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ARTICLE INFO ABSTRACT

Keywords: This study presents a set of novel and multidisciplinary scenarios (‘narratives’) that provide insight into four

Energy and climate distinct and diverging yet plausible worlds. They combine qualitative and quantitative elements in order to

Scenarios reflect the interlinked and complex nature of energy and climate. We use the STEMPLE + framework to include

Foresight social, technological, economic, military (security), political, environmental, and cultural (+) dimensions in our

Equilibrium model . . . . . . s

Geopolitics narratives. We present the construction of the narratives, which started with the generation of qualitative sce-
P!

nario storylines using foresight analysis techniques, including a facilitated expert workshop. We then calibrated
the numerical energy and resource market model Multimod to reflect the different storylines. Finally, we
combined and refined the storylines and numerical model results into holistic narratives.

The study generates insights into the key assumptions and drivers of different pathways of (more or less
successful) climate change mitigation. Moreover, a set of transparent and discriminatory indicators serves to
identify which paths the world might take. They include quantitative results, e.g. emissions, energy consumption
and electricity mix, as well as developments in the political or social sphere. Lessons learnt include the dangers of
increased isolationism and the importance of integrating economic and energy-related objectives, as well as the
significant role of civil society. However, we also show that the development of renewables and electrification
are inappropriate indicators for a successful energy transition, as these trends are also consistent with emission-
intensive scenarios.

1. Introduction This study presents the methods and results of an interdisciplinary

scenario-building study for the global energy system heading towards

The global energy system is characterised by rapidly changing
trends. Between the fast expansion of shale oil and gas in North
America, the phase-out of nuclear energy in parts of Europe, the drop in
global oil prices, and the Paris Agreement to combat climate change,
the need to understand the underlying inter-linkages in energy and
climate is apparent. Scenarios help us to gain an insight into possible
transformation pathways, their drivers and long-term outcomes.
Scenario planning helps to differentiate relevant signals from ‘noise’
and to identify the impact of today's emerging trends.

Qualitative scenario methods, on the one hand, enable the inclusion
of a wide range of possibilities and factors, but fail to estimate the
system-wide consequences and lack the precision of numerical results.
Quantitative scenarios, on the other hand, deliver consistent and tan-
gible results, but they are inherently bound by the modeller's assump-
tions and consider only simplifications of reality.
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2050, which combines quantitative modelling with qualitative foresight
methods. Our four narratives (base case ‘Business as usual’, worst case
‘Survival of the Fittest’, best case ‘Green Cooperation’, and surprise
scenario ‘ClimateTech’) describe distinct worlds, contributing insights
for understanding if and how emerging trends today may signal forth-
coming threats and opportunities. The narratives do not attempt to
predict the precise state of the global energy system by the year 2055,
but are rather four alternative futures showing plausible possible de-
velopments.

We use this approach to focus on dimensions that are rarely con-
sidered by purely numerical energy outlooks: changes to the global
political order and geopolitics, the social aspects of climate objectives,
and the resulting technological pathways. Climate policy, in particular,
is a major determinant of the future energy system whose political and
social perception is determinant on various external factors. Yet climate
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policy competes with other political objectives, and its political and
social perception varies between different environments. Investors have
an essential impact on trajectories, as innovation, learning effects, and
cost reduction depend on them. This imbroglio may seem to consolidate
system inertia and path dependency, but the mutual enforcement of
(new) trends can also create the space for deviations from known tra-
jectories.

Previous examples in energy for the integration of quantitative
modelling with qualitative foresight were more limited in terms of their
regional and/or sectoral scope, depth, and methods. They include stu-
dies of regional energy systems [1-3], sectors such as hydrogen energy
[4], transportation systems and their energy demand [5,6], numeri-
cally-looser climate issues [7,8], generic socioeconomic transitions
[9-12], and discussions for similar sectors such as land use [13]. Other
processes of deriving holistic scenarios in the style of our study can be
envisaged (e.g. [14-17]).

Discussions regarding the integration of concepts and methods are
not new: [18] calls for understanding of the energy system as an in-
tegrated socio-economic system, and [19] emphasises the importance of
multi-method scenarios that reflect on structural uncertainties such as
energy governance. Exogenous determinants such as politics steer the
energy system via technological change [20], governance capabilities
[21], or spill overs from other policy fields [22]. Neglecting social as-
pects in future scenarios, for instance, may lead to an overestimation of
the feasible action space [23], while conservatism in models due to a
lack of interdisciplinary feedback may harm the implementation of the
energy transition [24]. Therefore, approaches that refrain from crossing
disciplinary borders can be considered entirely unsuitable for assessing
energy futures [25]. The inclusion of qualitative methods may be the
only way to address multiple major dimensions of uncertainty [26,27],
but the eventual extent to which qualitative and quantitative methods
can be combined is controversial. While [28] advocates for dialogue
between modellers and practitioners, [29] suggests iterative approaches
of (integrated assessment) modelling and social science research as a
more fruitful approach than stakeholder consultation on modelling
assumptions. [30] underlines that for each of the challenges associated
with the energy transition, different model types are better suited, for
example scalable linear programming electricity sector models for the
analysis of increasingly decentralised electricity supply. Moreover,
[31,32] propose agent-based modelling as the appropriate tool for
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investigating transitions and practical decision making. Instead, the
rules of conventional numerical modelling can seem arbitrary to ob-
servers [33].

Our study bridges between qualitative and quantitative approaches
with a three-step process. First, storylines and their underlying para-
meters (drivers, uncertainties, megatrends) are established in a scenario
foresight exercise a la [34]. Second, we extract key parameters from the
storylines and feed them into the global multi-fuel, multi-sector, energy
systems model Multimod [35]. Lastly, we integrate qualitative story-
lines and quantitative model results to obtain holistic narratives that
project energy and climate trajectories but consider societal, political,
security, and technological aspects alike.

Our study contributes to the growing literature on bridging between
quantitative modelling and qualitative social sciences research. The
study is complementary to previous works with a strong focus on the
quantitative side, such as the shared socioeconomic pathways [9,12],
and it relies strongly on the STEMPLE + framework. Our contribution is
threefold. First, our narratives provide insight into four comprehensive
possible futures for energy, climate, and their surrounding dimensions,
including numbers for key variables in the energy system. Second, our
study manifests the deep interlinkages between different spheres such
as the energy system, politics, economics and society. Thirdly, we de-
fine a set of diagnostic indicators that provide a transparent early-
warning system to alert us to which path the world might be heading
down. With this, we provide insights of interest for both academia and
policy; in the sense of [36], the narratives benefit both scenario ex-
plorers without an interest in modelling as well as data-driven model-
ling experts. Moreover, regarding the numerical work, this is the first
major application of the method described by [37], which is used to
reformulate a mixed complementarity problem (MCP) into a convex
quadratic optimisation problem (QCP).

2. Methods

We apply qualitative methods and quantitative energy modelling
sequentially to construct four distinct, comprehensive narratives of
global energy and societal developments until 2055 (Fig. 1). First, we
develop qualitative storylines using multiple scenario generation.
Second, we use parameters derived from the qualitative storylines in
the numerical energy and resource market model Multimod to quantify

: e Identifying / discussing key assumptions Facilitator-
OresIgNt | structured brainstorming led expert
analysis Multio! workshop
P ultiple scenario generation

(qualitative) P 9 r;g:fckh
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Numerical Translating storylines into key input
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Calibration and numerical modelling
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and numerical results
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Fig. 1. Illustration of our three-step method to reach holistic narratives.
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the energy and climate aspects of the storylines. Third, we integrate the
quantitative model results with the storylines to obtain comprehensive,
fully-fledged narratives that describe energy and climate but also con-
sider the societal, political, security and technology aspects.

2.1. Qualitative analysis: Scenario foresight

In the first step, we develop qualitative storylines that encompass
broad societal developments until 2055. We use multiple scenario
generation, also called scenario foresight. This is distinct from a
“forecast” method as employed, for example, for business cycle out-
looks, which provide bounded statements about future events and
conditions in the short (or mid) term. Foresight is also different from
“predictions”, which are definitive statements about what will occur in
the future. Rather, we develop and use scenarios in the sense of “ex-
ploring different possible futures, the levers that bring them about and
the interactions that arise across a complex [....] system” [39,p. 23].
Foresight analysis helps with this exploratory analysis because it is in
itself a “reframing process” that involves exploiting insights into
thinking about the future [34,p. 14].

We address the complexity of human systems by working in the
STEMPLE + analytical framework. STEMPLE+ describes the dimen-
sions included in our foresight considerations: social, technological,
economic, military/security, political, legal, and environmental, plus
others (e.g., cultural) [34]. These dimensions are not equally important
in our analysis, due to its focus on energy and resource markets.
Moreover, we expand the economic dimension to also include energy
market considerations. The legal dimension also covers multinational
organisations and the political dimension explicitly includes geopoli-
tical issues.

We follow the method of [34], which relies to a large extent on
[40,41]." This method involves a four-step foresight process and, in the
sense of [38], fits most closely into the category of a narrative analysis
that involves a focus group. In our foresight process, we mixed desk
research with group work in a “scenario workshop”. Participants in the
scenario workshop were approx. thirty experts from different areas of
energy, climate, and economics who are active in academia, media, the
public sector, and industry.”> The group work with a rather hetero-
geneous group aimed at overcoming some of the cognitive limitations
and biases of individual analysts, in particular the tendency to think
only about known phenomena and to exclude the (known and un-
known) unknowns [34,40].> However, there are numerous challenges
when working with participatory methods: results can be contradictory,
hard to validate, or based on alternative realities [42]. We critically
reflected on these challenges with the moderator and levelled out some
inconsistencies in the post-workshop desk research phase.

