option or its analogue was implemented on a smaller scale or in a more favorable environment.
Cherp and Vetier (2021) analyze the feasibility of climate options in six target countries by comparing with the same
options in reference countries which are either similar or demonstrate best practice. For some global climate options,
their national deployment provides useful reference cases. For example, Brook (2012) compares the deployment of

FIGURE 3 Five steps in constructing a feasibility space.

JEWELL and CHERP 13 of 31

 17577799, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.838 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [02/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
Se
le
ct
ed

st
ud

ie
s
th
at

us
e
h
is
to
ri
ca
lc
om

pa
ri
so
n
s
to

as
se
ss

th
e
fe
as
ib
ili
ty

of
cl
im

at
e
op

ti
on

s
in

sc
en

ar
io
s.

St
u
d
y

R
ef
er
en

ce
ca

se
s

T
ar
ge

t
ca

se
(s
)

M
et
ri
cs

an
d
n
or
m
al
iz
at
io
n

O
th

er
ch

ar
ac

te
ri
st
ic
s
of

re
fe
re
n
ce

ca
se
s

K
ra
m
er

&
H
ai
gh

(2
00
9)

M
aj
or

en
er
gy

so
u
rc
es

gl
ob

al
ly

N
ew

re
n
ew

ab
le
s
in

Sh
el
l

de
ca
rb
on

iz
at
io
n
sc
en

ar
io
s
gl
ob

al
ly

G
ro
w
th

in
pr
im

ar
y
en

er
gy

su
pp

ly
fr
om

gi
ve
n
so
ur
ce
,a
bs
ol
ut
e,

E
xa
jo
ul
es

-

W
il
so
n
et

al
.(
20
13
)

E
n
er
gy

an
d
re
la
te
d
te
ch

n
ol
og
ie
s
fo
r

ex
am

pl
e,
oi
lr
ef
in
er
ie
s
an

d
co
al

po
w
er

gl
ob

al
ly

an
d
in

te
ch

n
ol
og
ic
al
ly

ad
va
n
ce
d
re
gi
on

s

L
ow

-c
ar
bo

n
en

er
gy

te
ch

n
ol
og
ie
s
in

45
0
pp

m
sc
en

ar
io
s
gl
ob

al
ly

an
d
in

co
re

re
gi
on

s

“D
ur
at
io
n
of

tr
an

si
ti
on

”
Δ
t,
ye
ar
s

“T
h
e
n
or
m
al
iz
ed

ex
te
n
t”
:

in
st
al
le
d
ca
pa

ci
ty

re
la
ti
ve

to
to
ta
lp

ri
m
ar
y
en

er
gy

pr
od

uc
ti
on

;d
if
fe
re
n
ti
at
io
n

be
tw

ee
n
te
ch

n
ol
og
ic
al

co
re

an
d
pe
ri
ph

er
y

L
of
tu
s
et

al
.(
20
15
)

Po
w
er

te
ch

n
ol
og
ie
s,
en

er
gy

an
d

ca
rb
on

in
te
n
si
ty

gl
ob

al
ly

So
la
r
an

d
w
in
d
po

w
er
,e
n
er
gy

an
d

ca
rb
on

in
te
n
si
ty

in
va
ri
ou

s
sc
en

ar
io
s
gl
ob

al
ly

G
ro
w
th

in
in
st
al
le
d
ca
pa

ci
ty
,e
n
er
gy

de
m
an

d,
an

d
em

is
si
on

s
n
or
m
al
iz
ed

to
G
D
P

-

va
n
Sl
u
is
ve
ld

et
al
.(
20
15
)

PV
,w

in
d,

n
uc
le
ar
,b

io
m
as
s,
fo
ss
il

fu
el
s,
su
pp

ly
-s
id
e
in
ve
st
m
en

ts
gl
ob

al
ly
,e
m
is
si
on

de
cl
in
e
ra
te
s

gl
ob

al
an

d
n
at
io
n
al

PV
,W

in
d,

N
uc
le
ar
,B

io
m
as
s,
F
os
si
l

fu
el
s,
C
C
S,

in
ve
st
m
en

t,
em

is
si
on

s
gl
ob

al
ly

an
d
in

se
le
ct
ed

re
gi
on

s
in

45
0
pp

m
sc
en

ar
io
s

G
ro
w
th

of
in
st
al
le
d
ca
pa

ci
ty
,

in
ve
st
m
en

ts
bo

th
ab
so
lu
te

an
d

n
or
m
al
iz
ed

to
G
D
P,

em
is
si
on

s
n
or
m
al
iz
ed

to
G
D
P

-

Iy
er

et
al
.(
20
15
)

