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Abstract
This thesis focuses on global coal supply and how thermal coal extraction can be reduced
in order to mitigate climate change. Using quantitative modeling techniques, as well as qua-
litative research methods, it assesses economic, technical, and political drivers and barriers
for phasing out coal mining. The analysis in this thesis is divided into three general parts.
First, prospects of global coal supply under climate policy and energy sector trends are
studied, including the effects of the COVID-19 pandemic. This serves to understand what
a 1.5°C pathway would imply for coal producers, as well as where current developments
would lead coal supply. Second, the effects of changes in market conditions due to economic,
political, and structural factors on coal supply are assessed, studying the cases of Australia
and the USA. This aims at understanding how these different factors can contribute to a
decline in coal supply. Third, the political process of the German coal phase-out decision
is analyzed in order to improve understanding on how to overcome political stalemates on
coal transitions.

Applying an enhanced version of the coal sector model COALMOD-World (CMW), this
thesis shows that for a 1.5°C pathway more than half of the cumulative production capacities
in currently operating coal mines need to remain unused. Based on an extensive scenario
building exercise and the use of an earlier version of CMW, it shows that the COVID-
19 pandemic hit an already struggling coal sector. However, its further development is
largely dependent on the choice of economic recovery policies. Without additional climate
policies, coal supply would remain well above a 1.5°C compatible pathway. Zooming in on
the Galilee Basin in Australia, this thesis shows that investments in new coal mines in
this basin are not following economic rationales, while new coal mines in other regions are
only economically feasible if demand remains high. For the USA it shows how domestic
demand for coal is dwindling due to lower cost alternatives in the power sector and an
ageing fleet of coal plants, while high coal production and transport costs constrain export
opportunities. An analysis of the German decision process on phasing out coal shows how
the implemented stakeholder commission was able to overcome the previous stalemate
situation and to initiate a coal transition.

By assessing the coal supply sector from these different perspectives, this thesis contributes
to a better understanding of coal supply side dynamics and possible levers for phasing out
coal. Furthermore, this thesis advances open source coal sector modeling, contributing to
promote collaborative analysis of the coal supply sector and policies. Although coal supply
side measures and policies alone will most likely not suffice to phase out coal fast enough
to achieve 1.5°C, they can help to build momentum for the necessary coal transitions.

Keywords: Climate change mitigation, climate policy, coal market modeling, coal phase-out, energy eco-
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Zusammenfassung
Die vorliegende Arbeit befasst sich mit Möglichkeiten zur Reduzierung der weltweiten Koh-
leförderung. Mithilfe quantitativer Modellierungstechniken und qualitativer Forschungsme-
thoden werden wirtschaftliche, technische und politische Trieber und Hindernisse für den
Ausstieg aus der Kohle untersucht. Die Analyse in dieser Arbeit gliedert sich in drei allge-
meine Teile. Erstens werden die Aussichten für die globale Kohleversorgung im Fall ambi-
tionierter Klimapolitik, sowie unter gegenwärtiger Trends im Energiesektor, einschließlich
Auswirkungen der COVID-19-Pandemie, untersucht. Dies dient dem besseren Verständ-
nis der Auswirkungen eines 1,5°C-Pfades auf Kohleproduzenten, sowie aktueller Trends
der Kohleversorgung. Zweitens werden die Auswirkungen von Veränderungen der Marktbe-
dingungen und deren Einfluss auf die Kohleproduktion an Hand der Beispiele Australien
und USA untersucht. Drittens wird der politische Prozess des deutschen Kohleausstiegs-
beschlusses analysiert, um zu untersuchen, wie politische Blockaden beim Kohleausstieg
überwunden werden können.

Diese Arbeit zeigt mithilfe einer weiterentwickelten Version des Kohlesektormodells COAL-
MOD-World (CMW), dass für einen 1,5°C-Pfad mehr als die Hälfte der kumulativen Pro-
duktionskapazitäten in den derzeit betriebenen Kohleminen ungenutzt bleiben muss. Ba-
sierend auf einer umfangreichen Szenarienentwicklung und der Verwendung einer früheren
Version von CMW wird gezeigt, dass die COVID-19-Pandemie einen bereits angeschlage-
nen Kohlesektor getroffen hat. Die weitere Entwicklung des Kohlesektors hängt stark von
der Wahl der Konjunkturpolitik ab. Ohne zusätzliche klimapolitische Maßnahmen würde
das Kohleangebot deutlich über einem 1,5°C kompatiblen Pfad bleiben. Mit Blick auf das
Galilee-Becken in Australien zeigt diese Arbeit, dass Investitionen in neue Kohleminen dort
nicht wirtschaftlich sind. In anderen Regionen sind sie dies nur in Szenarien mit kontinu-
ierlich hoher Nachfrage. Für die USA zeigt diese Arbeit, dass die Inlandsnachfrage nach
Kohle aufgrund kostengünstigerer Alternativen im Stromsektor und eines alternden Koh-
lekraftwerksparks zurückgeht, während die hohen Kohleförder- und Transportkosten kaum
Exportmöglichkeiten bieten. Die Analyse des deutschen Entscheidungsprozesses zum Koh-
leausstieg zeigt, wie es der eingesetzten Stakeholder-Kommission gelungen ist, die vorherige
Patt-Situation zu überwinden und den Kohleausstieg einzuleiten.

