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Abstract

Ensembles of climate change mitigation scenarios present users with a collection of strategies for
limiting global warming. These strategies may differ in their associated feasibility challenges,
mitigation co-impacts, and ultimately their relative societal desirability. Understanding these
scenario characteristics is therefore crucial when scenarios are used to inform strategic decisions.
One approach to enhance this understanding is to establish scenario archetypes and select
contrasting illustrative scenarios from a larger ensemble. We present a new multidimensional
framework for the systematic comparison of scenarios at the global or regional level. We illustrate
the framework with comparisons in seven dimensions: economic feasibility, mineral resource
availability, impacts on societal resilience, near-term scenario robustness, environmental

sustainability, interregional fairness, and speed of societal transformation. Using cluster analysis,
the framework can be used to select a group of illustrative scenarios with contrasting scores across
the dimensions. Beyond the selection of scenarios, our exploration and evaluation framework also
allows the identification of gaps in the scenario space that may be of interest but are not covered by

the literature. We demonstrate these use cases by applying our framework to a set of mitigation
scenarios that limit warming to 1.5 °C. Our results show our framework systematically selects
contrasting scenarios, with our illustrative pathways having diverging energy mixes and uses of
carbon dioxide removal. Further, we highlight considerable regional differences in the distribution
of indicator and dimension scores as a key area for further investigation.

1. Introduction

Understanding the consequences of climate change
and strategies to mitigate and adapt to it is crucial
for near and long-term policy planning. Quantitative
scenario assessments play a key role in this pro-
cess, providing valuable insights into short- and long-
term energy system transformation and the resulting
economic impacts [1, 2]. Assessment reports (ARs)
of the Intergovernmental Panel on Climate Change
(IPCC) extensively discuss insights from these scen-
arios and are used by policymakers to shape national

© 2025 The Author(s). Published by IOP Publishing Ltd

and international climate policies [3, 4]. These large
ensembles of mitigation scenarios have also been util-
ised in innovative ways by a range of users to suit their
specified purposes [5].

There have been recent critiques regarding miss-
ing scenarios, policy relevance, and implications of
these scenarios [6, 7]. Several studies have highlighted
that only selected scenarios are presented and ana-
lysed by the IPCC authors, from a potentially infin-
ite array of possible futures aligning with differ-
ent climate targets [5, 8]. Creating every conceivable
scenario is impossible. However, it is important to


https://doi.org/10.1088/1748-9326/addd35
https://crossmark.crossref.org/dialog/?doi=10.1088/1748-9326/addd35&domain=pdf&date_stamp=2025-6-6
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-5124-9143
https://orcid.org/0000-0003-4718-0064
https://orcid.org/0000-0002-8410-037X
https://orcid.org/0000-0003-2056-9061
mailto:Hamish.beath16@imperial.ac.uk
http://doi.org/10.1088/1748-9326/addd35

10P Publishing

Environ. Res. Lett. 20 (2025) 074020

identify plausible gaps so that modellers can try to
address them, extending the usefulness of the literat-
ure at large.

In addition, it can be challenging for users to
extract relevant information from large collections of
scenarios, such as the scenario databases compiled in
the context of IPCC assessments [9, 10]. One method
consists of selecting a curated set of specific scen-
arios that aligns with the user’s objectives [5, 11].
This approach is used in the Special Report on Global
Warming of 1.5° and the most recent Working Group
3 contribution to the IPCC ARG6 [3, 4]. The authors
selected illustrative pathways to highlight the con-
sequences of diverse mitigation strategies, focusing
on low demand, sustainability, and high resource and
energy usage dimensions.

Understanding the feasibility and desirability of
scenarios adds a further challenge. Brutschin et al
systematically evaluate scenarios across feasibility
dimensions, offering insights to users about imple-
mentation challenges and areas of potential concern
[12]. Systematic evaluation of scenarios, considering
not only feasibility but also relative desirability could
broaden the usefulness of large scenario collections
[13]. Even if assessments of desirability include a cer-
tain degree of subjectivity, providing an approach to
formalise desirability considerations can improve the
transparency of scenario exploration and evaluation.
Structured scenario assessment can also enable better
scenario selection and allow users to identify gaps in
the scenario space where modellers could co-produce
new scenarios to fill those gaps and help communic-
ate scenario trade-offs from the onset of an analysis.

Evaluating scenarios on feasibility or desirabil-
ity criteria is crucial given the significant co-impacts
and transition risks mitigation pathways include.
For instance, mineral resource needs (e.g. rare earth
metals) for a scenario may be far beyond existing
production levels, or there may be projected levels
of new technologies such as novel carbon dioxide
removal (CDR) approaches that are unlikely to be
feasible in the near-term [14-16]. Even if feasibility
concerns associated with low-carbon technological
solutions are overcome, the adoption of some tech-
nologies or policies outlined in scenarios may have
impacts on human health, economic prosperity, or
environmental degradation [17-19]. Some scenario
characteristics can more easily be judged by absolute
feasibility limits: e.g. whether we have the required
resources to achieve the energy system transforma-
tion outlined in a scenario. Other characteristics may
not necessarily raise feasibility challenges; however,
they may be less desirable relative to other options
[13]. For example, higher mineral use in one scenario
over another may be within feasible limits, but less
desirable in terms of implied environmental damage.
Exploration and evaluation of scenarios can guide
users of scenario ensembles to make informed choices

H Beath et al

on appropriate scenarios to suit their needs. Previous
studies have focused broadly on feasibility comparis-
ons or constraints, rather than the desirability of mit-
igation scenarios [12, 20-25]. Tank et al emphasise
the need for the inclusion of desirability dimensions
in systematic scenario assessment [13].