O
ve
r
35

te
ch

n
ol
og
ie
s
ra
n
gi
n
g
fr
om

h
om

e
ai
r
co
n
di
ti
on

in
g
to

ra
ilw

ay
s

gl
ob

al
ly

an
d
in

U
SA

,F
ra
n
ce
,

R
u
ss
ia
,J
ap

an
,U

K
,a
n
d
D
en

m
ar
k

Po
w
er

ge
n
er
at
io
n
te
ch

n
ol
og
ie
s:

re
n
ew

ab
le
s,
n
uc
le
ar
,b

io
m
as
s
an

d
C
C
S
in

45
0
pp

m
sc
en

ar
io
s
gl
ob

al
ly

A
ve
ra
ge

ye
ar
-o
n
-y
ea
r
gr
ow

th
ra
te

“F
as
t”

gr
ow

th
un

de
r
st
ro
n
g

go
ve
rn
m
en

t
in
te
rv
en

ti
on

ve
rs
us

“s
lo
w
”
gr
ow

th
dr
iv
en

by
m
ar
ke
t
an

d
te
ch

n
ol
og
y

fa
ct
or
s
al
on

e

N
ap

p
et

al
.(
20
17
)

Sa
m
e
as

in
K
ra
m
er

&
H
ai
gh

(2
00
9)
,

W
ils
on

et
al
.(
20
13
),
an

d
Iy
er

et
al
.

(2
01
5)

L
ow

-c
ar
bo

n
en

er
gy

su
pp

ly
an

d
C
C
S

in
2�
C
sc
en

ar
io
s
gl
ob

al
ly

Y
ea
r-
on

-y
ea
r
gr
ow

th
ra
te
s,
ca
pa

ci
ty

ad
di
ti
on

s,
du

ra
ti
on

of
tr
an

si
ti
on

,
en

er
gy

su
pp

ly
gr
ow

th
fr
om

gi
ve
n

te
ch

n
ol
og
ie
s

-

Je
w
el
le

t
al
.(
20
19
)

N
at
io
n
al

pl
ed
ge
s
to

ph
as
e-
ou

t
un

ab
at
ed

co
al

po
w
er

Ph
as
in
g
ou

t
un

ab
at
ed

co
al

po
w
er

in
m
aj
or

co
al

co
n
su
m
er
s

Pr
es
en

ce
of

co
al

ph
as
e-
ou

t
pl
ed
ge
s

F
un

ct
io
n
in
g
of

go
ve
rn
m
en

t,
G
D
P/
ca
pi
ta
,s
h
ar
e
of

co
al

pe
r

ca
pi
ta
,a
n
d
ot
h
er

as
pe
ct
s
of

th
e
co
al

se
ct
or

va
n
E
w
ijk

&
M
cD

ow
al
l(
20
20
)

F
lu
e
ga
s
de
su
lp
h
u
ri
za
ti
on

(F
G
D
)

n
at
io
n
al
ly

C
ar
bo

n
ca
pt
ur
e
in

C
C
S
in

1.
5�
C

sc
en

ar
io
s
gl
ob

al
ly

Po
w
er

ge
n
er
at
io
n
ca
pa

ci
ty

fi
tt
ed

w
it
h
C
C
S
or

F
G
D
n
or
m
al
iz
ed

to
G
D
P

-

Se
m
ie
n
iu
k
et

al
.(
20
21
)