Diese Arbeit trägt zu einem besseren Verständnis der Dynamik auf der Kohleversorgungs-
seite und möglicher Hebel für den Ausstieg aus der Kohle bei. Darüber hinaus trägt diese
Arbeit zur Open-Source-Modellierung des Kohlesektors und der gemeinschaftlichen Analyse
desselben bei. Obwohl angebotsseitige Maßnahmen allein höchstwahrscheinlich nicht aus-
reichen werden, um einen 1,5°C kompatiblen Kohleausstieg zu erreichen, können sie dazu
beitragen, die Abkehr von der Kohle zu beschleunigen.

Schlüsselwörter: Klimaschutz, Klimapolitik, Kohlemarktmodellierung, Kohleausstieg, Energieökonomie,

Just Transition, Politische Ökonomie, angebotsseitige Politik
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Chapter 1 Introduction

1.1 Motivation and research objective

Assessment Report 6 of the Intergovernmental Panel on Climate Change (IPCC 2022)
stresses once more the urgency to drastically reduce greenhouse gas (GHG) emissions within
the next few decades to uphold the chance of limiting global warming in line with the
Paris Agreement to well below 2°C, aiming for 1.5°C. Decarbonizing the energy system is
a key element to this end. Out of all major fossil fuels, coal, one of the most emission-
intensive energy sources, needs to be reduced the fastest. For the 1.5°C target to be met,
coal consumption needs to drop to well below 50 % of today’s level by 2030 (IPCC 2022,
2018a).

Politically, the phase-down and phase-out of coal is receiving increased attention. In 2017,
the Powering Past Coal Alliance (PPCA) was founded, which contains an increasing number
of countries and regions committed to phasing out coal consumption (PPCA 2017). Several
countries, including Germany, the world’s largest lignite producer and consumer, have
announced the phasing out of coal within the next one to two decades (Ritchie 2021). At
the UN Climate Change Conference in Glasgow (COP26) in 2021, coal was at the heart of
many discussions about how to ratchet up climate change mitigation efforts. The conference
produced the first international agreement with the explicit global target to cut the use
of a particular fossil fuel, namely coal (UNFCCC 2021). Furthermore, several initiatives
were announced at the conference to cease permissions and funding for new unabated coal-
fired power plants, and to support transitions away from coal (e.g., UN Climate Change
Conference UK 2021).

Coal currently accounts for approximately 27 % and 36 % of the total global primary energy
supply and global power generation, respectively (BP 2022, 9, 51).1 It is responsible for
approximately 40 % of global fossil fuel CO2 emissions (Friedlingstein et al. 2022, 1933).
Global coal consumption peaked in 2014 and after a slight decline in the following two years,
it rebounded to a level only slightly below the record high by 2018 (BP 2022). In 2020,
the first year of the COVID-19 pandemic, global coal consumption dropped significantly.
However, in 2021 it surpassed the pre-pandemic level and, overall, shows no declining trend
so far, at most signs of a stabilization at its currently high level (IEA 2021a, 2022a).

1The share of coal in total primary energy supply and CO2 emissions from coal refer to the use of all
types of coal. Generally, coal is divided into two categories based on its type of use, thermal coal and
metallurgical (or coking) coal. Thermal coal is used mainly for power and (commercial) heat generation,
accounting for about two-thirds of primary coal use. Thermal coal can be subdivided further into two
general subcategories, lignite and steam coal, based on the energy content of the coal (differences exist
depending on the classification schemes). Metallurgical coal refers to coal used for making coke, which
is used in steelmaking. For further details, see Section 1.2.1. In the following, coal usually refers to
thermal coal.
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As of July 2022, 193 countries have signed the Paris Agreement and committed to take
action on climate change (UNFCCC). One often considered instrument to achieve climate
change mitigation is carbon pricing (Carbon Pricing Leadership Coalition 2017; Strefler et
al. 2021). In 2021, 64 carbon pricing instruments were implemented globally and the share
of global GHG emissions covered under some form of carbon pricing instrument reached 21.5
% (The World Bank 2021, 21). However, studies on the effectiveness of such instruments
to reduce emissions show mixed results (Best, Burke, and Jotzo 2020; Green 2021), and
additional measures are required to achieve short-term emission reductions (Kriegler et
al. 2018). To address the roll out of renewable energy sources (RES), around 150 countries
have created RES power regulatory policies and targets (REN21 2022, 44). As a result,
the share of RES (excl. hydro power) in global power generation has risen from about one
to 13 % in the last 20 years (BP 2022, 6), and studies find that a 100 % RES-based power
system would be technically feasible and economically efficient (Hirschhausen et al. 2018;
Jacobson et al. 2017; Löffler et al. 2017).

While coal production and consumption decreased to some extent in recent years in coun-
tries such as Germany and the United States (Diluiso et al. 2021), it is on the rise mainly in
Asian countries (IEA 2021a; Edenhofer et al. 2018; Tong et al. 2019). Current projections
of countries’ and companies’ coal production and consumption plans do not provide much
hope for a fast turnaround towards a global coal phase out (SEI et al. 2021; UNEP 2021).
Thus, scholars stress the necessity to increase the attention on suppressing the use of coal
and other fossil fuels more directly (Asheim et al. 2019; Piggot et al. 2020; Turnheim and
Geels 2012; York and Bell 2019). This requires governments to restrict and phase out the
consumption of fossil fuels within their jurisdiction on the one hand (David 2017; Diluiso
et al. 2021; Vinichenko, Cherp, and Jewell 2021), and to end the supply of fossil fuels on
the other hand (Erickson, Lazarus, and Piggot 2018; Faehn et al. 2017; Green and Denniss
2018; Jakob et al. 2020).