More concretely, the following four steps in the process can be
distinguished:*

1) Identifying and discussing key assumptions: Key assumptions are
commonly accepted assumptions about major future developments
(“truisms”, [34,p. 13],) that serve as the rules and boundaries of the
analysis. In this step, participants define assumptions that are un-
likely to be challenged in the remainder of the foresight process.
Additionally, this step primes participants for the later analysis by

1 Oliver Gnad was the moderator and facilitator of the scenario workshop in
November 2016 to which we refer.

2However, only four participants were female, and only two participants
originated from the Global South. Public sector affiliates were advisory per-
sonnel, but no decision-makers participated.

3 Correspondingly, the workshop ran under the title “From ‘Known
Unknowns’ to ‘Unknown Unknowns’ — Uncovering Critical Uncertainties for the
World Energy Future”.

4 More detail on the course of the workshop and its intermediate results can
be found in the Appendix of [43]
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forcing them to reflect on cognitive biases. It was initiated with an
online survey before the workshop and concluded during the first
part of the workshop in a moderated discussion.

2) Structured brainstorming on the research question in the
STEMPLE + analytical framework: The research question given to
the workshop participants was “What are the drivers of the renew-
able energy transition until 2050?” Preparatory brainstorming was
already part of the online survey. At the workshop, participants
engaged in multiple moderated stages of silent brainstorming,
clustering and naming of “affinity groups”, and subsequent group
discussions (see [34] for more details). Key drivers were obtained
from the clusters, which are critical influence factors that may
eventually change the entire system. The workshop groups selected
seven key drivers that are mutually exclusive and properly defined

3) Multiple scenario generation: In this step, storylines of plausible
alternative futures were developed by the groups during the work-
shop. First, the participants identified the extremes of each driver
(e.g. best and worst case), before combining the drivers to 21 pairs.
Subsequently, participants analysed each pair in a 2 X 2 matrix (see
[40,p. 146] for details) and identified four raw scenarios for each
pair including simple, mutually exclusive storylines. Each storyline
was described by a title and some main characteristics, as well as a
brief analysis of the consequences of the future world described.-
After the workshop, eleven relevant and consistent driver pairs were
chosen, whose scenarios (“best case”, “worst case”, “surprise sce-
narios”) were selected and combined into four clusters with
common themes. These clusters yield the four final scenarios and
feature the complex characteristics of their seven underlying dri-
vers. Lastly, we composed storylines for these clusters, which in-
clude a chronology of events, explanations of factors and drivers,
actors and trends, as well as a precise description of the final state in
each scenario (by 2055, in our study). We conducted these post-
workshop tasks with a smaller team of six; however, all workshop
participants could in principle be involved, e.g. for obtaining feed-
back or providing direct contributions.

4) Identification and validation of indicators: For each scenario,
“early warning” signals were identified. They help decision-makers
and analysts detect which scenario is unfolding in the real world.
Based on [34,40], each scenario is underpinned by a set of distinct
(“diagnostic” [40,p. 135]) indicators: some phenomena that, for
example, help us to notice emerging trends and to “separate relevant
information from noise” [34,p. 15]. Also, for their unique and “di-
agnostic” character, indicators must be observable and collectable,
valid, and reliable [40].

2.2. Quantitative energy modelling: Multimod

In the second step of our analysis, we quantify the scenario trajec-
tories. For this purpose, we use the energy and resource market model
Multimod (see Appendix B for technical details). In the sense of [38],
Multimod is a simulation with elements of hybrid models and agent-
based approaches: The model describes the energy system as the out-
come of profit-maximising actors along the supply chain and utility-
maximising customers. The system is bound by numerous constraints
(such as balancing conditions or capacity and reserve restrictions), and
outcomes are given as the economic (partial) equilibrium of all markets
involved. The model has a global focus and includes different fuels with
multiple value-chain steps and differentiated demand sectors. Unique
features include imperfect competition as well as endogenous invest-
ments and fuel substitution. For this study, Multimod (originally a
mixed complementarity problem) was reformulated into a convex
quadratic optimisation problem, using the method described by [37].

Multimod itself is also hybrid in the sense that it bridges between
partial-equilibrium modelling (to account for strategic actions and in-
frastructure detail) and the broad scope of an energy system model
(global scale and interdependencies). Different versions of the model,
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Fig. 2. Illustration of the geographical nodes defined in the data set.

initially developed and elaborated by [35], have been used in recent
studies, e.g. of the global energy system [35] as well as North American
natural gas [44,45] and crude oil [46,47] markets.

The global model is adapted and calibrated to express the settings of
each scenario (see Appendix C for a more detailed account on data and
model parameters). This includes variations of production and trans-
portation costs, technology availability and efficiency, as well as the
availability of certain transport routes and reference demand para-
meters. As a result, we obtain key variables (energy production and
consumption, CO, emissions, infrastructure investment) that match the
setting of the storylines.

Multimod reflects the complex, non-linear and interrelated reality of
energy infrastructure. The model covers multiple periods of planning
and system operations. Here, the model proceeds in ten-year steps from
2015 to 2055. The world is disaggregated into nodes which represent
geographic entities (30 distinct nodes in this study, as illustrated by
Fig. 2). These nodes are home to the different actors along the energy
value chain (Fig. 3), i.e. suppliers (upstream), service providers (mid-
stream), and consumers (downstream). Our version of the model covers
natural gas, coal, lignite, and crude oil on the fossil fuel side as well as
hydro, biofuels, other renewables (solar/wind/geothermal), and

nuclear energy on the upstream level. While some of these fuels can be
used directly, others need to be processed first, and can be transported
via various modes (ship, pipeline, rail, street, power line). The setup
also includes energy storage and LNG infrastructure. Certain producers
— here, a limited number of oil and gas producers (OPEC members,
Qatar, Russia) — can exercise market power in a Cournot fashion, i.e.
they choose their supply in anticipation of each other's actions. We
distinguish three separate and individual demand sectors (residential,
industrial, transportation), which are represented by their individual
demand function in each node. Emissions are computed for each action
(production, service, and consumption of specific fuels) along the
supply chain.

3. Results and discussion

3.1. Overview

Our narratives represent four rather extreme yet plausible devel-
opments of the medium term (i.e. the next decade) and long term
(beyond 2030 and towards 2055). They are:
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Fig. 3. Illustration of the value chain in Multimod.
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Table 1
Megatrends and key assumptions.
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Population growth and urbanisation

Despite shrinking fertility rates in many industrialised countries, the world and especially the Global South continue to see high rates of

population growth and urbanisation. Although the pace may decrease in the decades to come, the world will move closer towards the

milestone of 10 billion humans.
Energy cost reduction

The cost decline of energy technologies—especially renewables but also others—observed in the past decades will continue. The gradient of

future cost development may differ across technologies.

Fossil fuel availability

Reserves of fossil energy carriers remain high despite ongoing extraction. Current production levels could be maintained for more than a

century thanks to continued exploration and improvement of extraction technologies. Therefore, global supply-induced production peaks

throughout the scenario outlooks are improbable.
The global economy is deeply interconnected on various levels, including virtual layers (e.g. banking) and physical layers (e.g. trade,

Economic integration

multinational supply chains). Trade barriers and protectionist policies may affect the extent of economic interlinkage, but the overall

integration is unalterable.

Table 2
Drivers in each scenario and their level of influence.

Business as usual

Survival of the Fittest Green Cooperation ClimateTech

Climate change impact Global and gradually increasing

International cooperation Mixed
Social welfare-coherence Mixed
Innovation in finance models Low
Influence of the fossil fuel sector High

State of security and geopolitical stability Mostly stable

Rate of innovation Mixed

Global and quickly accelerating Only localised Only localised

Minimal Close Mixed
High inequality Low inequality Mixed
Low High High
Very high Low Mixed
Unstable Stable Stable
Low High Very high

® Business as Usual (reference case): NDCs agreed in the Paris
agreement are mostly met, but a prolongation of geopolitical ten-
sions trumps the possibility of a more ambitious trajectory. As cli-
mate change effects increase, decarbonisation efforts are scaled up
in the 2030s. However, distributional concerns, a lack of coopera-
tion, and the absence of an integral social transition cause a failure
to make the necessary U-turn in the energy system by that time.
Towards 2055, climate disasters start to escalate, and global de-
growth looms.

e Survival of the Fittest (worst case): A wave of isolationism erodes the
global world order and depresses the international economy. Energy
security starts to dominate agendas, and most nations rely on their
(fossil) endowments. Without multilateral agreements, climate issues
disappear from most agendas. Informal agendas and regional champions
govern this world, whose energy consumption doubles over the coming
decades. Towards 2055, near-apocalyptic climate catastrophes destroy
much of human civilisation, and only the richest nations can afford the
adaptation measures required to survive.

e Green Cooperation (best case): Swayed by a new generation of

leaders, global reconciliation revives the idea of global governance.

Increased stability enables international policy to focus on the long

run and regard decarbonisation and poverty allocation as a dual

objective. In a multilateral move, focus is placed on the facilitation
of investment in both clean technologies and international devel-
opment banks. This scenario succeeds in decarbonising most of the

economy, as citizens eventually live green modernity and join a

holistic transition.

ClimateTech (surprise scenario): News about sudden advances in

several energy and climate technologies creates a situation of eu-

phoria, in which climate change is considered ‘solved’ and dec-
arbonisation in the present is off the agenda. With their deployment
in the 2030s, it becomes clear that none of these is a white knight

able to solve the energy and climate problem once and for all. In a

race between emissions and engineering, this scenario manages to

prevent significant climate catastrophes but still lacks a vital plan
for the long run.

A detailed account of each narrative (i.e. the scenario descriptions as
well as their quantitative outcomes in terms of primary energy production,
final energy consumption, and the electricity mix) is given in Appendix A.

Table 1 shows the megatrends and key assumptions that are valid for all
narratives alike and were defined by the workshop participants. Table 2
shows the combination of drivers that define each scenario. Fig. 4 illustrates
the timelines and main events in the four narratives.