Given the influence of global mitigation scen-
arios on national and international policy, there is
also a need to understand their regional implications.
This can help to address the questions of fairness
between countries, which are increasingly import-
ant issues blocking global climate negotiations [26,
27]. Feasibility and desirability evaluation of mitig-
ation scenarios at the regional level would further
enhance the usefulness of the mitigation scenario
ensembles [4].

Guivarch et al highlight several quantitative and
qualitative techniques for selecting scenarios from
large ensembles to increase the transparency of
the overall scenario selection process [5]. Here, we
present a framework for systematically exploring and
evaluating scenarios not just based on their feasibil-
ity, but also their desirability. We demonstrate how
users can apply this framework in different ways and
use it to select a diverse set of scenarios from a large
ensemble. The framework is flexible, allowing users
to add indicators or dimensions as needed. This work
demonstrates the possible uses for a broader applic-
ation of scenario assessment, and we explain pos-
sible use cases, by applying the assessment framework
to 1.5° scenarios, considering both those with and
without temperature overshoot (C1 and C2), within
the AR6 scenario database. The following section
(Methods) will outline the main components of the
framework, and how we apply it to a set of scenarios.
We will then present the application of the frame-
work (Results), demonstrating use cases, including
illustrative scenario selection and regional compar-
ison. We end with a summary of the findings and a
discussion of their significance.

2. Method

2.1. Development of an exploration and evaluation
framework

We have developed a multi-dimensional framework
to evaluate mitigation pathways across dimensions
of feasibility and desirability. Subjectivity exists in
the assessment of both feasibility and desirability.
Ascertaining thresholds of absolute feasibility is based
and can depend on scientific interpretation, risk tol-
erance or data sources, while assessments of desirab-
ility can differ depending on perspective, culture, and
context. Here, we present our scenario results in relat-
ive terms, avoiding subjectivity in absolute thresholds.
For desirability, we present a set of relevant indicators
that have been identified in the literature concerning
possible mitigation challenges. If necessary, a user of
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Figure 1. Overview of the exploration and evaluation framework composition, six dimensions and 22 indicators. Details on how
each indicator is calculated and combined are given within the methods section and supplementary information. A scenario
scoring higher on a given dimension means higher relative challenges in this dimension compared to other lower-scoring
scenarios. Plotted scenarios 1 and 2 for illustrative purposes only, not real scenarios.

the framework can decide their relative importance by
adjusting weightings depending on specific research
questions.

We illustrate feasibility and desirability through
the lens of seven dimensions: environmental sus-
tainability, economic feasibility, mineral resource
availability, impacts on interregional fairness, soci-
etal resilience, near-term scenario robustness and
finally societal transition rate (figure 1). These dimen-
sions are selected to show the applicability of the
framework to both established and novel, emer-
ging topics in the mitigation scenario literature. We
here briefly introduce our seven selected dimen-
sions, while table 1 provides an overview of the
technical interpretation and implementation of each
dimension.

Projections of environmental sustainability may
vary widely between mitigation scenarios reaching
the same temperature goal, as the use of technologies
that require significant land use, such as bioenergy,
varies widely [12, 18, 28]. Whilst scenarios that see
higher levels of environmental degradation may be

feasible, they are likely to be less desirable, all other
things being equal.

Insights in economic feasibility and the costs
of mitigation are key when exploring mitigation
strategies [12, 19, 29, 30]. Governments ability
to mobilise resources for investment is limited
and the desirability of outcomes needs to be con-
sidered together with the accompanying investments
required.

Delivering a low-carbon energy transition
requires resources. Rare earth minerals are key for
several low-carbon technologies and mineral resource
availability has been highlighted as needing further
attention when considering energy system transform-
ation strategies [14—16]. Available reserves and refin-
ing capacity of different mineral resources mean there
are limits to their plausible use in the energy trans-
ition. More resource-intensive scenarios may also be
less desirable due to extraction co-impacts, all other
things being equal [31].

Interregional fairness is our next dimension. Some
regions may have a much higher burden placed
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Table 1. Justification for and overview of the method for indicators used in the exploration and evaluation framework. For further detail
see supplementary information. The indicators have the letters F and/or D to denote whether they are primarily informing aspects of
feasibility, desirability or both.

Indicator Justification Method Weighting
Environmental sustainability
Natural forest cover  Increased natural forest cover is We use the land cover total, and 0.5

change (D)

Bioenergy
sustainability
threshold (F)

considered better for habitats,
biodiversity, and the water cycle.
Natural forest land cover is a widely
reported variable. This is
considered a desirability indicator.