Policies to actively phase-out the use of coal have been largely missing so far in attempts
to reduce GHG emissions (Nascimento et al. 2022). The target to reduce and phase out
the use of coal has only gained traction in recent years on the international level. More
concretely, among others, Canada, Chile, South Korea and 23 European countries have
so far announced a coal phase out within the next two decades (Ritchie 2021; Europe
Beyond Coal). These countries, as well as the members of the PPCA mostly have limited
domestic coal production and consumption, with electricity demand not growing strongly,
and relatively old power plants (Blondeel, Van de Graaf, and Haesebrouck 2020; IEA 2019a;
Jewell et al. 2019). Germany, as one of the world’s largest lignite producers and consumers,
is somewhat of an exception.
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Chapter 1 Introduction

In many parts of the world, coal is still an abundant resource (BGR 2019). Not considering
the societal and environmental costs caused by coal’s production and combustion (Cardoso
2015; Muller, Mendelsohn, and Nordhaus 2011; Rauner et al. 2020; Sovacool, Kim, and
Yang 2021), it is falsely perceived as a low-cost energy source (Diluiso et al. 2021; Jakob
and Steckel 2022). Often coal is considered to contribute to energy security, particularly
in countries of the Global South (Jakob et al. 2020; Jakob and Steckel 2022; Kalkuhl
et al. 2019). Furthermore, the coal industry, particularly coal mining, is an important
economic factor in many regions, with coal rents contributing about 0.2 % to global GDP
(The World Bank). Locally, regions can be highly dependent on the coal industry, which
provides jobs and tax income in otherwise often disadvantaged regions (Hanto et al. 2021;
Oei and Mendelevitch 2019; Spencer et al. 2018; Zhou et al. 2022).

An incumbent system has evolved around these diverse dependencies, including coal mining
and power industries, profiting from, and locking-in, the status quo (Erickson et al. 2015;
Seto et al. 2016; Unruh 2000). Additionally, coal-fired power plants and coal mines are
long-lasting infrastructures (Fisch-Romito et al. 2021). A 1.5°C compliant global coal
phase-out would require the writing off of significant coal-fired power plant asset values
(Edwards et al. 2022; Löffler et al. 2019; Pfeiffer et al. 2018) and the majority of current
coal reserves would have to remain unmined (McGlade and Ekins 2015; Welsby et al. 2021).
Thus, incumbent actors in the mining and power sector, including workers and dependent
communities, often oppose a transition away from coal (Fisch-Romito et al. 2021; Johnstone,
Stirling, and Sovacool 2017; Kalt 2021; Kungl and Geels 2018; Leipprand and Flachsland
2018). Scholars find that considering these political economy dimensions of coal transitions
and addressing a just transition for affected regions is key to enabling the phasing out of
coal (Diluiso et al. 2021; Brauers and Oei 2020; Hanto et al. 2022; Hermwille and Kiyar
2022; Jakob and Steckel 2022; Muttitt and Kartha 2020; Stognief, Walk, and Oei 2022).

Depending on the political system and the power of the incumbents and affected stakehold-
ers, political stalemate situations can occur that prevent policy change (Brisbois and Loë
2016; Leach, Scoones, and Stirling 2010; Sabatier and Weible 2007), such as a decision to
phase out coal (Furnaro 2022; Hermwille and Kiyar 2022). In order to find compromises
and gain support for policy changes, several countries, such as Canada, Chile, the Czech Re-
public, Spain, and South Africa have initiated participatory stakeholder process to provide
policy recommendations on coal phase-outs and just transitions (Brauers et al. 2022). In
Germany, the stakeholder commission Wachstum, Strukturwandel und Beschäftigung (engl.
Growth, Structural Change and Employment, also called the Coal Commission), was im-
plemented in 2018 to overcome the stalemate of the German coal transition (Furnaro 2022;
Hermwille and Kiyar 2022). The commission completed its work in 2019 with the rec-
ommendation to end coal-fired power generation and related coal (lignite) production in
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Germany by 2038 at the latest (BMWi 2019), which was thereafter enacted.2 While a
phase-out by 2038 falls short of Germany’s required climate mitigation obligations (Cli-
mate Analytics 2016; Yanguas Parra et al. 2019), it is the first binding phase-out decision
of a major coal-producing country (Ritchie 2021). How to successfully govern and accel-
erate coal phase-out and other energy system transformation processes remains a pressing
question (Köhler et al. 2019; Wolff et al. 2020).

Policies addressing coal supply could be effective measures to reduce coal consumption and
related emissions (Lazarus and Asselt 2018). Mendelevitch (2018) finds that a moratorium
on new coal mines could effectively reduce coal consumption by limiting global coal supply.
A different avenue for reducing coal supply and consumption could be a coal production
tax, which would raise prices of coal while generating additional income for coal-producing
countries (Richter, Mendelevitch, and Jotzo 2018). A major coal-producing country that
intended to implement such coal supply constraining measures in the past was the U.S.
under the Obama administration, which introduced, for example, a moratorium on new
mines on federal land (Erickson, Lazarus, and Piggot 2018). Under the Trump adminis-
tration, however, the political agenda was reversed and fossil fuels were actively supported
again (Jotzo, Depledge, and Winkler 2018), not at last with the promise to bring back coal
mining jobs (Houser, Bordoff, and Marsters 2017), and a fueling of the hope of U.S. coal
miners to continuously export coal to the international market (NCC 2018). However, de-
spite the support for the coal sector under the Trump administration, coal production and
consumption has continued its downward trend in the U.S. (EIA 2022a; Wamsted, Feaster,
and Cates 2020). The Biden administration has announced the goal of reaching a carbon
emission–free electricity supply by 2035 (The White House 2021), implying a significantly
faster decline of U.S. coal consumption than previously envisioned, for example, by the
U.S. Energy Information Administration (EIA 2020).