3.2. Numerical comparison

The comparative assessment of emissions, energy service con-
sumption, and electricity generation (Fig. 5) shows discrepancies but
also similarities between the four scenarios.

The four trajectories of final energy consumption show a substantial
divergence, with only modest increases in Green Cooperation, a stagnation
of demand starting in 2025 in Business as Usual, and strong increases in
ClimateTech and Survival of the Fittest. The two latter scenarios outgrow
Business as Usual in terms of energy consumption by twofold in 2035 and
2045, respectively. Energy demand in ClimateTech is then disrupted by the
shift towards stricter climate policies. In contrast, energy consumption
growth in Survival of the Fittest is only brought to an end by the global
collapse induced by the climate catastrophe.

More homogenous development occurs for in electricity sector, al-
beit with some variation. All scenarios witness a large increase in power
demand by 2035 that exceeds a 50% increase compared to 2015 and
even reaches a fourfold increase by 2045 in Green Cooperation. In the
2020s, all four scenarios still lie in a similar range and experience a —
more or less pronounced - first wave of electrification of the economy.
Then, however, the gap between the scenarios widens. In Green
Cooperation, the green transition moves beyond energy and merges
with a holistic change in technology and society into a smart world.
Survival of the Fittest sees the second-largest increase in power demand
(before its eventual collapse) which, however, is the outcome of absent
energy efficiency measures and unlimited growth. This suggests that
the electrification of the economy — sometimes understood as an in-
dicator of how well energy transition and climate change mitigation
succeed - may be misleading in this regard. Business as Usual and
ClimateTech show somewhat lower electricity growth at first, although
slow system decarbonisation and new technologies lead to higher
growth rates towards the end of the scenario period for the latter.

CO, emission trajectories reveal deeper insights. The quick global
shift towards (green) cooperation in the corresponding narrative results
in a U-turn for CO, emissions, which have their largest drop during the
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Fig. 4. Illustration of the four narratives and their main events.
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2020s. Despite later increases in energy demand, emissions fall con-
tinuously and reach approximately 20% of today's levels by 2050.
Negative emission technologies do not play a major role in this sce-
nario. On the other end of the scenario spectrum, the rampant growth of
(non-clean) consumption leads to emission peaks that outsize current
emissions by more than 60% in Survival of the Fittest. In this scenario,
isolationism and the meltdown of the global order work as catalysts for
climate change that accelerate the path towards a climate catastrophe
of unparalleled extent.

For Business as Usual and ClimateTech, the (net) CO, emission
trajectories are less self-explanatory. Stagnating energy demand and
meagre, apathetic decarbonisation efforts prevent further escalation of
emissions but fail to yield substantial reductions. Hence, Business as
Usual can be understood as a postponed Survival of the Fittest, where
energy production patterns and cumulative emissions are on a pathway
to exceeding the 2 °C target towards the end of the scenario period and
a sustainable solution remains out of sight. Despite the surge in con-
sumption, emissions in ClimateTech only rise modestly until the 2020s
and see sharp cuts afterwards. This is first a result of the large-scale
deployment of negative emission technologies (that account for roughly
one-third of emission reduction), but is also an outcome of the powerful
advances made towards low-carbon electricity generation in later years.

Although the scenario fails to decarbonise final consumption, the en-
hanced technology portfolio succeeds in achieving an almost CO,-free
power sector until 2035. This is very much opposed to Business as Usual
and Survival of the Fittest, which undergo some decarbonisation effort
in the power sector but fail to achieve even this goal. Nevertheless,
cumulative emissions in ClimateTech are far from the very low levels of
Green Cooperation, and an emission path that stagnates at 50% of to-
day's values may still fail to address the long-term climate needs ade-
quately, especially given continued population growth.

Renewables take over massive shares of the electricity mix in all
scenarios, but to varying extents (Fig. 6). While Green Cooperation
develops towards fully-renewable power generation by 2055, Survival
of the Fittest sees the smallest share of renewable energy (which
nevertheless reaches almost 50%).° Therefore, and similar to the con-
clusions on energy consumption, the share of renewables can be a

° The share of renewables is the only trajectory in Survival of the Fittest that
seems unaffected by the global collapse; this is because the fittest, who survive
in the eponymous scenario, eventually include large regions such as Europe and
China, that invest large amounts in renewable technology long before the
2050s.
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Fig. 6. Fossil fuel production (left, as percent of 2015 values) and renewable electricity generation (right, as percent of total electricity) compared between the

scenarios.

misleading indicator when evaluating whether the world is on a suc-
cessful path to climate change mitigation. Business as Usual and Cli-
mateTech develop similarly, but low-carbon CCS plants and nuclear
fusion technology in ClimateTech mean Business as Usual ultimately
falls behind.

The development of fossil fuel extraction (Fig. 6) gives a diverse
picture of modest-to-substantial increases over time, while only Green
Cooperation exhibits major cuts. However, even in this case, fossil fuels
are only cut back to approximately 30% of current production, as
natural gas fuels the hardest-to-electrify industries, and a small share of
oil production also remains. In contrast, in Survival of the Fittest there
will be a surge in the production of fossil fuels that reaches almost
double the current production levels in the 2040s. ClimateTech pro-
duces more fossil fuels than Business as Usual due to the strong reliance
on CCS and negative emission technologies that lead to higher fossil
fuel reliance.

3.3. Indicators

Indicators help identify each scenario and can be signals for which
scenario eventually develops. They can “evaluate change over time”,
and have “diagnostic power” [40,p. 135]. Indicators are unique and
detectable manifestations for each narrative and can thereby serve as
transparent early-warning signals for observers. We chose indicator
categories in the dimensions of the STEMPLE + framework (Table 3).
Additionally, Fig. 7 displays several quantitative indicators.

The number of indicators for Survival of the Fittest and Green
Cooperation is eventually higher, as the worst and best case have more
unique identifiers than the Business and Usual and ClimateTech sce-
narios. The latter pair share a similar background, with the exception
that ClimateTech includes a surprise event at the beginning of the
period. Therefore, the number of unique identifiers for them is lower.

4. Conclusions

Our study presents four alternative narratives for the global energy
future and provides an understanding of the interactions and inter-
dependencies between policy, society, energy, climate, and technology.
Besides their extensive storyline descriptions, we provide model-based
metrics for energy production and consumption as well as the devel-
opment of the power mix and of CO, emissions.

Moreover, several policy conclusions can be derived from the nar-
ratives. First, the dangers from a rise in isolationism are twofold:
Effective climate policies (and the multilateral agreements that typi-
cally define them) require strong international cooperation. Increased
isolationism will shrink the space of feasible action and erode the le-
gitimacy of international climate bodies. However, decarbonisation
efforts will also depend on encouraging investments in critical tech-
nologies, which will often happen through multinational collaboration,

but will also require the right signals from policy makers. Private actors
will only undertake such investments if the cost and risks associated
with them are sufficiently low, and even non-tariff barriers to trade,
capital, and technology can do significant harm. Hence, a polycentric
world without multilateral support for mitigation will be unlikely to
prevent climate change.

Secondly, the integration of economic and energy-related objectives
and incentives (such as poverty alleviation, infrastructure modernisa-
tion, and private investment) is crucial. Continued population growth is
the proverbial “elephant in the room”, and the political economy of
climate change forces a very active role on the main global actors and
economies when it comes to technology transfer and creating in-
centives, but also geopolitical reconciliation. In this regard, our best-
case narrative suggests that multinational cooperation and a holistic
(societal) transformation can turn growth green. Mechanisms should be
installed that include development banks and novel finance systems
which push both public and private investment in the right direction.

Thirdly, the narratives underline the relevance of public opinion
and societal transitions: Extreme climate events are most likely to raise
awareness of climate issues and sway public opinion towards dec-
arbonisation. However, unless it is universal, this bottom-up trend can
still be outweighed by conflicting interests on other levels of society. In
the best case, however, society is eventually living green modernity —
something that decision-makers can influence by investments and po-
licies - following a holistic and integral societal transformation.

In reference to the STEMPLE+ framework, which was used to
generate the scenario drivers, military and political factors were iden-
tified as two especially governing factors for a successful transition.
However, the analysis also highlighted the central importance of other
dimensions, which may prove more effective for (national) policy
making. Governments can impact the social perception of climate tar-
gets, and environmental concerns can substitute formal climate policies
(e.g. via the reduction of car emissions in cities). Other examples of
effective policies identified in the scenarios are the stronger involve-
ment of decarbonisation and poverty alleviation (e.g. when designing
international aid and cooperation programmes) as well as technology
transfers and multinational research ventures in clean technologies. For
policy makers, this shows that the complexity of the drivers of climate
policy and emissions — which may seem discouraging at first sight —
actually provides the advantage of offering a large variety of tuning
parameters for policy making.

Furthermore, the analysis guides the monitoring of climate change
mitigation. Especially our worst-case narrative proves that two promi-
nent benchmarks-share of renewables and electrification of the
economy — may be misleading pointers, as also noted by [48]. Instead,
we propose a set of indicators to track which narratives may arise.

Our holistic approach demonstrates how the advantages of a qua-
litative approach in including the complex interactions and non-linear
dynamics of global policy, society, and energy can be combined with
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Table 3

Indicators for all four scenarios by STEMPLE + dimension.
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Business as Usual

Survival of the Fittest

Green Cooperation

ClimateTech

Non-climate issues dominate the social
discourse despite a general awareness
of the climate crisis.

Social incohesion is a recognised issue but
attempts to tackle it fail.

Innovations are not focussed on particular
technologies but diverse and competing
(Fig. 7, panels I-L).

Coal phase-out in the 2030s in Europe, but
not globally (Fig. 7 panels D, G)

Continued sophistication and
diversification of the energy mix with
dirty and clean sources (Fig. 7 panels F,
G)

Continued moderate growth in
international trade

Current tensions extend beyond the 2030s
but do not escalate.