Studies highlight that excess
bioenergy use may have negative
impacts on environmental
sustainability [40]. Primary energy
from biomass as it is a widely
reported variable. This is
considered a feasibility indicator.

land cover natural forest variables
and look at the projected change
between 2020 (base year) and 2100
for each scenario. We assume that
increases in natural forest cover are
good for environmental
sustainability.

Creutzig et al [26, 40] indicate that 0.5
higher than 100E] of bioenergy
would be unsustainable. This
indicator is binary, if breached in
any year to 2100 = 1. For regional
analysis, regional thresholds
calculated by regional land area.

Economic feasibility

Energy supply
investment share of
GDP (F, D)

Significant investment in energy
system transformation is often
required within mitigation
scenarios, posing feasibility
challenges. We adapt the approach
taken by Brutschin et al [12]. There
may be absolute limits to
investment levels (feasibility),
however, increased spending may
also be less desirable.

Energy supply investment/GDP for 1
each scenario projected to the year
2100, mean value compared with
our baseline value. Baseline value
used for this study is the mean value
of this between 2001-2023, the
years for which consistent data is
available. Historical GDP from the
IMF World Economic Outlook
database [41], energy supply
investment is taken from the IEA
and BNEF [42, 43].

Mineral resource availability

Usage of specific
materials for
renewables (F, D)

Material bottlenecks are highlighted
as a possible constraint for energy
transition. We assess 9 materials
highlighted by existing work as
needed for increased renewables
capacity: Neodymium,
Dysprosium, Manganese, Nickel,
Silver, Cadmium, Tellurium,
Selenium, and Indium [14, 16].
Solar and wind capacity growth are
widely reported variables, enabling
scenario assessment of these
materials. This is considered
primarily a feasibility indicator,
although more intensive resource
use may also be less desirable.

Stock and flow model built to 0 if usage is less
estimate total availability of than baseline,
materials to 2050. The approach otherwise ratio is
follows existing studies, with used (see

additional data from United States ~ supplementary
Geological Survey (USGS) [14, 16, information).

44]. The ratio of historical use of Ratios summed;
each material’s use in solar/wind values normalised.
compared to the maximum

five-year mean projected use up to

2050.

Interregional fairness

Between region
inequality (D)

Mitigation scenarios may have a
positive or negative impact on
between-region inequality.
Improved income inequality means
improved fairness between regions.
GDP is a widely reported variable.
This is considered a desirability
indicator.

Cumulative GDP (at market 0.5
exchange rate) and cumulative
population taken for each R10

region 20202100, Gini values for

each scenario calculated based on
GDP/POP for each region. This

gives a between-region Gini value

for each scenario.

(Continued.)
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North South relative  Higher relative mitigation effortsin ~ R10 regions are first split between 0.5
mitigation effort the Global South than in the Global ~ Global South and Global North (see
(D/F) North presents fairness challenges supplementary information). The
given less historical responsibility remaining Global North and Global
for climate change in the Global South shares of carbon budgets for
South. This is considered primarily = each scenario are calculated (2030
a desirability indicator, although budget, 50% 1.5 °C). We take the
there may be feasibility limits to the  remaining North share minus the
Global South mitigation burden. remaining South share, giving a
scenario value. A lower value equals
lower mitigation effort for the
Global South, and therefore better
fairness.
Societal resilience
Primary energy We assume higher diversity in We use the Shannon diversity index ~ 0.25
diversity (D) energy sources will lead to higher to provide a value for energy supply
societal resilience given a supply diversity for each scenario. The
disruption impacting one source Shannon diversity index is widely
e.g. oil, or renewables is less likely to  used in ecology for species diversity
impact societies given the but has also been used in the
availability of others [45]. This is context of energy systems and
considered a desirability indicator.  energy security [46, 47]. We
consider primary energy sources
from oil, gas, coal, biomass, nuclear
and non-biomass renewables over
the scenario timeframe
(2020-2100).
Final energy Resilience (in the form of We use cumulative final energy 0.25
demand (D) redundancy) is far easier to achieve ~ demand 2020-2100 for each
in a lower-demand scenario, and scenario. For regional analysis, we
therefore we consider use final energy demand over GDP,
higher-demand scenarios to be this is so that values are comparable
worse for societal resilience. Thisis ~ between regions, and so that for
considered a desirability indicator.  historically underdeveloped
regions, low energy demand and
therefore lower levels of
development are not considered
beneficial for resilience.
Between country A higher level of inequality between =~ We use country-level GDP and 0.25
inequality (D) countries is likely to result in lower ~ population data which are taken
levels of resilience as it suggests that ~ from the SSP the scenario is based
some countries have been left on [48-50]. We calculate between
behind and remain poorer. A lower  country Gini values (differing only
level of inequality suggests a faster by SSP) using this data.
catch-up by less economically For regional values, we calculate the
developed regions and therefore coefficient for values for countries
likely to have greater capacity to within each R10 region providing a
deal with shocks. This is considered  between-country Gini value for each
a desirability indicator. R10 region.
Electricity price Electricity prices vary by scenario Electricity prices are 0.25
(D, F) depending on the degree and timing model-dependent and are impacted

of energy system transformation.
Higher electricity prices will put a
strain on household budgets and
reduce redundancy and available
expenditure for other goods. Lower
affordability may contribute to
lower resilience. This is considered a
desirability indicator, although
there may be absolute feasibility
limits to the electricity price
tolerated by consumers.

by initial prices used in the model.
For each scenario in our set, we take
the matching baseline scenario
price and the scenario price at the
decadal level to calculate the
distance from the baseline. We use
the mean value of the 2020-2100
values. When global values are not
reported, regional values are used to
construct a global price (see
supplementary information).