For many coal-producing countries, such as the U.S., coal production is also influenced
by export opportunities, as about one fifth of the consumed coal is traded internationally,
mostly seaborne (IEA 2021a; Holz et al. 2018). For major coal-exporting countries such as
Australia, Colombia, Indonesia and Russia, coal rents contribute up to 0.7 % to national
GDP, and for Mongolia and South Africa even some two to five percent (The World Bank).
Previous assessments of the global coal market show that climate policies addressing coal
demand could lead to shifts in regional coal production and trade (Haftendorn, Kemfert,
and Holz 2012; Holz et al. 2018), which could lead to significant losses of coal rents and
jobs (Ansari and Holz 2020; Auger et al. 2021; Le Billon and Kristoffersen 2019; Oei and
Mendelevitch 2019). To limit GHG emissions from coal to Paris Agreement compatible
levels, a significant share of the currently operating global coal-production capacities would

2The Federal Government: “Ending coal-generated power”, https://www.bundesregierung.de/breg-en/ne
ws/kohleausstiegsgesetz-1717014, last accessed July 25, 2022.
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have to be decommissioned early (Trout et al. 2022), which could lead to further coal mining
job and rent losses, as well as stranded assets (Auger et al. 2021; Ploeg and Rezai 2020a).

Despite this asset-stranding risk, many countries see a continued development of new coal
mining capacities. One of them is Australia, which has the largest amount of proposed coal
mining capacities after China (Driskell Tate, Shearer, and Matikinca 2021). Despite the
economic risks and increasing public debates about climate change, a wide range of actors,
including politicians, continue to support new coal projects in Australia (Christoff 2022;
Curran 2021; Stutzer et al. 2021). With domestic coal demand continuously declining,
most of these new capacities are supposed to produce coal for the export market (AEMO
2021; Jotzo, Mazouz, and Wiseman 2018). However, these future export opportunities are
uncertain as it is doubtful whether new coal projects are economically feasible (Gosens,
Turnbull, and Jotzo 2022; Holz et al. 2018). Furthermore, they bring with them the risk of
locking in further GHG emissions from coal (Trout et al. 2022; Unruh 2019).

Research gap and objective:

In order to reduce emissions from coal at the speed required to keep the Paris Agreement
targets within reach, it is necessary to not only address coal demand but also its supply,
and to manage an orderly and timely phasing out of coal production (Asheim et al. 2019;
Diluiso et al. 2021; Erickson, Lazarus, and Piggot 2018; Jakob et al. 2020). However, so
far only a few studies have addressed the global coal supply sector and its transition in the
wake of climate change mitigation (i.a., Haftendorn, Kemfert, and Holz 2012; Mendelevitch
2018), and knowledge on how global coal supply can be reduced in a timely and equitable
manner remains limited.

A 1.5°C-compatible decline in coal consumption would certainly impact all coal producers
in the global coal market, yet, when and how this is felt by individual coal producing regions
is unclear. Also financial and other implications, like early coal mine closures, are likely to
differ highly among regions. Knowledge of sustainable pathways for coal supply can inform
policymakers about what levels of coal supply might still be acceptable, and when it might
be necessary to address excessive coal supply. This knowledge can also help to prepare
early on for economic structural changes caused by ending coal mining activities in many
regions.

Other open questions include, how climate policies, as well as general economic and struc-
tural developments of the energy sector affect coal production, and what this implies for
individual coal producing regions. Knowledge on barriers and drivers for a decline of coal
supply can help to find leverage points for polices addressing excessive coal supply. During
the COVID-19 pandemic, coal production and consumption declined in many countries,
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while other energy sources where affected significantly less. The question arises whether
this situation could mark a turning point for coal and initialize its global decline.

However, if the political objective to phase out coal is met by the resistance of incumbent
actors, effectively preventing coal phase-out policies, ways to overcome this political stale-
mate need to be found. Knowledge of how to overcome such stalemate situations stalling
coal transitions is still very limited.

With this thesis, I intend to further close these research gaps and contribute to the over-
arching research objective of finding out how to phase out coal supply in line with global
climate targets. To do so, this thesis addresses four overarching research questions (RQs):

• RQ1: What would a 1.5°C-compatible global coal phase out imply for coal producers,
in terms of the temporal course of the decline of production volumes, investments in
new coal supply, and the utilization and retirement of existing coal supply infrastruc-
ture?

• RQ2: How might global coal supply evolve under current policy and energy sector
trends, also as a result of the COVID-19 pandemic and the subsequent economic
recovery programs?

• RQ3: What effect have current economic, political and structural factors each on coal
supply and how might they contribute to a decline in coal supply?

• RQ4: How can a political process be designed and managed to achieve a coal phase-out
in the event of incumbent actors blocking coal phase-out policies?