E
n
er
gy

de
m
an

d
in

di
ff
er
en

t
ti
m
e

pe
ri
od

s
gl
ob

al
ly

E
n
er
gy

de
m
an

d
in

1.
5�
C
sc
en

ar
io
s

gl
ob

al
ly

an
d
in

lo
w
-i
n
co
m
e

co
un

tr
ie
s

F
in
al

en
er
gy

pe
r
ca
pi
ta

an
d
it
s

gr
ow

th
tr
aj
ec
to
ri
es

Ph
as
e
of

ec
on

om
ic

de
ve
lo
pm

en
t

14 of 31 JEWELL and CHERP

 17577799, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.838 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [02/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



T
A
B
L
E

2
(C
on

ti
n
u
ed
)

St
u
d
y

R
ef
er
en

ce
ca

se
s

T
ar
ge

t
ca

se
(s
)

M
et
ri
cs

an
d
n
or
m
al
iz
at
io
n

O
th

er
ch

ar
ac

te
ri
st
ic
s
of

re
fe
re
n
ce

ca
se
s

C
h
er
p
et

al
.(
20
21
)

W
in
d
an

d
so
la
r
po

w
er

gr
ow

th
n
at
io
n
al
ly

W
in
d
an

d
so
la
r
po

w
er

gr
ow

th
in

1.
5�

an
d
2�
C
sc
en

ar
io
s
gl
ob

al
ly

an
d
re
gi
on

al
ly

M
ax
im

um
gr
ow

th
ra
te
s
on

th
e
S-

cu
rv
e
n
or
m
al
iz
ed

to
el
ec
tr
ic
it
y

ge
n
er
at
io
n

T
im

e
of

in
tr
od

uc
in
g
so
la
r
an

d
w
in
d
po

w
er

(f
ro
n
tr
un

n
er
s
vs
.

n
ew

co
m
er
s)

V
in
ic
h
en

ko
et

al
.(
20
21
)

D
ec
lin

e
of

fo
ss
il
fu
el
s
u
se

in
po

w
er

sy
st
em

s
n
at
io
n
al
ly
,r
eg
io
n
al
ly
,

gl
ob

al
ly

D
ec
lin

e
of

co
al
,g
as
,a
n
d
oi
lu

se
in

po
w
er

sy
st
em

s
in

1.
5�
C
sc
en

ar
io
s

re
gi
on

al
ly

D
ec
ad

al
de
cl
in
e
in

ge
n
er
at
io
n

n
or
m
al
iz
ed

to
to
ta
le

le
ct
ri
ci
ty

su
pp

ly

E
le
ct
ri
ci
ty

sy
st
em

si
ze
,

el
ec
tr
ic
it
y
de
m
an

d
gr
ow

th

Pi
el
ke

et
al
.(
20
22
)

T
re
n
d
fo
r
C
O
2
em

is
si
on

(f
ro
m

fo
ss
il

fu
el
an

d
in
du

st
ry
—

F
F
I)
gr
ow

th
h
is
to
ri
ca
ll
y
an

d
u
n
de
r
IE
A
st
at
ed

po
lic
y
pr
oj
ec
ti
on

s

C
O
2
em

is
si
on

s
fr
om

sc
en

ar
io
s
of

IP
C
C
A
R
5
an

d
A
R
6

G
lo
ba
lg

ro
w
th

tr
aj
ec
to
ri
es

of
F
F
I

C
O
2
em

is
si
on

s
w
it
h
±
0.
1%

an
d

0.
3%

/y
ea
r
di
ve
rg
en

ce
to
le
ra
n
ce
s

-

O
de
n
w
el
le
r
et

al
.(
20
22
)