Private-sector interests constrain policy.

Conflicts between different fields of policy
(esp. social policy, economy, climate)

Low (global) institutional innovation and
change

GHG emission rates are largely constant
over time at 2015-2020 levels (Fig. 5,
Fig. 7 panel H).

Climate disasters increase but do not lead to
a global disruption by 2050.

Urban and rural culture further diverge

Social dimension

Climate change denial is omnipresent
and echoed by many governments

Xenophobia, chauvinism, and
repressions against dissidents become
widely accepted.

Societies push towards decarbonisation and
“green modernity”, including significant lifestyle
changes in the 2020s.

Increased social cohesion on a national and global
level.

Technological dimension

Increased innovations in fossil
technologies (extraction, combustion,
chemical use) (Fig. 7, panels I-L)
Continued improvement of fossil fuel
reserve exploration (Fig. 7 panel K)
Mostly state-driven innovation to
sustain energy security and revenues

Numerous innovations to implement and operate
the circular economy, including new materials

Energy innovations are limited to clean
technologies (Fig. 7 panels I-K)

Multinational, market-driven innovation
incentivised by focussed global support schemes

Economic dimension (incl. energy and resource markets)

No coal phase-out (Fig. 7 panels D, G)

Fossil fuel production is nearly
doubled by 2040 (Fig. 6)

Policy-driven decline in international
trade (tariff and non-tariff barriers)
Escalating waste problems in the
2030s

High and increasing global inequality
(economy-wide)

Global coal phase-out in the 2020s (Fig. 7 panels
D, G),

Quick switch away from fossil fuels to
renewables, especially in power (Fig. 6, Fig. 7
panels F, G)

Consumer-driven decrease of trade in goods
(digitalisation and localisation of economies)
Circular economy realised across all sectors
during the 2030s

Parallel advances in universal energy access,
poverty eradication, and decarbonisation
Large role for decentralised energy

Military and security dimension

Intensification and expansion of
current conflicts

Regional alliances and hegemons
supersede global alliances (e.g.
NATO)

Escalating and frequent immigration
border crises

Quick de-escalation of major conflicts and
tensions in the 2020s

Further globalisation of alliances and focus on
conflict de-escalation

Increasingly open borders, yet decreasing
migration due to better conditions in the South

Political dimension

Authoritarian rule and isolationism
become the status quo.

Policy-making pivots on few goals
and the short term only.

The policy process is inclusive and oriented
towards (global) welfare, sustainability, and the
long term.

“Unified wellbeing policy” replaces previously
conflicting policy fields (e.g. economy, climate,
society)

Abandoning of “materialist” metrics, including
GDP

Legal and institutional dimension

Further regionalisation and
divergence of institutions and legal
systems (especially common law)

Polycentric institutions

New forms of multilateral and multi-level
cooperation regimes emerge in the 2020s (e.g.
international cooperation of sub-national entities
such as cities)

Focus of state institutions on environmental law

Environmental dimension

GHG emissions rapidly escalate from
2025 onwards (Fig. 5, Fig. 7 panel H).

Climate catastrophes destroy much of
human civilisation around mid-
century

Climate policies only in Europe and
China

GHG emissions growth is stopped in the early
2020s and falls afterwards (Fig. 5, Fig. 7 panel H)

Climate damage is localizsd and can largely be
managed with adaptation measures

Introduction of a global carbon tax

Plus (here: cultural dimension)

Regional convergence of cultures

Cooperative decision-making on all levels
(subnational, national, supranational)

Climate targets are discussed mainly
from a technology perspective

Social cohesion increases only on a
national level.

Promising and sudden advances in
novel energy and climate engineering
(esp. CCS and negative emissions)
High rate of innovation in various
technologies (Fig. 7 panels J and I-K)

(Coal) CCS plants substituting
conventional power plants

Large-scale introduction of novel
technologies such as nuclear fusion and
direct air capture

Promotion of trade in high-tech goods

Climate (engineering) enters military
agendas

Policy process increasingly dictated by
technological requirements

Industrial policy and climate policy
merge increasingly.

New institutions are created to
internationally manage the use of
novel (geo-engineering) technologies.

Focus on the sophistication and
enforcement of technology law (esp.
patents)

Moderate decrease of emissions, focus
on negative emission technologies
(Fig. 5, Fig. 7 panel H)

Climate disasters occur in the 2020s
but do not increase in frequency or
magnitude subsequently

Openness to controversial technologies
(e.g. CO, storage, nuclear energy, new
technologies)
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the consistency and tangibility of a quantitative model. However, while
advocating for a better representation of geopolitical and societal fac-
tors in energy systems modelling and scenarios, we realise that our
study may in some respect fall short of its own ambitions. The level of
heterogeneity among the expert group, the little assessment of
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unknown unknowns, and the appropriateness of the time horizon may
be debated and potentially enhanced, just as the translation mechanism
into numerical parameters leaves room for future improvement.
Future applications of our method should also aim at more con-
tinuous involvement from workshop participants, e.g. in a follow-up
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workshop or via a wiki. In general, we are aware that participatory
methods are hard to validate [42], which is why the scientific re-
producibility and generality of this study is not absolute. On a more
technical note, not unlike other scenarios, the narratives are contingent
on the eventual technical developments that are assumed (e.g. CCS
technology, suitable electricity storage, efficient renewables). Energy
scenarios tend to be sensitive with respect to such assumptions [49],
and the scientific discourse on whether these developments will even-
tually happen is still active [50,51]. Moreover, a seemingly small (but
conceptually crucial) inconsistency: While the qualitative analysis has a
deliberate focus on habitual and lifestyle-derived behaviour (see [38]),
the quantitative analysis still assumes (mostly) rational behaviour.
Therefore, our analysis should be understood as a further step on the
path to incorporating social and political variables in energy modelling,
rather than the final goal.
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Appendix A. The Four Narratives
A.1 Business as Usual

A.1.1 The Paris promise: between targets and ambitions in the 20s

In the Business as Usual scenario, geopolitical tensions and localised conflict continue in the late 2010s and early 2020s, not only in the Middle
East and Africa but also in OECD countries. While this geopolitical situation does not directly impact the accomplishment of climate targets set by
countries in their NDCs, political priorities are diverted away from climate and energy issues.

The 2015 Paris Agreement was only a first step and poses several additional challenges: While ambitions on mitigation objectives are converging,
much still needs to be done with regards to actual measures. The climate targets that were announced in the NDCs following the Paris Agreement are
mostly met in the Business as Usual scenario. However, the re-evaluation of those targets and associated measures, agreed to take place every five
years, brings only modest changes to the original ambitions of the signatory countries. Between 2019 and 2025, among the top 10 GHG emitters that
signed the Paris Agreement, only the EU and China effectively scale up their efforts. Further questions relating to financing schemes to support
developing countries’ plans as well as frameworks that could foster technology transfers have yet to be addressed. Schemes such as the Green Climate
Fund and the Global Environment Facility are present on paper but fail to kickstart effectively. This limited progress is connected to a general
increase in struggles to find a global common stance: Many United Nations initiatives (including the UNFCCC) hold firm but face a cooling of
international relations, a growing divergence in national interests, and thus, a weakening of their legitimacy and influence.

By the mid-2020s, carbon pricing is not enforced globally but instead relies on regional, national, and local implementation. EU policies for a
green transition become more stringent although political differences and national interests mean a decarbonised Europe is still far from a reality.
The United States does not witness major changes with regards to the pace of clean energy deployment. Country-wide carbon pricing remains absent,
and the regional extent of decarbonisation efforts is heterogeneous. Some states rely on cap-and-trade initiatives, but others refuse to introduce new
bills, often due to pressure from large upstream (fossil fuel) and downstream (conventional) energy companies, which continue to be crucial to many
local economies.

Regional initiatives, being more modest than initially hoped for, do not spur the investment in R&D and the deployment of renewable energy
generation and energy efficiency necessary to tackle the growth of energy demand in much of the developing world. As a result, the carbon intensity
in emerging economies increases in the next decades. India's climate policy makes incipient progress through stricter vehicle standards and gas
power plants. However, emissions from coal-fired electricity generation rise steeply and make India one of the world's largest polluters. More
generally in the Global South, the diffusion of zero-emission micro-grid installations, targeted green investment programmes, and a significant
amount of new hydropower projects (whether through private actors or multilateral development banks) do not suffice to curb carbon emissions in
these regions. Distributional questions regarding the North-South divide remain unsolved, driving most of the Global South into prioritising energy
security rather than global sustainability.

This trend is partly offset by more climate-friendly developments among several large polluters. China consolidates its role as a green force within
a polycentric Asia and thereby becomes a pillar for future international climate cooperation. However, despite large investments in renewable energy
generation and stagnating coal demand, fossil fuels remain an integral part of the Chinese energy system.

The MENA region takes a more pro-active stance towards decarbonisation with an increased number of initiatives towards clean energy,
especially for net importers of fuel. For exporters, these initiatives remain mostly symbolic, and an effective move towards deep economic and energy
sector reforms is constrained by conflicting interests with the regional fossil fuel sector, which becomes ever more dependent on domestic con-
sumption.

Despite the absence of a global carbon pricing mechanism, and heterogeneous, largely insufficient schemes for supporting investments in re-
newable energies in the first decade of the scenario, some developments favour a future reduction in global GHG emissions. For example, while
global demand will not yet have switched away from coal by the 2020s, new solutions start to emerge at the turn of the 2030s, for instance in the
form of the first mature carbon capture and storage (CCS) applications and efficiency increases for renewable technologies.

Altogether, the 2020s see renewable energy and fossil fuels co-exist (Fig. Al). Transport, especially in the Global South, depends on fossil fuels,
whereas the diffusion of electric vehicles accelerates slowly in many industrialised economies. Despite significant advances towards decarbonisation
in China and Europe, disruptive changes in conventional energy systems are virtually absent. Fossils still dominate in the rest of the world, supported
by the absence of joint political action or technological advances.
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Fig. Al. Global results for final energy consumption (top), primary energy production (middle), and electricity generation by source in Business as Usual.