(Continued.)
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Indicator Justification Method Weighting
Near-term scenario robustness
Share of 2030 More rapid near-term action leaves  Fraction of the carbon budget 0.25
carbon budget used  in place more contingency for remaining by 2030 for a 50% chance
(D) future uncertainties such as in the of limiting warming to 1.5 °C, used
availability of carbon dioxide for each scenario. The remaining
removal technologies or unexpected carbon budget taken from Lamboll
climate impacts. This is considered et al, scenario emissions are
a desirability indicator. harmonised with emissions data
from the Global Carbon Project
[51-53]. Regional carbon budgets
were calculated using country-level
historical emissions and GDP data,
using a polluter-pays approach (see
supplementary information)
Low carbon energy  Diversity in low-carbon primary We use the Shannon diversity index  0.25
system diversity (D)  energy options reduces the risk of for primary energy supply from
disruption to mitigation plans if a nuclear, biomass and non-biomass
single low-carbon energy sourceis  renewables. We take the cumulative
impacted. Over-dependence on a primary energy from each source
single or fewer low-carbon primary  from 2020-2100 for each scenario
energy sources may decrease the and calculate the Shannon diversity
ability to change course under new  value.
and unexpected conditions. This is
considered a desirability indicator.
Energy system Different types of energy We estimate the average build time ~ 0.25
inertia (D) infrastructure have different and infrastructure lifetime in the
construction and investment primary energy mix for oil, gas,
lifetimes. An energy system that has  coal, biomass, nuclear and
infrastructure with a longer build non-biomass renewables.
and lifetime can be considered to
have more inertia and will be more
difficult to change in the face of the
unexpected. This is considered a
desirability indicator.
Total CDR used by  Given that CDR has not yet been We take the total combined scenario  0.25
2050 (F) deployed at scale, a reliance on large  assumed CDR for land-based CDR,
ramping-up of near-term CDR in BECCS, and direct air capture
mitigation scenarios is a risky (DAC) (for scenarios that include
approach. This is considered a it) up to 2050. For total CDR, to be
feasibility indicator, and there are able to compare this indicator
likely to be absolute limits to the between regions, we use total CDR
levels of CDR that can be deployed  over the regional land area.
by the mid-century, given the
present technology deployment.
Societal transition rate
Rate of final demand Many pathways include reductions ~ We assess the final energy demand  0.33

reduction (E D)

in final energy demand. Depending
on the speed of these demand
reductions, there may be challenges
in implementing them from the
perspective of public acceptance, or
negative societal impacts such as in
health or economic growth. This is
considered both a feasibility and a
desirability indicator. Demand
reductions may have absolute
feasibility levels for acceptance and
may be less desirable due to
knock-on impacts.

per capita changes at the decadal
level and use the maximum decadal
reduction value for each scenario as
the indicator value.

(Continued.)
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Table 1. (Continued.)

Rate of
electrification (F, D)

To reduce emissions,
decarbonisation pathways typically
include some degree of
electrification of final energy uses.
This necessitates changes in
consumer technologies and may see
public acceptance challenges or
infeasibility in implementation.
This is considered both a feasibility
and a desirability indicator.
Electrification speed may have
absolute feasibility limits and a
higher rate may be less desirable
due to consumer costs etc.

Shifting diet composition to reduce
the share of food derived from
livestock and increase the share
derived from plants leads to
reduced emissions [54]. Rapid
changes in diet composition may
lead to public acceptance
challenges. This is considered both
a feasibility and a desirability
indicator. Public acceptance of
dietary changes may have feasibility
limits, whilst rapid changes in the
food system may be less desirable
due to knock-on impacts.

Rate of diet change
(ED)

We use the maximum decadal 0.33
increase in the share of final energy

that is electricity as the indicator

value.

We use the maximum decadal 0.33

increase in the share of food
demand derived from crops as our
indicator value.

on them in terms of mitigation efforts or may see
worsening relative income levels due to climate policy
[21, 32]. Whilst potentially feasible, less fair scenarios
may be less desirable, depending on the perspective.

Strategies to decarbonise the global economy may
positively or negatively impact resilience to climate or
social disruption. Our framework considers impacts
on societal resilience as one of the scenario explor-
ation dimensions by looking at scenarios’ relative
performance in terms of inequality, or the use of
energy technologies that may be prone to disrup-
tion by climate-related (e.g. extreme weather) or
non-climate-related shocks (e.g. conflict) [32-35].
Scenarios driving lower levels of societal resilience are
likely to be less desirable.