D
iv
er
se

te
ch

n
ol
og
ie
s
fo
r
ex
am

pl
e

n
uc
le
ar

w
ea
po

n
s,
sm

ar
tp
h
on

es
an

d
so
la
r
po

w
er

H
yd

ro
ge
n
pr
od

uc
ti
on

by
el
ec
tr
ol
ys
is

in
th
e
E
U

pl
an

s
fo
r
20
35

“E
m
er
ge
n
ce

ra
te
”
ap

pr
ox
im

at
in
g

ye
ar
-o
n
-y
ea
r
gr
ow

th
in

th
e

be
gi
n
n
in
g
of

lo
gi
st
ic
gr
ow

th
cu
rv
e

“E
m
er
ge
n
cy
”
or

“c
on

ve
n
ti
on

al
”
te
ch

n
ol
og
y

de
pl
oy
m
en

t

JEWELL and CHERP 15 of 31

 17577799, 0, D
ow

nloaded from
 https://w

ires.onlinelibrary.w
iley.com

/doi/10.1002/w
cc.838 by C

ochraneA
ustria, W

iley O
nline L

ibrary on [02/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



nuclear power in France to global scenarios. Iyer et al. (2015) use reference cases from the US and other selected coun-
tries for global technology deployment. Cherp et al. (2021) analyze reference cases of wind and solar power growth in
60 individual countries accounting for about 95% of global electricity supply to assess its feasibility globally (Figure 4)
and Vinichenko et al. (2021) analyze national reference cases for fossil fuel decline in global macro-regions (Figure 5).
Looking even further back in the history of the same country can also provide a reference case. For example, Hyun
et al. (2023) analyze the historical deployment of nuclear power in Korea as a reference case for possible scenarios of its
future deployment.

The selection of reference cases should strike a balance between their similarity to the target case and their number.
Close similarity seemingly increases the validity of comparison but limits the number of reference cases which hinders
a meaningful statistical analysis and limits the ability to account for unobservable factors. On the other hand, relaxing
similarity criteria makes it more difficult to defend their relevance. For example, there is no global-scale reference case
for the fossil fuel decline envisioned in climate scenarios14 and therefore Vinichenko et al. (2021) relax the similarity
criteria to include national and regional electricity systems (Figure 5). On the other hand, among the hundreds of such
decline cases, the majority happen in relatively small countries, which are too dissimilar from the target case of global
decline and are therefore excluded from constructing the feasibility space. Even among the remaining cases, the authors
exclude fossil fuel decline resulting from wars or socio-economic collapse because these developments are too dissimilar
to what is depicted in climate mitigation scenarios (Figure 6).

TABLE 3 Selected features of outcome and context for identifying reference cases.

Similarity of outcome Technologies: function (e.g., provision of electricity or mobility), granularity (Wilson et al., 2020),
complexity (Malhotra & Schmidt, 2020), structure of global innovation systems (Binz & Truffer, 2017),
stage of technology lifecycle (Markard, 2020)

Policies: regulatory, market, or voluntary instruments (Cocklin et al., 2009; Sterner and Robinson, 2018).
Behavior and other social practices: travel, diet, and other consumption practices (Nelson &
Allwood, 2021; Wynes & Nicholas, 2017).

Similarity of context Scale of implementation and system size (e.g., global, macro-regional, national, city; large or small cities
or countries).

Wealth and economic resources (e.g., GDP per capita).
Other relevant features (e.g., energy import dependence, level of democracy, solar potential).
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growth rates are measured as annual additions of generation expressed as shares of total generation.
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In addition to similar outcomes in different contexts, reference cases can also include trends, official plans, or pro-
jections from the same system (e.g., Grubb et al., 2020; Pielke et al., 2022; Sognnaes et al., 2021). For example, Figure 7
uses coal phase-out commitments to construct a feasibility space (Vinichenko et al., 2023). The advantage of this
approach is that trends, plans and projections often aggregate key causalities affecting the climate option in the near
future. Risks include potential misinterpretation of trends (see discussion concerning Grubb's et al.'s interpretation of
trends in renewables in Cherp et al. (2021)) and the potential circularity of the argument when reference and target
cases overlap (for example, plans are based on scenarios or scenarios on plans). Though many reference cases are usu-
ally required to construct a feasibility space, even one or a few carefully identified and normalized reference cases can
meaningfully inform feasibility assessment (Box 2).