A.1.2 Catching up after 2030?

The pace of the global energy transition accelerates somewhat in the 2030s and 2040s as a consequence of stronger climate change effects and
technological advances. The number and magnitude of extreme weather events such as droughts, wildfires, storms, and excessive precipitation
grows. North America is among the regions that are increasingly hit. This leads to a gradual change in public perception and eventually redirects the
U.S. federal leadership towards a stronger stance on climate policy. These fresh ambitions enable a new and significant multilateral push towards
decarbonisation, in which all large emitting countries take part. This effort comprises coordinated action to decrease carbon leakage, stricter national
climate policies, and financing schemes for supporting climate adaptation. However, the agreements continue to lag behind initial expectations in a
world order that has never fully moved on from political tensions between major powers. They merely lead to a stagnation of fossil fuel consumption
rather than a shift in the global energy system, among other reasons due to the continued absence of a global CO price.

Concerning technological advances, the transport sector is subject to substantial changes, with electric vehicles experiencing significant cost
decreases by the late 2020s, although wide-scale deployment only takes place in the following decade. Traditional combustion-engine cars persist in
many parts of the globe. Freight and air travel do not undergo any significant changes. Renewable electricity generation becomes increasingly
cheaper relative to electricity generation from coal and gas. CCS enters power generation on a larger scale, yet the technology stays expensive and its
efficiency remains below expectations. Over time, renewables and, to a lesser degree, CCS dominate the global fuel mix and cover the steep increase
in electricity demand from all sectors towards 2050. Other technologies, such as nuclear fusion, are far from commercially available, although
research into those technologies nevertheless continues.

Global substitution of fossils by renewables only takes place in power generation and in the 2040s. Examples of deep decarbonisation in industry
and transport are rare, which is why fossil fuels are still essential, partly due to the availability of CCS technology. Nevertheless, efforts finally lead to
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stagnation of fossil fuel production and consumption despite global population growth.

Global collective action for climate change mitigation still operates within a UNFCCC-type framework. However, the associated emission re-
duction is too low and comes too late: by this point, not only a smooth transition but a U-turn in the energy system and disruptive shift to negative
net emissions would be necessary to have a chance at keeping cumulative emissions below the 2 °C limit.

The growing impact and quantity of extreme weather events crucially raises awareness among the public and decision makers. However, fears of
too harsh and expensive reactions by fossil fuel owners — threatened by asset stranding — and a lack of common ground in dealing with distributional
questions on a global scale lead to a reluctance to enact a profound transition in the energy system and fuel-dependent economies. The late re-
invigoration of mitigation efforts is too little, too late to prevent the intensification and surge in - still localised — climate change-induced cata-
strophes towards 2050 and beyond. As a result, multiple regions of the world are about to enter a period of de-growth, as adaptation costs escalate
globally.

A.2 Survival of the Fittest

A.2.1 A world apart

In the Survival of the Fittest scenario, policy making in Europe and North America becomes increasingly influenced by protectionist and na-
tionalist interests. Hence, their relevance in the international economic governance system declines in the 2020s, making any multilateral process
much less likely to bring efficient results. Agreements on trade and economic cooperation are instead determined within regions, thus accelerating
the transition to a polycentric world order dominated by regional powers.

Influenced by a rationale rooted in isolationism, the United States drastically reduces its efforts in the Middle East and Eastern Europe around
2020. Its reduced military presence in the Middle East especially leads to a disaggregation of alliances into competing local factions. These de-
velopments have a direct effect on the economic and political stability of oil exporters, including the Gulf States, which become ever more vulnerable
to global economic conditions. Political struggles eventually lead to the disaggregation of the Gulf Cooperation Council, and a climate of tension and
hostility characterises a gulf apart. This even leads to localised instances of military confrontation, and the conflict expands to the wider Middle East
and North Africa. Fuelled by mounting tensions on domestic fronts, exporters fail to achieve a common stance on oil policy. Without the leadership of
Saudi Arabia, OPEC continues to exist on paper, but it fails to establish a common output policy.

Therefore, and despite conflict and insecurity, global oil and gas output is only subject to mild disruption. Instead, each country engages in a self-
preserving and short-term oriented approach, and the absence of coordination leads to a surge in production and a drop in oil prices.

At the same time, conflicts erupt elsewhere. Among them, in the South China Sea, isolated yet violent confrontations take place between China
and a coalition of smaller countries backed by the United States. Although both powers avoid the escalation to open conflict, the continued struggle
severely damages relations between China and the US, reducing their diplomatic ties to a minimum.

Conflicts in the South Caucasus also put a strain on European solidarity. The continent is divided into “hawks and doves” over how to best deal
with Russia. Weakened transatlantic relations leave Europe and the U.S. alienated, and European decision makers are torn when it comes to
redefining alliances. Between rechtsruck and realpolitik, a fragmented Europe has little basis to form common foreign or fiscal policy. This limits
economic progress and the possibility to mediate in international conflicts. Global tensions also heighten concerns over Europe's access to affordable
and secure energy, moving decarbonisation out of focus in the 2020s. Based on the principle of the lowest common denominator, a fragmented
Europe continues to cooperate on advancing the energy transition although at a slower pace and with weaker ambitions.

A.2.2 International climate policy at a standstill

The Paris Agreement fails to hold, as (supply) security trumps climate policy on the national agendas of fuel-importing countries, while mul-
tilateral diplomacy quickly erodes due to a general sense of mistrust. This leads to a global institutional order in which the UNFCCC loses its
legitimacy. In parallel with Australia, Latin America, Russia, South Africa, and multiple Southeast Asian suppliers, the U.S. ramps up coal production,
consolidating the fuel as the pillar of many countries’ energy systems. An even larger surge takes place in the natural gas sector, whose importance
increases to meet the steep increase in modern industry and residential energy needs in the absence of a global transition to electricity.

Green transformation efforts become increasingly dependent on informal alliances and bilateral relations. China, in ever-closer cooperation with
the EU, continues to gain importance in this regard, consolidating agreements on technology transfers, green investments, and development pro-
grammes, not only with European countries but also with parts of the developing world. Chinese infrastructure investments are on the rise in Africa
and Asia alike. The objectives behind these moves are diverse but mostly directed towards filling the vacuum left by the weak international system,
thereby consolidating the role of China as the (supra-) regional hegemon.

Global economic growth slows down from the early 2020s onwards, in large part due to the failure of the WTO system and the re-enforcement of
trade barriers and protectionist policies. The pro-autarkical regulations and a lack of support for coordinated projects lead to a frustration of private
investment, which drifts away from technological innovations in the fields of energy generation, efficiency, storage, and CCS as well as the transport
sector. Thus, in the 2030s, the rate of technological progress slows down, deployment of new technologies lacks support, and the private sector
altogether fails to propose adequate solutions for mitigating climate change.

Instead, increased global competition in fossil fuel extraction and the widespread deployment of coal and gas power plants lead to efficiency
gains in conventional fuels and technologies. Energy consumption increases continuously and almost doubles until 2045 (Fig. A2). The composition
of demand follows “traditional” (i.e. fossil-intensive) growth patterns without much technology switch. The (moderate) increase in global electricity
generation also sees a somewhat growing role for renewables, but the vast majority is met by conventional power plants.

While concerns over national security hamper international climate negotiations, energy security and air and water quality also rank high on the
agendas of many countries. For some large net-importing economies, most notably Europe and China, public health issues start to play a major role in
energy policy considerations in the 2030s. This leads to a re-orientation of their focus on domestic resources, with a strong emphasis on solar and
wind power, while at the same time ensuring higher end-use efficiency. North America also continues to rely strongly on its domestic unconventional
oil and gas reserves, further driving up global fossil fuel demand. However, this trend is partially offset by some cities and state-level actors which
push for a green transformation. This Quixotic approach creates an atmosphere of clean enclaves, which further cement heterogeneity and diver-
gence within the continent.

Without strong international organisations to coordinate policies tackling energy consumption or end-use efficiency, the 2 °C carbon budget is
met early in the 2030s. Therefore, in the following decades, climate change-related catastrophes become frequent. The persistent absence of
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Fig. A2. Global results for final energy consumption (top), primary energy production (middle), and electricity generation by source in Survival of the Fittest.

international cooperation between states and the diversion of public spending away from potential mitigation or adaptation measures further hinder
financial and technological transfers to the countries most affected. The developments fail to create the necessary global common sense of solidarity
since estranged governments oppose free-rider gains and focus on local adaptation measures.

As a result, climate change becomes an influential factor for international migration in the late 2030s and leads to a multiplication of security
threats. Not unlike the refugee crisis in the mid-2010s in Europe, albeit on a larger scale, a new wave of mass migration overwhelms international
assistance and further fuels state-on-state as well as domestic conflicts. This new migratory crisis and the resulting tensions further hinder gov-
ernment responsiveness in many host countries, thereby delaying any concerted climate change measures even further, and increasing adaptation
costs drastically.

In the endgame, towards 2050, global warming is out of control and results in large-scale natural catastrophes globally. Whereas the richest
nations are forced to afford the exploding costs of adapting to this world and pay significant shares of their GDPs to survive, vulnerable regions that
cannot afford these measures become uninhabitable. Regional wars over remaining resources add to an extraordinary high number of human
casualties that results from the unprecedented floods, droughts, and storms. With the death of roughly one third of humanity and the massive
destruction of productive factors, the world will see veritable global de-growth, de-industrialisation, and, therefore, a slump in energy production
and consumption. Survival of the Fittest sees the world as we know it cease to exist.
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A.3 Green cooperation

A.3.1 Clean peace

In the early years of the Green Cooperation scenario, decades of conflict in the Global South push northwards, transported by migration and
market turbulence. Societies in the Global North are increasingly tense and see a quick rise in nationalist and reactionary forces, which begin to gain
the upper hand throughout Europe and North America. However, this eventually causes a strong push-back by a revived liberal civil society which
elects a new generation of progressive leaders into office. Aiming to rebuild their societies and end conflicts, this young class of leaders values the
potential losses from non-cooperation in an interdependent world more highly than the prospective gains through confrontation.