Research approach and methodology:

To answer these questions, this thesis takes into account the global coal sector, yet it puts
an additional focus on coal production and supply for countries of the Global North, as
coal sector transitions in these countries are already under way to some extent (Diluiso
et al. 2021; Jewell et al. 2019; Nascimento et al. 2022), and these countries are considered
to be required to phase out coal production and consumption earlier than countries of the
Global South (Climate Analytics 2016; Yanguas Parra et al. 2019). RQ1 and RQ2 are
primarily studied from a global perspective, however, taking into account regional specifics
and assessing regional effects. To answer RQ3, the coal supply sectors in Australia and the
U.S. were studied. Australia is a major coal exporting country with a large number of new
coal projects under development. The U.S. is the only major coal producing, exporting and
consuming country with significant decline in both, production and consumption, over the
last few years, and multiple policies addressing the coal sector were implemented and rolled
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back over the last years. For RQ4, Germany and its stakeholder commission process was
studied. In Germany, the first coal phase-out law in a major coal producing and consum-
ing country was implemented after the stakeholder commission managed to overcome the
previous stalemate (Brauers et al. 2022).

To study the context of global coal supply, and the effect of climate policies and market de-
velopments on it, I used mathematical modelling techniques. COALMOD-World (CMW) is
an established model of the global coal market (Haftendorn, Holz, and Hirschhausen 2012;
Holz et al. 2016), which I updated and employed to conduct scenario analyses (Chapters
3, 5 and 6). Furthermore, I developed a new version of CMW, CMW v2.0 (Hauenstein
2022b), to enable the detailed assessment of investments and stranded assets in the coal
supply sector (Chapters 2 and 4). I complement these quantitative approaches with qual-
itative approaches to study actors’ behaviors and influences in the policy-making process
(Chapter 7). This interdisciplinary approach allows for the study of the multidimensional
and complex issue of coal supply phase outs from different perspectives to gain a more
comprehensive understanding of drivers and barriers for phasing out coal. The applied
methods are presented and discussed in more detail in Section 1.4.

This thesis contributes to the literature on supply side climate change mitigation and coal
phase-out debates in five main ways: (1) It improves the understanding of coal supply in line
with global climate targets and of possible effects on the coal supply sector; (2) It improves
the understanding of current trends in global coal supply and of the effect of different coal
supply and demand policies, as well as market and energy sector developments on reducing
coal supply; (3) It contributes to more comprehensive projections of possible coal sector
developments by building coal demand scenarios based on bottom-up coal sector data;
(4) It advances open source coal sector modelling by introducing a more comprehensive
version of the global coal sector model COALMOD-World, considering coal mine lifetimes
and retirements, and by making it more accessible via code and data publications; and (5),
it contributes to a better understanding of governance processes to overcome incumbent
actors’ resistance to achieve coal transition policies.

The remainder of this chapter introduces the global coal sector (Section 1.2), as well as the
literature and previous approaches of supply side policies and coal phase-out processes (1.3).
It continues by presenting and discussing the research approach and chosen methodology
applied in this thesis (1.4). Section 1.5 provides the thesis outline, as well as an overview of
Chapters 2-7 and the most important findings from these chapters. Section 1.6 concludes
and gives an outlook of further research needs. Chapter 2 focuses on implications of 1.5°C
coal consumption pathways on global coal supply. Chapter 3 deals with the effects of
economic policies and energy sector trends and on global coal supply. Chapter 4 assesses
economic prospects for export-oriented coal supply and coal mine investments. Chapter
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1.2 The global coal sector: status quo and current developments

5 focuses on the effects of pro coal policies versus economic drivers on coal production.
Chapter 6 assesses the impacts of structural and economic coal sector developments on
coal production. And finally, Chapter 7 studies governance processes to achieve political
feasible coal phase outs.

1.2 The global coal sector: status quo and current
developments

1.2.1 Coal supply and the global steam coal market

In 2019, about 7,740 million tons (Mt) of coal were produced worldwide (IEA 2022b), pro-
viding about 4.7 million direct jobs (Ruppert Bulmer et al. 2021, 34). Coal rents contribute
some 0.2 %, or USD 170 billion, to global GDP (The World Bank). The bulk of global
coal production is geographically highly concentrated, with ten countries responsible for
94 % of global coal supply in 2019 (BP 2022). About 86 % (mass based) of the globally
produced coal is thermal coal, which can further be divided into steam coal (89 %) and
lignite (11 %) (IEA 2022b). Steam coal and lignite are differentiated based on their energy
content. Lignite has an energy content of less than 20 GJ/t, steam coal of 20 GJ/t or more
(IEA 2019a). Due to its low energy content, lignite is usually not transported over large
distances but mostly used for power and heat generation in the close vicinity of the mines.
In contrast, steam coal is an internationally traded good, with some 18 % (2019) of the
produced steam coal consumed outside of the country of origin (IEA 2022b).

The major producing countries of thermal coal are also the largest consumers (Figure 1.1).
The major exporting countries of steam coal, in descending order, are Indonesia, Australia,
Russia, Colombia, South Africa, the U.S., and Kazakhstan. Together they were responsible
for about 90 to 95 % of all steam coal exports in the last ten years. Over the same time,
China, India, Japan, South Korea, and Taiwan where constantly the five largest importers,
importing together some 60 % of all internationally traded steam coal (IEA 2022b).
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1.2 The global coal sector: status quo and current developments

While from a global perspective thermal coal production and consumption, as well as the
annual amount of steam coal internationally traded, has remained relatively constant over
the last decade, some significant changes have occurred on a regionally level. Particularly
China, India and Indonesia, but also Australia and Russia increased their steam coal pro-
duction significantly. China and India, globally the two largest producers, consumers and
net importers of steam coal, almost solely produce for their domestic demand each (IEA
2022b). Thus, developments in these countries are important to consider as they can highly
influence demand for seaborne coal (Holz et al. 2018) (see also Chapters 2 to 4). Australia,
Indonesia and Russia produce for their domestic demand as well, however, increases in
production resulted mostly from significantly raised annual exports of steam coal in these
countries.