The near-term robustness of scenarios to changes
in circumstances is a further dimension. Specifically,
we define robustness as how a scenario performs
under uncertainties and potential variations in future
conditions. For example, how applicable a scenario
remains if specific technologies or political actors do
not behave as expected. Less robust scenarios may
have a strong reliance on singular technologies for
mitigation, particularly currently unproven technolo-
gies or those with long construction times or may rely
on strong future responses due to delayed mitigation
[36-38].

Our last dimension is the societal transition rate.
Here, we seek to assess the degree to which scen-
arios contain societal changes that may be at a rate

where they pose feasibility or desirability challenges.
For example, whilst a rapid energy demand reduction
may aid in reducing emissions, it could face public
acceptance challenges or see negative co-impacts.
The framework is designed to be open-source and
flexible and is implemented in Python code. Referred
to as the JIAMEE (IAM Scenario Exploration and
Evaluation) framework, it is available on GitHub for
the community to use and further adapt. It util-
ises the existing Pyam data frame structure used by
the IAM modelling community for scenario analysis
[39]. Databases in the IAMC data format used in
the Pyam data frame structure can be queried for a
set of scenarios and then run through the explor-
ation and evaluation framework to produce scores
and plots. The framework has seven dimensions, each
with indicator(s) assessing feasibility and/or desirab-
ility (figure 1). Table 1 outlines a summary of each
indicator, with further detail and limitations given
in the supplementary information. Note that not all
dimensions refer to the same time horizon, as for
some considerations scenario characteristics in the
near-term are more relevant than for others.

2.2. Weighting and combining of indicators

For each of our dimensions, we typically weight
each indicator evenly. These weightings can easily
be adjusted if users seek to adjust the emphasis. For
dimensions with multiple indicators, indicators are
normalised and combined to ensure each dimension
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has scenarios scoring between 0 and 1, with higher
values indicating higher relative challenges in each
dimension.

For the resources dimension, we take a different
approach. If the usage for a specific material is less
than the baseline level, it is not considered (weighted
0). When combining we sum all non-zero usage
ratios before normalising to create our resources
score, meaning that resources that are higher above
baseline usage carry more weight. This ensures mater-
ials with significant increases in usage are emphasised,
and resource-intensive scenarios are therefore better
distinguished.

2.3. Application of framework

We apply the exploration and evaluation framework,
at the global and regional level to scenarios from the
IPCC AR6 Database that sit within the C1 and C2
temperature categories. These cover scenarios with
>50% probability of keeping warming below 1.5 °C
by the end of the century. C1 scenarios also limit
peak warming below 1.5 °C with >33%. For scen-
arios to be useful to our analysis, they must report
all the required indicator variables (22 in total) at the
regional level that we examine (R10 regions). This
reduces the number of scenarios included in our ana-
lysis to 102 scenarios out of a total of 230 C1 and
C2 scenarios; these are from the IMAGE, MESSAGE,
REMIND and WITCH models. See supplementary
information S1 for a full list of required database vari-
ables, their availability, and the scenarios included in
the analysis and their respective models.

2.4. Scenario archetypes and selection of
illustrative scenarios

The multidimensional framework can be used to
identify scenario archetypes and select illustrative
scenarios. Within a scenario set, there may be scen-
arios that fit into clear categories or archetypes based
on their scores across the dimensions. We use K-
means clustering to group the scenarios into clusters
of archetypes and then illustratively select a single
scenario from each cluster. To determine the optimal
number of clusters, we use the elbow method (see
supplementary information section S4). From our
data, the optimal number is four clusters. We use the
centroid values of each of our clusters as our scenario
archetypes. For the selection of illustrative scenarios,
we take the closest scenario to the cluster centroid.
The result is one scenario from each cluster to serve
as an illustrative scenario from each archetype.

3. Results

3.1. Indicator results overview
The results for each indicator allow users to examine
differences across the scenario set in absolute terms

H Beath et al

(figure 2). If all scenarios have scores deemed accept-
able for this indicator, then less emphasis can be
placed on it when interpreting results. For instance,
in the economic feasibility dimension (figure 2(a)),
most scenarios project future energy supply invest-
ment to be a lower share of GDP than found his-
torically. This suggests that this dimension may be
less relevant from the perspective of overall scen-
ario feasibility. However, there is still a considerable
spread in the results, with scenarios with mean levels
of energy investment from lower than 50%, to higher
than 120% of historical levels. These values must also
be seen in the context of the likelihood of greater
investment needs in other areas alongside the energy
system, such as for climate adaptation and healthcare
provision.

3.2. Scenario results across the exploration and
evaluation framework

Figure 3 illustrates how different scenarios, either
across the whole set or the same scenario analysed
by different models, perform on various dimensions
after combining and normalising the results of each
indicator within each dimension. Examining the res-
ults across all dimensions allows users to gain insights,
consider how different model typologies, scenario
assumptions, and climate targets influence the out-
comes, and identify potential gaps in the scenario
space of interest.