Therefore, this scenario sees a quick return to peace where conflicts soon de-escalate in key geopolitical regions such as the Middle East, South
Caucasus and the South China Sea. The international order is characterised by a strong stance against sedition and discord, which moves rather fiery
regional players to set conflicts aside. Some internal power disputes remain, e.g. in the Greater Middle East, but the frequency and scope of armed
conflict diminish and do not resurge throughout the 2050s, in large part due to a continued common policy of conciliation among the world's major
powers.

The effects on international relations and fossil fuel prices are mixed. On the one hand, the phase-out of armed conflicts in the Middle East is
accompanied by renewed dialogue between the major players in OPEC. As relations between Saudi Arabia and Iran normalise, oil-producing
countries are finally able to reach an effective and long-lasting agreement on withholding production. This has nevertheless only limited influence on
oil and gas prices because consumption in many net-importing countries decreases due to technological advances and a shift to alternative energy
sources from the 2020s onwards. While North America becomes increasingly energy self-sufficient, Europe, India, and China benefit from the
détente, which allows them to consolidate their security of supply, for example through the diversification of gas imports. Growing fossil fuel
demand in Sub-Saharan Africa is the main counterbalancing force against this trend in the first decade of the outlook period, driven by fast economic
growth as well as rising demand for transport fuels.

With security and economic concerns diminishing, internationally coordinated efforts towards climate change mitigation gain momentum. The
2015 Paris Agreement is upheld, and the emission reduction targets are tightened in the 2020s. The first half of the 2020s furthermore sees a
paradigm shift, so that decarbonisation and poverty alleviation are increasingly considered as dual objectives. Also, national economies become
increasingly interconnected, thus allowing for better-integrated energy systems and greater international cooperation on mitigation measures
overall. Throughout the 2020s, this new dynamic contributes to the fast dismantlement of fossil fuel subsidy programmes as well as to a linkage and
expansion of emission trading schemes, thus allowing for an increase in climate policy ambition and a reduced cost of emission mitigation in the
following decades.

As a result, decarbonisation policies support innovation and sharp decreases in costs for renewables, and their fast deployment leads to a
successive phase-out of fossil fuels (Fig. A3). In the 2030s, the global electricity mix is coal free and dominated by renewables, which have been the
focus of public and private investment as opposed to CCS technology. However, CCS only plays a temporary role by extending the phase-out of fossil
fuels into the 2040s. The use of oil products is substantially decreased as well, in particular due to strong policies that push towards an early
transition of the transit sector.

A.3.2 The future of green synergies

While the role of central governments remains crucial for the global energy transition in the next decades, more and more solutions are being put
forward through other channels, involving not only the private sector but also transnational bodies, cities, and consumers. The global transition,
therefore, lives off synergies that are reached by combining top-down approaches, mostly in the form of strict carbon taxation and green subsidies,
and bottom-up action from all actors.

For transition economies, the scenario foresees an increased role for multilateral development banks and micro-finance programmes. Ensuring
near-universal energy access under clean standards becomes a focus of these initiatives for much of rural Africa and South-East Asia, where, despite a
reduction in conflicts, state capacity remains limited. Distributed generation and decentralised renewable energy solutions leapfrog the slow-moving
deployment of centralised power and rapidly accelerate energy access. As a result, infrastructure, private sector investment, and productivity
improve quickly from the mid-2020s onwards in the Global South. Generally, there is less need for energy infrastructure (expansions) in this scenario
due to the substantial success of energy efficiency efforts in all energy consumption sectors compared to the Business as Usual scenario. Therefore,
despite rapid population growth, final energy consumption first plateaus in the 2030s. Subsequent increases are of only a modest nature and covered
almost entirely by growth in clean electricity, which largely dominates the global energy mix in the 2040s.

Prosumers gain importance and consolidate the image of responsible citizens, thanks to matured decentralised system designs, the availability of
microfinance in developing countries, and policy support schemes, as well as harmonised legal frameworks. Hence, in the 2020s and 2030s, pro-
sumers become a key driver of the Asian energy transition and contribute to the switch away from dirty electricity sources in other fossil fuel-
dependent regions.

Finally, the interconnectedness of economies and the political support for a global energy transition lead to an acceleration of the integration of
national energy agendas. Early progress towards a global carbon tax is made in the early 2020s and initially only ratified by a handful of nations.
However, the group widens quickly and includes all major emitters by the 2030s.

The scenario period witnesses an intense urbanisation process, both in the Global South and in OECD countries. However, energy efficiency
efforts are sizeable, and much of the energy demand in the urban buildings and transport sectors is met by clean solutions, thus avoiding a lock-in of
carbon-intensive infrastructure in developing regions. In many growing cities, urban density enables the integration of district heating and cooling
networks fuelled by low-carbon energy sources or waste heat from industrial plants. New building materials, which are the result of the large-scale
support for R&D, allow for the construction of new megacities without a large carbon footprint.

As low-carbon urban mobility becomes a top priority, electric vehicles take over the streets in the 2020s, but large investments in new and
innovative modes of mass public transit prove the only way to manage the quick growth of cities sustainably. Major cities, therefore, push towards
bans or strong restrictions on private car traffic, which are welcomed by their inhabitants.

This is part of an overall shift in individual behaviour which results from a symbiosis of policy, culture, and technology. Progressive cities
welcome the international climate efforts and vie in the creation of green urban ecosystems whose leitmotif is the urban oasis: a modern and efficient
yet green utopia. The rapid improvement in living conditions, especially in areas that observed high rates of air pollution, seizes citizens’ imagi-
nations and improves public awareness of environmental issues drastically. With the change in generations, a close-to-zero-emission environment
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Fig. A3. Global results for final energy consumption (top), primary energy production (middle), and electricity generation by source in Green Cooperation.

becomes the status quo in most developed countries. Some latecomers still exhibit higher emission levels but pledge improvements beyond 2050.
Increased specialisation, lower risk, and large public programmes lead to a culture of investment and research which allows progress in numerous
key technologies that enable an affordable transition to this clean, modern vision, such as 3D and 4D printing, novel materials, and quantum
computing.

Thanks to early, widespread, and deep emission mitigation, climate change only has localised impacts in the medium run, to which the inter-
national community reacts promptly with financial and technological transfers and adaptation measures. By 2050, all these factors combined will
have led to the achievement of an inclusive renewable energy transition, which prevents extensive global warming. In combination with further
advances in negative emission technologies beyond 2050, green growth has become a reality.

A.4 ClimateTech

A.4.1 Time is on my side

Similarly to the Business as Usual scenario, diplomatic relations between the large regional powers remain steady over the outlook period of this
scenario. Geopolitical tensions and localised conflict in the late 2010s and 2020s worsen human and economic conditions across the globe. The
international governance system comes to a standstill at the turn of the 2020s at the expense of climate and energy issues, in part due to the failure of
any major actors to take the lead in multilateral, rule-based (international) institutions.

However, and at the same time, research into climate intervention shows promising results, so technologies such as carbon capture and storage
(CCS) and solar radiation management see their performances increasing while costs are cut. Although these technologies are still at an early stage of

15



D. Ansari and F. Holz Energy Research & Social Science 58 (2019) 101250

Mtoe
15000

M Electricity
12000 W Bioenergy

B Oil products

9000 - -
_ Crude oil
6000 A, L . :
m Coal
3000 H H Lignite

M Natural Gas

2015 2025 2035 2045 2055

25000

m Coal

20000 . M Lignite
. Crude oil

15000 -
- ® Natural gas
10000 .-. .. Nuclear
u Bioenergy
3000 1 || mRenewables
A T T P et
2015 2025 2035 2045 2055
6000
W Hydro
M Renewables
4800
m Coal
|
3600 Coal CCS
M Gas
2400 Gas CCS
Nuclear
1200 1 H Lignite
Lignite CCS
0 Oil

2015 2025 2035 2045 2055

Fig. A4. Global results for final energy consumption (top), primary energy production (middle), and electricity generation by source in ClimateTech.

development in the 2020s, their perceived benefits alone significantly affect climate policy in the following years. News of the forthcoming technical
revolution generates an atmosphere of public euphoria that is fortified with the widespread perception that climate questions are already solved.

Although not seconded by scientists, politicians rejoice in the diminished pressure to decarbonise their respective economies and divert political
effort to other topics such as economic growth. Therefore, the global economy remains strong over the entire outlook period, accompanied by
significant worldwide population growth in Africa and South-East Asia. However, economic development remains unequal, due to an international
order that continues to be tense and does not provide a vital setting for balanced free trade and technology transfer. Despite the loss of focus on
climate policy, environmental policy becomes important as public health is another topic rejuvenated by a public that expects a transition to a clean
lifestyle.

The loss of momentum in decarbonisation policy making combined with the frustration of diplomatic relations between the large global powers
affects international climate negotiations. While the Paris Agreement leads to a deceleration in fossil fuel consumption growth until 2035, progress
soon slows down, as the initially formulated NDCs are not followed by more ambitious pledges. This failure in emissions reduction is also due to
rapidly rising energy demand driven by population growth and urbanisation. Some isolated attempts at climate change mitigation in the first half of
the outlook are, however, noteworthy: Europe scales up its ambitions, and China exploits the tech dawn to finally move beyond the production of
cheap tradeables. On this course, China redefines its comparative advantage and is determined to take the global lead as an R&D powerhouse.