4.2.3 | Step 3. Measure reference case outcomes to compare scale and speed of change

The outcomes of reference cases should be comparable to each other and to the target case. For climate solutions such
as carbon prices (Jenkins, 2014) or coal phase-out pledges (Jewell et al., 2019; Vinichenko et al., 2023) this comparison
is straightforward, but in most cases, it requires normalization and appropriate metrics of the speed of change. Normali-
zation is necessary to account for different system sizes within reference cases as well as between reference and target
cases. When comparing energy technologies, it is common to normalize their output or capacity to total primary energy
(Kramer & Haigh, 2009), electricity supply (Cherp et al., 2021; Vinichenko et al., 2021), or GDP (Loftus et al., 2015; van
Ewijk & McDowall, 2020; van Sluisveld et al., 2015). Normalization is more difficult for more diverse reference cases
such as different technologies ranging from jet aircrafts to oil refineries (Wilson et al., 2013), home air conditioners to
railways (Iyer et al., 2015), and nuclear weapons to smartphones (Odenweller et al., 2022).
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FIGURE 5 A feasibility space for fossil fuel decline in electricity (from Vinichenko et al., 2021). Reference cases are all cases of decline

in systems over 100 TWh of electricity supply with decline over 5% of the electricity system. Target cases are coal and gas decline in all world

regions (the largest declines shown) in 1.5�C scenarios. The feasibility space displays the outcome (the decline rate) and the relevant

characteristic (electricity system size) of the reference and target cases.
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BOX 2 Using reference cases to assess the feasibility of coal phase-out and wind growth the Step
Change Scenario in Australia

The Integrated System Plan for Australian National Electricity Market (NEM) considers an ambitious Step Change
Scenario (SCS) where coal power is replaced by solar and wind (Australian Energy Market Operator
(AEMO), 2022). Here we illustrate use of reference cases to assess the feasibility of this scenario (Jewell &
Cherp, 2022). The SCS (target case, red lines) is shown together with the historical trend of coal (a) and wind (b) in
NEM in 1998–2021 (black dots). The reference cases include (a) coal power in the UK and oil power in France
(1960–2020) and (b) wind power in Germany (2000–2021 and 2030 targets) and Sweden (2009–2021). The timeseries
in all reference cases are shifted to reflect different timing of transitions in reference countries and Australia.

The SCS's early phase (2021–2029) is similar to UK's coal decline in 1988–1998 and the later phase (2029–2040) is
similar to the UK's coal decline in 2007–2017 and France's oil decline in 1974–1984. However, the UK decline was
intercepted by a stagnation period and its later part was during shrinking electricity demand and the French decline
was driven primarily by nuclear, while neither drop in demand nor nuclear is envisioned in Australia. For wind
power, the SCS envisions a significant acceleration of the current trends while staying on the trajectory comparable to
Sweden and to Germany's planned developments, but significantly faster than historical developments in Germany.

(a)

(b)
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FIGURE 6 Feasibility space for fossil fuel decline based on three context characteristics (from Vinichenko et al., 2021). Reference cases

are historical cases of fossil fuel decline in electricity and target cases are coal decline in Europe and Asia in the IPCC scenarios (Byers

et al., 2022). The feasibility space displays the implementation level (the decline rate) and the relevant characteristics (electricity demand

growth, size of the system and the substituting energy source) of the reference and target cases.

FIGURE 7 Feasibility space for coal phase-out pledges (Vinichenko et al., 2023). Reference cases are countries which have joined the

Powering Past Coal Alliance or have similar coal phase-out plans. Target cases are all other countries with coal power. The feasibility frontier

depicts at least a 50% probability of pledging to phase-out coal. The feasibility space displays the outcome (the presence and timing of the coal

phase-out pledge shown by color) and the relevant characteristic (share of coal and functioning of government) of the reference and target cases.
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The other problem that needs to be addressed in comparing the outcomes of reference and target cases is non-line-
arity of upscaling most climate options. Scholars often assume medium-term (often decadal) linear trends for technol-
ogy growth (Loftus et al., 2015; van Ewijk & McDowall, 2020; van Sluisveld et al., 2015) and decline (Vinichenko
et al., 2021). Measuring nonlinear growth, typical for emerging technologies, is more challenging and different
approaches may yield different results (Cherp et al., 2021; Grubb et al., 2020; Odenweller et al., 2022; Wilson
et al., 2013) for different metrics.