IAMs vary in structure, technological and
regional resolution, parameterisation, and solution
algorithm [55, 56]. Different scores across models
provide insights into patterns that can be attributed
systematically to model behaviour. Each model fam-
ily in the scenario set (see figure 3(a)) has a differ-
ent number of scenarios (see table S1 in the sup-
plementary information) with the REMIND model
family most represented (49 scenarios). The WITCH
model family is the least represented (6 scenarios).
The uneven distribution of models in the analysed
scenario set makes it difficult to robustly quantify
the differences in scores and attribute them to model
differences, as does the fact that the scenarios are
designed under different constraints. However, on
the economic feasibility dimension, scenarios from
the MESSAGE or WITCH model score much lower
than those from the REMIND model family, evid-
ent from figures 3(a) and (b). Or, for the near-term
scenario robustness dimension, the IMAGE scenarios
score much higher than the scenarios by the other
three models (figure 3(a)). When we look at scores on
a single scenario (EN_NPi2020_400f) within our set
that has been run by multiple models (figure 3(b)),
model fingerprints can be observed. The scenario
run with the REMIND model sees higher scores on
most dimensions, with the greatest difference on the
economic feasibility dimension, when compared to
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Figure 2. Example indicators from each of the seven dimensions. The distributions shown are the C1 and C2 calculated scenario
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represent scenarios from each of the four model families represented. (a) shows the distribution of ratios of future to historical
energy supply investment as a share of GDP (economic feasibility dimension). (b) shows the distributions of change in forest
cover (fraction of total land cover) (environment dimension). A higher score represents a greater change in absolute land area
covered by forest. Sub-figure (c) shows the scenario distributions of ratios of projected to historical levels of usage of Cadmium in
renewables up to 2050 (resources dimension). Sub-figure (d) shows the cumulative final energy demand of the scenarios in the set
(resilience dimension). Sub-figure (e) shows the scenario distributions of the proportion of the remaining carbon budget used by
2030 to have a 50% chance of limiting warming to 1.5° (robustness dimension). Finally, sub-figure (f) shows the distribution of
scenario scores for between region (R10) inequality: Gini coefficients. Sub-figure (g) shows the distribution of values for the
maximum decadal increase in the electrification rate that occurs between 2020-2100 for each scenario (societal transition rate
dimension). For each sub-figure, the median values and interquartile range are given by the central orange line on the boxplot
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(EN_NPi2020_400f) run by three models from our scenario set, further highlighting the influence of model fingerprint on the
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the IMAGE and WITCH models. On the environ-
mental and transition rate dimensions, IMAGE and
WITCH have higher scores, with WITCH being the
highest. The differences in figure 3(b) are similar to
those observed in figure 3(a), indicating that there is
a strong model influence on the results.

Figure 3(c) shows two pairs of SSP1 and SSP2
scenarios, created by the IMAGE and REMIND
models, respectively. For the REMIND scenarios, it
appears that apart from the near-term robustness
and transition rate dimensions, SSP2 has higher rel-
ative challenges on all other dimensions. For the
IMAGE scenarios, the scores are similar except for
the resources and robustness dimension where SSP1
scores higher than SSP2.

Median scores (thick lines, figure 3(d)) for scen-
arios within the C1 and C2 temperature categories
also show some clear patterns. For near-term scenario

robustness and fairness challenges, C2 scenarios show
higher concerns in the median than C1 scenarios.
On the resources and transition rate dimensions, C1
scenarios have a higher median score. This is expected
given scenarios without overshoot are likely to require
a stronger, earlier push for renewables and more rapid
societal transitions.

Low scores across different assessment dimen-
sions might not be achievable at the same time.
Scenario scores on our framework can be used to
explore associations and possible trade-offs. A good
starting point is to examine the pairwise correlations
between these dimension scores (see figure 4). In
this illustrative application, we see a strong correla-
tion between certain dimension pairs, such as inter-
regional fairness and near-term robustness (0.77),
or interregional fairness and economic feasibility
(0.66). Conversely, we also see negative correlations,
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synergies in scenario characteristics.
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Figure 4. Correlation matrix showing correlations between pairs of dimensions, helping the identification of trade-offs and

indicating possible trade-offs, such as near-term
robustness and resource use (—0.48), and interre-
gional fairness with societal transition rate (—0.44).
These scores and their correlations thus offer insights
into potential trade-offs and co-benefits in mitigation
pathways. By highlighting these relationships, the
framework can support informed decision-making.

3.3. Exploring gaps in the scenario space
The outputs of the framework can also be used to
explore whether there are gaps in the scenario space
that it may be possible to address. Gaps can exist
because modellers have not explored specific scen-
arios, or it may be that scenarios are infeasible within
models. It is important here to acknowledge that
our method provides no way to establish the cause,
and further investigation would be needed. However,
our framework does provide insight to modellers of
where possible gaps exist and can be the impetus
for further investigation and experimentation with
modelling.