A Business-as-Usual world with the (absent) climate policy of Survival of the Fittest and technological ambitions beyond Green Cooperation
establishes an energy system that exhibits a steep growth in demand, rapid technological change, and uneven developments (Fig. A4). Throughout
the first half of the outlook, strong gains in fossil fuel demand nearly double final energy consumption, and medium-paced growth in the electricity
sector comes with new renewables and conventional plants alike. As a result, GHG emissions increase dramatically and exceed the Business as Usual
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case dramatically. With internationally concerted efforts to tackle CO, emissions facing a dead end, the 2 °C carbon budget is nearly spent by the
early 2030s, thus inducing more frequent extreme weather events.

A.4.2 A tale of sulphates and nucléocrates

Final breakthroughs in key climate and energy engineering technologies in addition to various forms of geo-engineering are seen in the 2030s.
However, these adolescent technologies still teeter into the wider energy system on their quest for an ultimate role.

First, direct air capture witnesses sharp cost cuts due to the development of modular units that enable quick deployment. Although initially the
efficiency and applicability of the technology is still limited, direct air capture soon becomes the symbol of omnipresent action to tackle emissions, as
the (now smaller) devices are installed virtually everywhere. Air capture is furthermore favoured by decision-makers for its ability to capture not
only emission flows but also stocks. The social acceptance of underground CO, storage comes hand in hand with the air capture technology
development, as the rapid development of commercial CO, use, in particular in the chemical industry takes place.

A second key technology, solar radiation management (SRM) receives a spike in attention during the 2030s. In the public eye, the technology is
celebrated as the liberator of humanity from climate change due to its potential to have a large and lasting effect on emissions. Nevertheless, after a
multitude of tests during the first years of its availability, scientists begin to warn that SRM, and more specifically aerosol sulphate, may deplete
ozone and bring significant changes to the hydrological cycle. While these warnings are initially unheeded by politicians, the effects become
discernible and measurable, affecting nearly all kind of maritime value creation. Also, specific SRM techniques threaten to be developed into
weapons, thereby violating the 1976 Environmental Modification Convention. As a result, the unilateral use of SRM is eventually prohibited and only
scaled up slowly within multilaterally concerted initiatives.

To control the risks associated with the novel technologies, new institutional frameworks for international cooperation emerge. Novel multi-
lateral funding sources, such as development banks for supporting improvements in climate engineering, are created within the framework of the
UN, whose political influence decreased significantly over the previous decades. At the same time, a new intergovernmental body, inspired by the
International Atomic Energy Agency, is founded to promote the safe use of climate engineering and provide international safeguards against its
misuse.

As climate engineering affects emissions but ultimately falls below the enormous initial expectations, the reopened discussion about climate
change mitigation sheds light on the elephant in the room: Energy consumption has risen at a pace that the still-incipient climate technologies fail to
compensate. However, increasingly extreme weather events and widespread coverage of the rise and fall of hopes for adaptation-based solutions
have created a broad awareness of climate change. Therefore, the re-empowered international community manages to commit to a global CO, cap.
However, numerous exemptions are given and remain a common practice because of fears for national industries and the presence of emission
reduction technologies. Nevertheless, the energy system in the 2040s (Fig. A4) experiences a reduction in fossil-fuel consumption and witnesses the
death blow for direct coal usage, though natural gas and crude oil remain crucial in the final energy mix. Priority is given to completing the
decarbonisation of electricity.

One of the technologies that sees sudden advances is nuclear fusion. Although, particularly during the 2030s, the technology's value is questioned
due to high costs, its promise to break the energy trilemma by providing affordable, secure, and clean energy in the long run is a tempting vision.
Especially China, which is responsible for much of the research during the 2020s that finally leads to a breakthrough, is set to supply the majority of
its exponentially growing electricity demand with nuclear fusion. The decision to go all-in on this technology is, in the early stages, mostly aimed at
turning it into the greatest Chinese export. Its mesmerising effect on politicians creates a new generation of nuclear advocates who seek to pressure
the “new saviour” of energy and climate into global power grids at any cost. However, the 2030s see virtually no application of the technology
outside of China. Finally, towards 2050, more mature reactors are installed in other energy systems, despite continued controversies regarding their
actual potential. However, outside of China, whose nuclear elite refuses to question the technology, applications remain limited.

Elsewhere, cost cuts and novel technologies turn renewables into the major source of electricity with a global share of roughly 50%. The other
half of electricity demand is met by nuclear energy and highly efficient CCS coal and natural gas power plants, which profit from strong R&D
investments even after their mature emergence around 2030. As a result, over all five decades of the outlook, there are only minor changes in global
fossil fuel production except for a surge in the production of natural gas.

Altogether, the numerous breakthroughs-a consequence of both fortune and significant investments-buy time and lessen the burden of the
energy transition, but eventually both decarbonisation and adaptation measures are necessary. The resulting system succeeds in curtailing emissions
and in preventing large scale climate catastrophes. Nevertheless, the negative emission technologies fail to provide a robust counterweight to the
lagging decarbonisation and lack of behavioural shifts. Hence, the emission trajectory is inherently fragile concerning population and economic
growth beyond the outlook period. This world can only be sustainable if technological progress continues to outrun growth.

Appendix B. Multimod: Model Setup

Multimod is an energy and resource market model that reflects the complex, non-linear and interrelated reality of energy infrastructure. We refer
to [35] for a detailed description of the model, its purpose, and its relation to other energy models. The model represents the entire supply chain of
different energy carriers (both fossil and renewable) in a specially disaggregated framework, as illustrated by Fig. 3.

Similar to other complementarity models and market games, Multimod defines a supply chain of market actors who engage in the production,
trading, transformation, transport, and consumption of energy carriers and services. In a nutshell, the model translates detailed information for a
base year, reference points for the future, and techno-economic specifications of the supply chain into energy system and market outcomes as the
result of the objective-oriented interaction of all market actors. In detail, the model requires disaggregated energy balances for a base year, op-
erational costs for production (i.e. a quadratic function in our version) and (linear) costs for all energy services, investment costs for the expansion of
production and energy service capacities as well as their limits (e.g. possibilities for new transport routes or power plants), resource reserves,
efficiency values, (seasonal) reference demand® values, depreciation rates, and greenhouse gas emission values for each action. The model then

6 There is a central difference between having an eventual demand level and a reference demand point as input. Models that use final demand levels as input fix the
final quantities exogenously. Hence, such a model is not economic in the sense that the model does not replicate a market action with price and quantity as
endogenous variables. In contrast to that, a reference demand point (including a reference price) refers to a single and specific point on the demand curve, which is
used to extrapolate the remainder of the curve. Hence, while choosing and varying the reference demand point influences the eventual demand, it does not determine
it. This is done endogenously in the interplay of supply and demand.
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Table Al
List of sets, parameters, variables, and mappings in Multimod.
Symbol Description Symbol Description
Sets
YEY Years aceA Arcs
heH Seasons ceC Transformation technology
seS Suppliers e, feE Energy carriers/fuels
n, keN Nodes reR Regions
deD Demand sectors g€ Emission types
lel Sector fuel mix constraints 0e€0 Storage operators/technology
meM Transformation mix constraints vev Loading cycles of storage
Parameters and functions
dury, Relative duration of season h (with Z durp = 1) ee€Ef Service or production capacity
h
expg Capacity expansion limit inv((_')) Unit cost of capacity expansion
n"f((j)) Unit cost for service provision dep((,')) Infrastructure depreciation rate
loss((')) Relative losses though service usage ems (()) Unit emissions
COSt}})Jhsne(') Production cost function horb, Production horizon (reserves)
lin foW Linear term of the production cost function (lin? > 0) transf;'; o Transformation rate by technology ¢ at node n from input e to output f
qudye Quadratic term of the production cost function (e, f) € ES ShrGace Minimum share of (input) fuel e by transformation technology ¢
cour)fsn d Cournot market power parameter quota((_')) Quota for nodal/regional/global emissions
avl;’hm Availability factor of production capacity eff ﬁ,de Efficiency of demand satisfaction of sector d by fuel e at node n
ee€ES™ Inverse demand curve of sector d eucl ygm de Linear end use cost parameter
intthn " Intercept of inverse demand curve for fuel e at node n euccthn de constant end use cost parameter
SIp}f;md Slope of inverse demand curve for fuel e at node n shr('>1 Minimum share of sector fuel mix constraint [ (in energy services)
yhl
8y Discount factor
Variables
q((')) Quantity produced/sold/interacting with service p((')) Market-clearing price of fuel or service
f((_')) Flow of energy or emissions z (()) Capacity expansion
Mappings
n, k€N, Node-to-region mapping ¢0(0) Fuel stored by technology o
reR, Region-to-node mapping oecOF Subset of technologies storing fuel e
ae A Subset of arcs ending at node n transporting fuel e heH), Mapping between loading cycle and hour/day/season
a €Ay Subset of arcs starting at node n transporting fuel e v (h, 0) Loading cycle of hour/day/season (singleton)
ee EaA Fuel(s) transported via arc a (singleton) ee EIL Fuel(s) that satisfies fuel mix constraint [
ni+(a) End node of arc a ce EIL Fuel(s) that are included in fuel mix constraint [
ni=(a) Start node of arc a ec EM Fuel(s) that satisfies transformation mix constraint m
fe ESt Subset of output fuel(s) f obtained from transformation technology c d e DfF Demand sector(s) to which fuel mix constraint [ applies
ee ECC— Subset of input fuel(s) e for transformation technology ¢ cecM Transformation technologies that satisfy transformation mix constraint m
(e.f) € ES Input/output fuel mapping of transformation technology c

computes a single equilibrium solution for all periods, nodes, and actors. This solution contains quantities and flows for production, consumption,
conversion, storage, and transport as well as investments in all infrastructures. Additionally, the model determines end-use costs, prices, emissions,

and welfare.