4.2.4 | Step 4. Construct feasibility space with key characteristics of reference cases

Feasibility spaces (Figure 4–6) depict the distribution of implementation levels and where necessary relevant contextual
characteristics of the reference cases (Figure 4-7). For example, Figure 4 displays the distribution of maximum rates of
wind power growth in countries where this growth has stabilized (Cherp et al., 2021).16 Considering certain character-
istics of reference cases can help to assess the similarity between the reference and the target cases. Such characteristics
should be causally linked to outcomes. For example, Figure 7 shows how the presence of national coal phase-out
pledges for various shares of coal in power generation depend the functioning of government index. In addition to these
methodological considerations, it is important to use comparable data (based on the same definitions and timeseries)
for the reference and target cases as Semieniuk (2022) illustrates for GDP growth rates.

Other examples of context characteristics include the system size (Figure 5) and the rate of electricity demand
growth (Figure 6) which affect the rates of fossil fuel decline (Vinichenko et al., 2021); the level and pace of economic
development which strongly correlate with energy consumption (Semieniuk et al., 2021); and the social functions of
technologies (“emergency” versus “conventional”) which influence the year-on-year rates of their initial growth
(Odenweller et al., 2022).

Where these characteristics can be quantitatively displayed, they allow constructing visual feasibility spaces. Feasi-
bility spaces can be divided into zones according to the number of reference cases with certain outcomes and character-
istics. The simplest way to construct feasibility zones is to separate the area of the feasibility space that contains no or
few reference cases through drawing a feasibility frontier (Figures 5 and 7) Alternatively, feasibility zones can reflect
the distribution of references cases through augmented density mapping proposed by Vinichenko et al. (2021)
(Figure 6).

4.2.5 | Step 5. Map target case(s) on feasibility space and account for additional evidence

Mapping the target cases onto feasibility spaces makes it possible to directly compare implementaion levels in target
and reference cases. For example, Figure 4 shows the distribution of global wind power growth rates in scenarios in
comparison with those observed in individual countries. Some feasibility spaces also map characteristics of the con-
texts of target and reference cases, which can help analysing the similarity between the two (e.g. Figures 5 and 6).

To conclude the feasibility assessment, it is often necessary to adjust the information depicted on feasibility spaces
considering additional unique characteristics of the target case (Kahneman & Lovallo, 1993). This requires bringing
back “the inside view” with its attention to specific causal mechanisms affecting the target case. It is especially impor-
tant, when such causal explanation is needed to assess the feasibility of bridging significant divergence between the tar-
get and reference cases. For example, Semieniuk et al. (2021) call for an explanation of the unprecedented low energy
demand envisioned by some climate scenarios for developing countries:

“Development economics tells a cautionary tale about assuming efficient growth without explaining how it
is achieved. … Since IAMs cannot test their results against data that are not yet generated, they must con-
vince with strong explanatory power that their pathways are plausible … details of near-term ‘development
without energy’ need to be better understood for making plausible assumptions” (pp. 4 and 5).

In another example, the reference cases for our analysis of renewables growth (Cherp et al., 2021) mostly come from
developed countries that pioneered solar and wind energy. However, in climate scenarios most of the growth occurs in
developing and emerging economies, which were late in introducing renewables but could possibly expand them faster
by benefitting from frontrunners' technological learning (Grubler et al., 2016; Pye et al., 2022). Thus, the feasibility
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space in Figure 4 was supplemented with an analysis of whether follower countries reach higher maximum growth
rates in spite of their less favorable conditions (Griliches, 1957). While strengthening the evidence from the reference
cases, it is of course not the final word in the argument, since future studies may demonstrate other realistic causal
mechanisms that would accelerate future growth of renewables.

5 | CONCLUSION

The increasing attention to the feasibility of climate options requires a rigorous definition and application of the con-
cept. We define feasible as do-able under realistic assumptions (Box 1). We argue that a sound analysis of feasibility
should use causal reasoning, strive for comparability, and reflexively consider the agency of its audience and other
actors. We show that global climate scenarios based on IAMs face difficulties in representing all relevant causalities
and assessing the realism of their increasingly complex assumptions. Furthermore, the co-dependence of the scenario
community and climate policy makers may hinder reflexive consideration of agency. The main strategies of dealing
with these challenges: increasing model realism, identifying broad categories (dimensions) of generic feasibility bar-
riers, and eliciting expert or stakeholder opinions have so far had limited success.