Users may want to explore the dimensions in
a way that aligns more directly with their object-
ives. For example, some users may be interested in
scenarios with a specific temperature outcome and

simultaneously having lower relative challenges on
one or more dimensions. Performing analysis to see
the number of scenarios scoring lower on each pair of
dimensions gives insights into potential gaps within
our chosen scenario set (figure 5). Counting the num-
ber of scenarios that sit in the bottom 20% of scores
for each combination of dimensions reveals that, for
example, whilst there are many scenarios with low rel-
ative challenges on both the environmental sustain-
ability and societal resilience dimensions, there are
many pairs for which no scenario is found in the ana-
lysed ensemble. For example, a user may be look-
ing for scenarios that have lower relative challenges
for both fairness and societal resilience; however, this
is missing from our scenario set (figure 5). A user
may wish to explore whether such a scenario design
is achievable.

3.4. Illustrative scenario archetypes

The framework can also be used to select illustrat-
ive, contrasting scenarios from a scenario ensemble to
demonstrate the choices that exist in mitigation path-
ways reaching the same climate target. We demon-
strate this here using the framework outputs and

11
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cluster analysis (see Methods). Cluster analysis across
the seven dimensions provides us with four scen-
ario archetypes (cluster centroids) and associated
illustrative scenarios (scenarios closest to centroid)
(figure 6). We show how energy system transforma-
tion and CDR use are related to the scores on the eval-
uation dimensions.

3.4.1. Scenario A—high negative mitigation impacts,
low near-term risk. High demand, renewables and
CDR use from 2050 onwards

This scenario archetype is characterised as having
moderate to high scores across resilience, resource,
environment, economic and fairness dimensions,
with low scores on the robustness and societal trans-
ition rate dimensions (figure 6(a)). The illustrat-
ive scenario for this archetype is SusDev_SSP2-
PkBudg900 from REMIND-MAgPIE 2.1-4.2 [57].
This scenario has a pronounced and consistent
increase in energy demand from 2050 onwards
(figure 6(b)), which is met primarily by a huge expan-
sion in non-biomass renewables. There is a phas-
ing down of unabated fossil fuel primary energy to
around 25% of 2020 levels by 2060. CDR use expands
rapidly after 2030, reaching ~6 Gt yr—! by 2050

(figure 6(c)). CDR is predominantly comprised of
BECCS. Low energy system inertia (renewables use)
near-term demand constraints and fossil phase-down
limit near-term robustness challenges.

3.4.2. Scenario B-moderated negative mitigation
impacts, low societal burden. Tempered demand, CCS
use

This scenario archetype is characterised by low
relative challenges across the economic, resource,
resilience and transition rate dimensions, but
with moderate relative challenges on the robust-
ness and fairness dimensions. This scenario arche-
type has high relative environmental challenges
(figure 6(d)). The illustrative scenario for this arche-
type is SSP2_SPA1_191_LIRE_LB from IMAGE 3.2
[58]. This scenario sees primary energy demand fall-
ing to 2045, before increasing gradually to slightly
higher than present levels by 2100 (figure 6(e)). This
is alongside a significant phasing down of unabated
fossil fuels to less than a quarter of present use by
the mid-century. Fossil with CCS and renewables
are used to meet the supply gap. This lower demand
trajectory, necessitating a more moderated energy
system transformation, explains lower scores across

12
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our four archetypes and illustrative scenarios. Sub-figures (b), (e),

Scenario A (REMIND-MAgPIE - 2.1-4.2 SusDev_SSP2-PkBudg900)

Scenario B (IMAGE 3.2 - SSP2_SPA1_19I_LIRE

Scenario C (REMIND-MAgPIE - 1.7-3.0 PEP_2C_red_netzero)

Scenario D (MESSAGEix-GLOBIOM_1.1 EN_NPi2020_700)

Figure 6. Showing scenario archetypes (thick coloured), corresponding illustrative scenarios (thin black and grey), and remaining
scenarios from each cluster (coloured faint lines). The archetypes are the centroid values for each of our clusters. Our illustrative
scenarios are scenarios from each cluster that are closest to the centroids. Sub-figures (a), (d), (g) and (j) detail scores for each of

illustrative scenarios. Sub-figures (c), (f), (i) and (1) provide the CDR breakdown for each of our illustrative scenarios.
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(h) and (k) provide the primary energy shares for each of our

many of our dimensions. There is an immediate,
rapid scaling up of land use CDR and BECCS, reach-
ing around 10 Gt per year by 2050 (figure 6(f)). It

is the scaling of these CDR types that contributes
to this scenario having high relative environmental
challenges.
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3.4.3. Scenario C-high negative mitigation impacts,
regionally unfair. High demand, huge renewables
expansion

This scenario archetype is characterised by high rel-
ative challenges across the resilience, fairness, eco-
nomic and environment dimensions, with moder-
ate robustness challenges and low transition rate
and resource challenges (figure 6(g)). The illustrative
scenario for this archetype is PEP_2C_red_netzero
from REMIND-MAGPIE 1.7-3.0 [59]. The scenario
has primary energy demand declining slightly up to
2040, then climbing rapidly over the remainder of
the century (figure 6(h)). Unabated fossil fuels are
phased down, to around 20% of present levels by
2100. Renewable energy expansion meets additional
demand and fills the gap from fossil phase down. Low
resource challenges are because this occurs later in the
century (resources dimension considers up to 2050).
However, high demand and significant energy system
transformation lead to high challenges across a range
of other dimensions, the use of CDR in this scen-
ario is moderate in the near term, climbing rapidly
after 2035 to reach ~9 Gt yr~! by the mid-century
(figure 6(i)).