On the other end, in the U.S., in 2010 still the second largest coal producer after China,
coal production dropped by about one third between 2010 and 2019 (IEA 2022b). The
development of the U.S. coal sector is a very interesting case, not only because it represents
the largest decline of coal in a single country in absolute terms so far (Diluiso et al. 2021),
but also because a multitude of influencing factors can be observed for this case. Politically,
the U.S. coal sector was addressed within the last decade with both, measures to decrease, as
well as to support the use of coal (Erickson and Lazarus 2018; Houser, Bordoff, and Marsters
2017). Furthermore, domestic coal-fired power generation is increasingly competing with
other power sources and struggling due to the old age of many of its power plants. And last
but not least, U.S. coal production also depends on export opportunities to the international
market (Coglianese, T. D. Gerarden, and Stock 2020; Culver and Hong 2016). Without
a coal phase-out policy in place, it is interesting to observe how the different factors have
contributed to the decline of U.S. coal production so far, and how this might develop in
the future (see Chapter 5 and 6).

Germany, Poland, Ukraine and the United Kingdom (UK) are other countries with (previ-
ously) large coal sectors, which experienced a significant decline in coal production in the
past (Diluiso et al. 2021). For the Eastern European countries Poland and Ukraine, as
well as the former German Democratic Republic (GDR) region of Germany, the economic
restructuring in the wake of the collapse of the Soviet Union largely contributed to the
decline of coal production (Brauers, Oei, and Walk 2020; Diluiso et al. 2021; Stognief et
al. 2019). The decline of coal mining in the UK and the Western parts of Germany was
largely driven by its high costs and the availability of cheaper import coal (Oei, Brauers,
and Herpich 2020; Brauers, Oei, and Walk 2020). In the UK, also coal consumption has
been replaced almost completely by other power sources in the meantime, while Germany
and Poland have remained highly reliant on coal in the power sector (Brauers and Oei 2020;
Brauers, Oei, and Walk 2020).
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Germany remains the largest lignite producer worldwide, although its annual production
has started to decrease in recent years. Turkey and Russia show an opposing trend in lignite
production, however, each reaching only about half the quantity produced in Germany in
2018 (IEA 2022b). With Germany’s decision to phase-out coal production by 2038 the latest
(see Chapter 7), this order is likely to change soon. Furthermore, China and Indonesia,
both do not show up in IEA statistics on lignite production due to their reporting schemes,
however, they are likely to be among the world’s major lignite producers (IEA 2019a).

Despite some single phase-out policies, new coal mining projects with a total capacity of
about 2,300 Mt per annum (Mtpa) are currently under development in a range of countries.
China leads the list of new capacities under development, yet it is closely followed by
Australia and India. About 75 % of these new capacities are thermal coal mines (Driskell
Tate, Shearer, and Matikinca 2021). Despite having new coal mines under development,
China plans, like Germany and the U.S., to gradually reduce coal production over the next
decades. However, Australia and India are still on a coal production expansion path.3 If
all countries realize future coal production as currently planned and projected, total global
coal production would remain at today’s level throughout 2040 (SEI et al. 2021). If all
these planned new coal mines will be realized is another question though. For example, in
Australia the in May 2022 newly elected government has raised climate change mitigation
ambitions, and doubts about the economic feasibility of proposed new coal projects exist
(e.g., Buckley and Nicholas 2017). Prospects for new export oriented coal projects, as in
Australia and Russia, are highly dependent on import demand developments of major coal
importers, such as China, and could be among the first projects to come under economic
stress in case of a global decline in demand (Holz et al. 2018) (see also Chapter 4).

Different studies estimate that up to 90 % of global coal reserves need to remain unmined in
order to limit global warming to 1.5°C, or at least to well below 2°C (McGlade and Ekins
2015; Meinshausen et al. 2009; Welsby et al. 2021). Regionally, large differences exist,
depending on existing reserves and remaining regional coal consumption, with the lowest
shares of unextractable coal reserves in Asia (Welsby et al. 2021). Emissions from coal
reserves in operating mines and mines under development alone would exhaust almost 80
% of the remaining 1.5°C GHG emission budget (Trout et al. 2022, 7). Thus, achieving the
international climate target could require to retire large coal mining capacities early, which
could lead to the stranding of assets also in the coal mining sector (Auger et al. 2021).
Limiting the commissioning of new coal mining capacities could significantly reduce the

3Before summer 2022, also Russia was planning to continue expanding its coal production and export
capacities (IEA 2021a; Fortescue 2021; SEI et al. 2021). However, sanctions and import bans imposed
by the EU and other countries on Russian coal, following Russia’s escalation of the war against Ukraine,
have led to Russian coal companies suspending new coal mine projects. (Global Energy Monitor,
Coalwire issue 434, September 15, 2022, https://mailchi.mp/791e6df7de74/insurance-evaporating-for
-coal-utilities-russian-companies-suspend-new-mines-adani-fails-to-find-external-finance-for-australia
n-coal-port?e=48a7230869; last accessed September 22, 2022.
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1.2 The global coal sector: status quo and current developments

total amount of assets at risk of becoming stranded (Trout et al. 2022; Driskell Tate,
Shearer, and Matikinca 2021) (see also Chapters 2 and 4).