Another strategy has been assessing the feasibility of climate solutions through historical analogies. This strategy
matches the concept of the “outside view” in decision-making and planning psychology. In contrast, assessing feasbility
using climate scenarios and the multidimensional feasibility framework have parallels with the “inside view” that con-
siders climate change as a unique policy problem. The tensions between the inside and the outside view are not unique
to climate debates. “[P]eople are strongly biased in favor of the inside view … as a serious attempt to come to grips with
the complexities of the unique case at hand” and “the outside view is [often] rejected for relying on crude analogy from
superficially similar instances” (Kahneman & Lovallo, 1993, pp. 26 and 30). Yet, it is wrong to neglect the outside view
in the feasibility debate, because “when both methods are applied with equal intelligence and skill, the outside view is
much more likely to give a realistic estimate” (Kahneman & Lovallo, 1993, p. 25). In this article, we show how three
tensions between the inside and outside views can be channeled into a productive dialogue using feasibility spaces.

The first tension relates to the depiction of causality. The strength of the inside view is that IAMs can represent and
quantify many causalities which affect climate options under given assumptions. The corresponding weakness is that it
is impossible to account for all relevant causalities (including unobservables) and difficult to assess the realism of
assumptions, especially in the case of exploratory scenarios. The outside view can capture the aggregate outcomes of all
combined causalities in reference cases thus facilitating inductive reasoning by analogy. The corresponding weakness is
that it cannot provide a detailed representation of causalities and project this to the future. The feasibility space moves
toward resolving this tension by identifying and comparing those characteristics of target and reference cases that
reflect key causalities.

The second tension relates to comparative assessment of feasibility. IAMs quantify the levels of implementation of cli-
mate solutions in either most probable or in normative/exploratory scenarios. However, the scenario community typi-
cally resists the long-standing calls (Morgan & Keith, 2008; Nordhaus & Yohe, 1983; Schneider, 2001; Sognnaes, 2022)
to estimate the likelihood of scenarios. The main basis for this rejection is that “[t]here are no independent observations
and no repeat experiments” in social science that are relevant to climate scenarios (Grübler & Nakicenovic, 2001, p.
15). The outside view can provide such observations and “natural experiments” (Dunning, 2012; A. S. Lee, 1989) in the
form of reference cases. The feasibility space structures this “experiment-like” evidence, where it can be directly com-
pared with climate options in scenarios.

The third tension refers to the refllexive representation of agency. The inside view tends to over-extend agency in
normative scenarios by assuming a higher degree of control of scenario users over the outcomes. This may motivate sce-
nario users for climate action, but it may also be misleading about realistic priorities and capacities and suffers from the
“performativity” problem when resources and attention are attracted to what is depicted in scenarios, not necessarily to
what is realistic. To correct for this potential bias, the outside view documents the outcomes of reference cases which
were brought about by real-life actors in real-life situations, but this historical evidence may be perceived as restricting
the freedom of future choices. The feasibility space addresses this tension by depicting a freedom of choice within feasi-
bility zones and signaling the zone of “unprecedented effort,” which users are nevertheless free to pursue. It also points
to “role models” among reference cases, such as the UK's experience of rapid coal power phase-out and Sweden's expe-
rience of rapid wind power expansion (Box 2).
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In summary, the feasibility space has the potential for channeling the tensions around feasibility into a productive
dialogue between the inside and the outside view that would strengthen both approaches. The inside view of the IAM
community can be strengthened by articulating and stress-testing their causal assumptions through evidence from ref-
erence cases and feasibility spaces. The “outside view” needs to continuously improve the causal understanding of the
outcomes in reference cases to make them more relatable to future scenarios. In this way, both traditions can combine
their strengths in identifying realistic solutions for reducing the risks of climate change. A particularly welcome devel-
opment would be to extend the application of feasibility spaces to a broader range of technological solutions, policies,
and social practices. There are also promising advances in using the feasibility space to develop new scenarios based on
assumptions grounded in empirical examination of reference cases (Bi et al., 2023; Muttitt et al., 2023; Vinichenko
et al., 2023). In the future we hope that the science and art of constructing feasibility spaces will be critically examined
and continuously improved by diverse scientific communities dealing with both climate mitigation and adaptation.
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ENDNOTES
1 This includes counts of both “feasibility” and “feasible.”
2 Note that this diverges from a recent suggestion to equate “feasible” futures with “possible” futures and define “plau-
sible” futures as those which empirical evidence about recent trends in key drivers and enabling conditions point to
(Engels et al., 2023; Engels & Marotzke, 2023; Stammer et al., 2021). In futures studies, futures which result from
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recent empirical trends are normally defined as “probable” (Dorsser et al., 2018; Hancock & Bezold, 1994;
Henchey, 1978; Voros, 2003)—See Box 1.