The remainder of this section outlines the model's equations (partitioned by the different actors) as well as a brief note on the central updates and
changes with respect to the version of the model in [35]. Table A1 summarises the model's notation.

Suppliers in each node maximise their profits (1) from the production and sales of fuels, considering their costs for production (2), transpor-
tation, transformation, and storage. Their behaviour is restricted by production capacity (3), storage balance (4), production capacity investment
limits (5), reserve limits (6), and the nodal mass balance constraint (7). Noticeably, they are the only Multimod agent that can exercise market power
a la Cournot, i.e. they may not act as price-takers but charge a mark-up on their marginal costs and choose their supply strategically.
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Transportation agents (‘arc operators’) operate, by assumptions, a single arc each, i.e. a specific way and mode of transportation between two
nodes. They maximise their profits (8) in a competitive market, given capacity restrictions (9), capacity expansion limits (10), and a market-clearing
condition (11).
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Transformation operators — owners of power plants and refineries—convert primary into secondary energy and are, by assumption, unique in
their corresponding nodes (e.g. there is only one refinery operator in China). They maximise their profits (12), given capacity restrictions (13),
(policy-enforced) minimum shares of certain input fuels (14), capacity expansion limits (15), and a market-clearing condition (16).
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Storage operators allow certain energy carriers to be transferred between seasons. The agents maximise their profits (17), given restrictions of

the cumulative energy injections (18) as well as restrictions of the period-wise intake (19) and outtake (20), the corresponding three capacity

expansions (21), (22), (23), and market-clearing constraints for energy in- and outtake (24), (25).
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0— O— O— O—
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O+
yhno = Capyno + z depy\ynozy\no
y<y (20)
O0—
Zyno - exp no’ zyno S exp no’ zyno S expyno (21)
O0— O0—
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SES SES (22)

Emission authorities auction emission permits in a proﬁt-maximising7 way (26) based on national (27), regional (28), or global (29) greenhouse
gas quotas. (30) is the global market clearing condition, including emissions from production, consumption, and all energy services.
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Consumers that represent the different demand sectors in each node are utility-maximising agents gaining utility from the consumption of
energy and weighing it against emission, end-use, and fuel costs. The result of utility maximisation manifests in the demand function (31). The end-
use costs are automatically calibrated by auxiliary algorithms of Multimod and mimic endogenous fuel substitution, as elaborated in the appendix of
[35].
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In contrast to the model outlined in [35], we augmented the model in three ways. First, to improve the tractability and numerical behaviour of
the model, we removed the logarithmic term of the production cost function and reduced it to a quadratic function. Secondly, we added investments
to negative emission technologies zyG,,g as a choice variable that enters emission constraints.® Lastly, and most importantly, we reformulated the
model - originally a mixed complementarity problem (MCP) — into a convex quadratic optimisation problem.

To the best of our knowledge, this represents the first major application of the method described by [37]. The original MCP is given by the
Karush-Kuhn-Tucker conditions of the problems derived from (1) to (31), i.e. the set of first-order conditions to the Lagrangians of all agents. Given
the size of our dataset, however, this MCP requires more than three days to solve on a modern computer, which makes the calibration of the model
nearly infeasible. Therefore, we convexified the model into a quadratically constrained program (QCP).° The QCP's objective function is given as the
multivariable antiderivative of the entire set of the MCP's stationarity conditions. This antiderivative (32) can be understood as the scalar potential to
the vector field that is defined by the first-order derivatives of each agent's objective functions, which can be shown to exist in this case due to the
linearity of (inverse) demand and the convexity of the feasible area.

Hence, the final model for this study is given by the maximisation (32) under the restrictions (2)-(7), (9)-(11), (13)-(16), (18)-(25), and
(27)—(31). The model is implemented in the algebraic modelling language GAMS and solved using the commercial solver CPLEX.

7 Although these authorities are public entities without the objective of maximising profits, it is formally easier to introduce them as profit maximisers too. Given
the First Theorem of Welfare Economics, the solution of a perfectly competitive market with profit-maximising agents equals the welfare-optimal allocation, which is
why these two perspectives do not differ in terms of model results.

8 We only make use of this feature in the ClimateTech scenario, which features exogenously fixed investment costs and investment limits. In all other scenarios, this
option is ruled out.

9 A sketch of the proof for the equivalence of the MCP and the QCP version can be found in [52].
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Appendix C. Multimod: Input data

We use a dataset named 30 nodes plus, which is an extended and updated version of [35]’s dataset, to which we refer for a general and more
comprehensive overview regarding model structure and data sources.

The dataset covers natural gas, coal,'® lignite, and crude oil on the fossil fuel side as well as hydro, biofuels'"! and other renewables (solar/wind/
geothermal), and nuclear energy on the upstream level. Demand sectors can use certain primary fuels directly, or they can be transformed into
processed energy carriers (electricity from all fuels and oil products from crude oil). Also, transportation is possible via multiple pre-defined means of
transportation (ship, pipeline, rail, street, powerline), depending on fuel and node. Natural gas can also be liquefied to and regasified from LNG.
Market power — modelled via conjectural variation in asymmetric competition in quantities under perfect foresight — is assumed for a limited number
of oil and gas producers (OPEC members, Qatar, Russia). Emission data is specified for different fuels and actions (i.e. the model accounts for
emissions at each point of the value chain). An overview of the most important sources for input data is given in Table A2. The dataset makes
extensive use of the DIW Berlin sector-level models and databases.

Regarding demand, the model distinguishes three separate and individual sectors (residential, industrial, transportation), which are represented
by their own demand in each node. Multimod requires reference demand'? values for each node, sector, and period, which are central to the model's
automatic calibration and work as key parameters for calibrating the different scenarios. For the year 2015, fixed demand values are taken from
[53]. Regarding future periods (i.e. 2025, 2035, 2045, 2055), we derive baseline demand values from the numerical results of [60]** and process
them into growth rates per decade. Then, we alter and differentiate these growth rates to reflect the four storylines. The final reference demand
values for future periods are then obtained by multiplying the corresponding growth rates with the (fixed) base year demand.

The four scenarios vary along several parameters that are chosen to mimic the settings and series of events of the storylines. As elaborated above,
this includes reference demand values, but also the availability and costs of (new) transportation forms (e.g. in Survival of the Fittest, increased
geopolitical tensions and isolationism restrict the use and expansion of multilateral pipeline projects, while numerous new transportation methods
are open to investment in Green Cooperation). Of course, climate policies vary widely between the scenarios; for reasons of smoothness of cali-
bration, they were modelled as emission caps in all scenarios.'* Another set of parameters fitted to the storyline's centres around technological

10 Coal refers to the sum of hard coal and lignite consumption and the quantity-weighted average, respectively, in line with IEA and BP reports.

11 Biofuels are defined according to [53] and cover both primitive biomass as well as processed biofuels.

12 See footnote 6.

13 The MIT Joint Programme on the Science and Policy of Global Change provides an independent forecast for primary energy use and electricity production as well
as generation mix.

14 Since we assume perfect foresight and complete information in the model setup, there is no difference between the effect of a carbon tax or a cap.
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Table A3

Main sources and assumptions for the narratives p.d.: per decade.
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Table A2
Main sources for sectoral input data [35,55-59,61-70].
Pr i Pr i T portation, & Reserves | Emissions
costs itie pr ing
Coal [55]
Gas [62, 63]
oil [56, 64] \ [56, 65] \ [35, 66] | [66] (35, 61]
ccs [57, 67, 68]
Renewables [35, 61, 69]
Power [58, 59] ‘ [35, 58, 70] ‘ [35, 58, 61] J [35]

Business as Usual (BaU)

Survival of the Fittest

Green Cooperation

ClimateTech

Carbon limit (based on
2015 values)

Trade routes

Novel technologies

Reference
demand

Costs for renewables

Costs for hydrocarbons &
thermal power plants

Hydrocarbon exploration

Europe and (South-) East Asia start 2025,
tightened by 20% and 8%, p.d.;

others start in 2035, tightened by
between 2% and 8% p.d.

Routes between continents (e.g.
extensive African-European power
transmission) and tense regions (e.g. Iran
to India pipeline) unavailable

CGS available after 2030

Continuation of current trends

8% decline towards 2025; 10% p.d.
afterwards
Only minor changes

Moderate exploration and reserve

Base year demand: [53]

Base reference demand trajectory: [60]

Only in Europe and East Asia,
tightened by 10% and 6% p.d.
respectively

Same as in BaU;

Additionally, interregional
trade is strictly limited (e.g. no
Russian exports to Europe)
CCS available after 2030

Expansion of electricity and
transportation demand;
Continued industrial coal
demand; diminished demand
post-2050

2% less decline than in BaU

3-8% p.d. lower extraction
and conversion costs;
5-10% p.d. conversion
efficiency gains (incl. CCS)
Strongest exploration and

Global cap from 2025 onwards
(based on BaU values for
2025), tightened by 25% p.d.

Intercontinental infrastructure
and networks crossing
previously tense regions
become available

CCS available after 2030

Strong expansion of
electricity; decreasing fossil
fuel; Universal energy access
phases out raw biomass
demand

20% decline p.d.

Only minor changes

No further exploration

Global cap from 2035 onwards (based
on 90% of BaU values for 2025),
tightened by 15% p.d.

Same as in BaU

CCS after 2020 (emission reductions
25% p.d.); nuclear fusion after 2030
(50% p.d. reductions over current
nuclear plants); Negative emission
technologies after 2030

Expansion of demand until 2035
similar to SotF; later decreasing fossil-
fuel demand

1% less decline than in BaU
4-6% p.d. lower conversion costs and
higher conversion efficiency; 17% p.d.

lower CCS costs

Strong exploration and reserve

increases

reserve increases

increases

development and its consequences. All scenarios feature cost declines and efficiency increases, but their extent and focus differ. While the full extent
of the calibration cannot be exhibited in this paper, Table A3 illustrates some of the key differences.
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