1.2.1.1 Effects of Russia’s invasion of Ukraine on the global coal market

On February 24, 2022, Russia escalated the ongoing military conflict in Ukraine by invading
large parts of Ukrainian mainland. As a response, the EU, the U.S., and other countries
significantly tightened and introduced new sanctions on Russia, including a ban on Russian
coal imports. Russia responded by significantly reducing natural gas and oil deliveries to
Western countries, in particular the EU (Hauenstein, Hainsch, et al. 2022; Yanguas Parra
et al., in preparation). This has led to significant changes in global energy markets.

Natural gas supply shortages and overall market insecurity have led to natural gas prices
rising significantly, from already high levels in the second half of 2021.4 Many countries
therefore have turned to replace natural gas with coal, particularly in the power sector,
which is expected to lead to a growth in global annual coal demand by almost one percent
in 2022 compared to 2021 (IEA 2022a). In combination with reduced Russian coal exports,5

as well as supply shortages elsewhere, for example, due to flooding of coal infrastructure
in Australia, this has led to historically high coal prices. While prices for internationally
traded thermal coal lay in the range of about 50 to 130 USD/t between 2010 and mid of
2021, they reached more than 400 USD/t in the summer of 2022.6 While coal prices are
expected to decline again, they might very well remain above 200 USD/t over the next two
years (IEA 2022a).

This will most likely also continue to affect global coal production, trade, and demand.
While, for example, China and India have increased imports of Russian coal, which sells
with a discount due to the ban by other countries, European and other Asian countries
are looking for alternative coal supplies, mainly from Australia, Colombia, USA, and South
Africa (IEA 2022a). For coal exporting countries, the currently high coal prices and the hope
for a renaissance of coal demand also in European and other countries might trigger new
investments in coal supply infrastructure, or delay previously planned coal mine closures
(Yanguas Parra et al., in preparation). In Section 1.6, I briefly discuss what these new
developments might imply for previous findings on coal supply developments and policies.

4Trading Economics: Natural gas; https://tradingeconomics.com/commodity/natural-gas, last accessed
September 22, 2022.

5Russian coal exports to the Asian market, in particular to Japan, South Korea, and Taiwan, have declined
as well (Global Energy Monitor: Coalwire Issue 433 (September 08, 2022), https://mailchi.mp/d018a
f8b79b4/hawaiis-only-coal-plant-closes-russian-coal-sanctions-bite-protests-hit-glencores-colombian-m
ine?e=48a7230869, last accessed September 22, 2022.

6Newcastle free on board (FOB) thermal coal (6000 kcal/kg) spot prices. Trading Economics: Coal;
https://tradingeconomics.com/commodity/coal, last accessed September 22, 2022.
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1.2.2 Coal demand and future coal consumption

Coal supply developments cannot be assessed without taking into account the demand for
coal. For thermal coal supply it is in particular the coal demand in the power sector that
is relevant. The power sector (including electricity and heat production) is responsible for
about 75 % of thermal coal consumption, while the remainder goes mostly to industrial
sectors like iron and steel production, the chemical industry, and the non-metallic minerals
industry (IEA 2019a, II.17–18). Figure 1.1 above shows that thermal coal demand has
remained relatively constant within the last decade. Again, regional differences apply. As
already mentioned, particularly in the U.S. thermal coal demand declined significantly,
reducing the market for U.S. coal producers drastically. Outside of the U.S., thermal coal
demand declined most significantly in Canada and a number of European countries. This
decline was, however, more than compensated by the growth in demand mostly in Eastern,
Southern, and South-eastern Asian countries (IEA 2019a, 2021a).

Power generation from coal accounts for about 36 % of global power generation, followed
by natural gas (23 %), hydro (15 %), RES (excl. hydro; 13 %), and nuclear (10 %) (BP
2022, 51). While the relative share of coal has slightly decreased from around 40 % in
2010, the absolute amount of coal-fired power generation has continued to increase (BP
2022; IEA 2021b). In contrast, the share of RES increased rapidly, with an average annual
growth rate in power generation (excluding hydro) of about 15 % over the last ten years
(BP 2022, 44). RES have experienced significant technological developments with high cost
reductions over the last years (IRENA 2021). Furthermore, RES can provide numerous co-
benefits, such as improved air quality or increased energy security (Karlsson, Alfredsson,
and Westling 2020). Hydro power, already established for a long time, had a significantly
lower average annual growth rate of 1.5 % over the last decade (BP 2022, 42, 51).

Power generation from natural gas increased by 35 % between 2010 and 2021, while nuclear
energy power generation has remained relatively flat (BP 2022; IEA 2021b). Considering
the future role of these two power sources, climate change mitigation scenarios show mixed
outlooks. In many scenarios for limiting global warming to well below 2°C by the end of
the century, the use of natural gas (in combination with carbon capture (transport) and
storage; CCTS or CCS) and nuclear energy further increases (Byers et al., AR6 Scenarios
Database). Yet, doubts remain, that GHG emissions from natural gas production and
natural gas-fired power generation can be controlled effectively (Brauers 2022; Kemfert
et al. 2022), and nuclear energy so far remains an expensive and high risk power source,
without an existing solution for its waste disposal (Mendelevitch et al. 2018). In the year
2022, with the escalation of the Russian war against Ukraine, there is, at least in Europe,
additional attention on the geopolitical and security risks and challenges of these two power
sources (Hausmann et al. 2022; Hirschhausen 2022).
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An important factor for the increasing deployment of RES is the significant reduction in
generation costs per unit of electricity produced for PV and wind power (REN21 2022).
While the global average levelized cost of electricity (LCOE), for example, of PV dropped
by almost 90 % over the last ten years, the LCOE of coal remained flat, and that of nuclear
even increased (Lazard 2021, 8). RES have become in many regions of the world the power
source with the lowest LCOE, not considering subsidies. In some regions, the LCOE of
new build RES even undercut the LCOE of existing fossil fuel-fired power plants (REN21
2022; L. Clarke et al. 2022; Lazard 2021). However, not included in the calculations of
the LCOE of RES are factors like dispatch ability. Nevertheless, also when taking these
system services into account, up to 100 % RES-based energy systems can offer economic
alternatives to fossil based systems (L. Clarke et al. 2022; Jacobson et al. 2017; Löffler
et al. 2017).