3.4.4. Scenario D-lower negative mitigation impacts.
Delayed demand growth, diverse energy supply. Low
CDR

This scenario archetype has low, or very low relat-
ive challenges across all dimensions except resilience,
and environmental sustainability, for which moder-
ate challenges are seen (figure 6(j)). The illustrative
scenario for this archetype is EN_NPi2020_700 from
MESSAGEix-GLOBIOM_1.1 [19]. This scenario sees
demand initially falling to 2040 and then climbing
consistently, reaching roughly 150% of present levels
by 2100 (figure 6(k)). There is a phasing down of
unabated fossil fuel use to mid-century, after which
it climbs modestly again. In the near term, there
is lower overall use of CDR, reaching 4.5 Gt yr—!
by 2050 (figure 6(1)). Limited near-term CDR use,
and relative diversity in low-carbon primary energy
sources, contribute to low relative robustness chal-
lenges. However, longer-term land-based and BECCS
CDR use (12 Gt yr~! by 2100) contributes towards
environmental challenges.

3.5. Considering regional differences in evaluation
scores

The exploration and evaluation framework can sys-
tematically compare scenarios at the regional level.
Where necessary, indicators have been adapted to
apply on a regional basis, but where possible they
remain the same (see Methods). For the resources
dimension, we lack the required data to be able to
quantify the indicators at a regional level. The fair-
ness dimension relies on between-region data and is
a global measure, it is also not included in the regional
analysis.
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Regional outputs have a variety of uses, depend-
ing in part on how the results are normalised. There
may be instances where a user is interested only in
the results for a specific region, for example, selecting
contrasting scenarios but based on regional scores. In
this instance, clustering analysis and scenario selec-
tion can be performed on the regional results, in a
similar way as demonstrated in the section above.

Within-region normalisation prevents easy com-
parison of scores between regions.

Alternatively, using across-region normalisation
of scores, where the maximum and minimum from
all ten regions are used to normalise, may give the
user more insights into relative challenges on different
dimensions between regions (figures 7(a)—(c)). For
example, broadly, regions in the Global South score
higher on societal resilience challenges (figure 7(b))
than regions in the Global North. Or, on near-term
scenario robustness (figure 7(c)), North America has
particularly high challenges when compared to the
other regions.

Finally, a user may wish to have an understand-
ing of absolute differences between specific regions
for certain indicator scores. We provide an example of
this in section S5 in the supplementary information.

4, Discussion and conclusions

Here we have presented a new approach to quantitat-
ively explore, evaluate and select scenarios from lar-
ger ensembles. Our framework extends existing work
by combining considerations of desirability with con-
siderations of feasibility. This enhances the overall
utility for users of scenario ensembles and enables
a more comprehensive evaluation of such ensembles
for decision-making and planning. Alignment or ten-
sions between individual assessment dimensions can
be identified and inform synergies and trade-offs in
the pursuit of societal objectives.

Our framework and its application to 1.5 °C
scenarios also demonstrate the potential of using
quantitative methods to identify scenario arche-
types and illustrative scenarios. This complements
more qualitative methods that have been used in
the past and provides a structured way to choose
scenarios that are diverse across a chosen set of
dimensions. Additionally, this quantitative frame-
work allows users to identify gaps within the scenario
space. Importantly, through its structured approach,
the framework allows users to identify gaps within
the scenario space that can be subject to further
enquiry.

The framework scores, combined with cluster
analysis, produced four contrasting scenarios, each
with distinct dimension scores and demonstrating
different primary energy and CDR trajectories. Our
scoring across the seven dimensions also highlighted
gaps in the scenario space that modellers could
explore, such as scenarios that perform well in both
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interregional fairness and societal resilience. Future
users of this framework can experiment with differ-
ent scenario sets or focus on specific dimensions of
interest. Finally, we demonstrated how the framework
could be used to compare regional scenario data, with
differences in relative challenges for certain regions,
and regional groupings. For example, we see a trend
of higher societal resilience challenges for the Global
South, than the Global North.

The framework is developed as a tool available to
the community, and one of the key strengths is there-
fore its flexibility. It can be tailored to accommod-
ate different user requirements (such as incorporating
additional dimensions or indicators), can be applied
both regionally or globally (enhancing its relevance
and utility for a wide range of users), and its codebase
can be further expanded and re-used.

The present framework comes with identified
limitations, for example, in its representation of each
assessment dimension. This is in part due to variables
reported by scenarios and models. A trivial example
here is the limited regional granularity of data avail-
able in large ensemble databases. Improved coverage
of certain variables would allow them to be utilised
in the exploration and evaluation framework, giving
a fuller representation of a given dimension. Other
dimensions, however, would require the development
of additional assessment tools or analysis.

In conclusion, our quantitative approach to scen-
ario exploration, evaluation and selection offers a
flexible framework that helps improve the utility of
scenario databases. By integrating desirability criteria

and emphasising regional evaluations, we provide a
tool for scenario analysis that can be adapted to meet
the diverse needs of users and has a variety of use
cases.
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