3 We use “climate option” instead of “mitigation and adaptation option.”
4 Note that Hancock and Bezold (1990) use the term “plausible” rather than “feasible,” however, their definition of
plausibility is implies that all future options are realistic choices since they say plausible scenarios give users the
option: “to compare a range of quite plausible future options and to choose among them.”

5 Our method follows the critical realism tradition, while interpretivist or other traditions may have different
approaches to investigating what is “doable” and “realistic.”

6 Early literature was not explicit about the use of causal reasoning or pathways though this logic was often implicitly
used in analysis as we illustrate with the discussion of Goldemberg et al. (1985a, 1985b, 1987).

7 Constraints here are defined as “features of the environment that (a) affect the outcome [causal mechanisms in our
language] and (b) are outside of the control of policy makers” (Majone, 1975).

8 The term “solutions space” originally comes from optimization modelling designating a set of near-optimal solutions
(DeCarolis, 2011; Ng et al., 2007; Xu & Rahmat-Samii, 2007), but in the climate community it has acquired the mean-
ing of all scenarios and options compatible with given set of assumptions (Edenhofer & Kowarsch, 2015; Haasnoot
et al., 2020). Sometimes the solutions space is called “the possibility space” (Beek et al., 2022; Guivarch et al., 2022;
Keppo et al., 2021). Here we avoid using this term because it has a different meaning in formal analysis of fuzzy sets
(Yang & Liu, 1998; Yian-Kui & Baoding, 2002).

9 Morgan and Keith (2008) and Sognnaes (2022) pointed out that this implies estimating the probability of “feasible”
futures as non-zero which invalidates the argument that the “what-if” logic cannot use probability judgements
(Grübler & Nakicenovic, 2001). Note that in contrast to the focus of this paper, the IAM community mostly focuses
on the feasibility of entire pathways (Brutschin et al., 2021; Riahi et al., 2015; Warszawski et al., 2021) rather than on
the feasibility of climate options. Under such an approach, scenarios are viewed as “systems” where certain assump-
tions about one solution can make the required level of implementation of another component less feasible. IAMs
are excellent tools to highlight such interconnections, but this requires external inputs on the feasibility of individual
options (Brutschin et al., 2021; Warszawski et al., 2021).

10 The audience for global climate scenarios is generally broad, fluid, and diverse which is why it is sometimes not
explicitly defined even when stressing the need for interaction with “users” (Guivarch et al., 2022). For example, the
audience for scenarios included in the IPCC reports includes governments of all countries but also businesses, cities,
civil society, and academia and the targeted users from a recent project on co-designing scenarios of the Sustainable
Development Pathways are “actors from governmental and non-governmental sectors alike” (SHAPE-project, 2020).

11 For example, Brutschin et al. (2021) assign the speed of wind and solar power deployment to “technological” dimen-
sion, while it is clearly affected by economic, geophysical, sociocultural, and institutional factors (Cherp et al., 2021;
Lund, 2015; Wüstenhagen et al., 2007).

12 Although they did not use the term, Goldemberg et al. (1985b) already demonstrated a reference case approach when
they identified Brazil as an example of a developing country able to introduce advanced energy technology. “Refer-
ence points” are also mentioned by Iyer et al. (2015).

13 The broad classes of social processes are captured by the “mid-range” scientific theories (Merton, 1968).
14 One reason why past energy transitions are aptly called “energy additions” (Fouquet & Pearson, 2012; Newell &
Raimi, 2018).

18 See similar illustrations in Loftus et al. (2015) in Figures 3 and 6.
19 See similar illustrations in Loftus et al. (2015).
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