Yet, RES are more capital intensive than coal and natural gas power plants (which have
higher operating costs), which can favor investments in fossil power plants in case of high
cost of capital (Hirth and Steckel 2016). In many countries of the Global South, the cost
of capital for RES is significantly higher than in countries of the Global North (Steffen
2020), which is a major obstacle for investments in RES in many of these countries (Jakob
and Steckel 2022). This situation might change in the future, with financial institutions
increasingly considering sustainability criteria in their lending policies (see Section 1.3.1.2
below).

Related to the question of costs of existing versus new power generation capacities, is the
question of the availability and age structure of coal-fired power generation units. Many new
coal-fired power plants have been built in recent years in Asian countries, most dominantly
in China and India (Edwards et al. 2022). In contrast, only very few or no new plants were
built, for example, in Europe and the U.S. The U.S. provide a prominent example of an
aging coal-fired power plant fleet with a large number of plants around its retirement age,
and an eventually quickly declining coal-fired power generation capacity (see Chapter 5 and
6). While the construction of new coal plants continues, the amount of worldwide completed
new builds has decreased significantly since 2015, as well as the amount of new capacities
under development. Yet, the annual capacity additions still outpace annual retirements,
driven mostly by additions in China (Global Energy Monitor et al. 2021). GHG emissions
from currently operating and being planned coal-fired power generation capacities would
exceed remaining GHG budgets of climate targets by far, if the capacities would be fully
utilized until the end of their expected lifetime (Pfeiffer et al. 2018; Edwards et al. 2022).

However, techno-economic factors, such as LCOE for different power sources and existing
power generation infrastructure, rarely are the sole influences on power systems. All of
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the above depends on political decisions regarding power market designs, and further reg-
ulations and policies, such as carbon pricing or feed-in schemes for RES, increasing the
relative costs of coal-fired power generation (REN21 2022; Strefler et al. 2021). Further-
more, coal-fired power generation can cause, beyond GHG emissions, substantial adverse
environmental impacts like air and water pollution (Cardoso 2015; Sovacool, Kim, and
Yang 2021). To address these impacts, environmental regulations have been put in place
to limit coal-fired power generation or to enforce the installation of emission control tech-
nologies, increasing costs for coal-fired power plants (Diluiso et al. 2021). On the other
hand, coal is still explicitly and implicitly subsidized in many countries (Coady et al. 2017;
Gençsü et al. 2020; Mendelevitch 2018; Parry, Black, and Vernon 2021), due to politi-
cal economic considerations, for example, to support local economies, energy security or
serve vested interests (Diluiso et al. 2021; Jakob and Steckel 2022; Montrone, Steckel, and
Kalkuhl 2022).

The idea of equipping coal-fired power plants with devices to capture CO2 and thereby
making continued coal-fired power generation compatible with climate targets might also
stem to some extent from the latter considerations (Hirschhausen, Herold, and Oei 2012;
Marshall 2016; Mohn 2020). The idea of abating emissions of fossil fuel-fired power gener-
ation with CCTS started to gain traction in the beginning of this century (IPCC 2005).
However, despite high hopes, CCTS still does not play a role in the power sector, with only
one coal-fired power plant currently equipped and running with CCTS (GCCSI 2020). Due
to high costs and technical difficulties, significant doubt remains if CCTS can be deployed
on coal-fired power generation units in time and to sufficient extent in order to allow for
continued use of significant amounts of coal (Budinis et al. 2018; Grant et al. 2021; Martin-
Roberts et al. 2021; Mendelevitch et al. 2018) (also see Chapter 5). Furthermore, aimed for
CO2-capturing rates of coal-fired power plants with CCTS usual leave out of consideration
GHG emissions along the coal production chain, which could be particularly critical in case
of methane emissions from coal mines (Saunois et al. 2020). Taking into account methane
emissions of coal production, the CO2-capturing efficiency per unit of power produced could
be well below 80 % (Schlissel and Wamsted 2022).

Carbon dioxide removal (CDR) technologies, also called negative emission technologies
(NET), are other mitigation options that could affect future demand for coal in case of
stringent climate change mitigation pathways (Byers et al., AR6 Scenarios Database; Prad-
han et al. 2021; Yanguas Parra et al. 2019). CDR technologies, like bioenergy combined
with CCTS (BECCS), direct air capture with carbon storage (DACCS) and CO2 removal
on managed land, are envisioned to actively withdraw CO2 from the atmosphere (Minx
et al. 2018). In many well-below 2°C scenarios these technologies play an essential role to
limit or bring back atmospheric GHG concentration to levels in line with climate targets
(Braunger and Hauenstein 2020; Riahi et al. 2022; Rogelj et al. 2018). This removal of
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CO2 from the atmosphere could increase the remaining GHG emission budget also for coal-
fired power plants and allow for a slower and later decline of coal-fired power generation
(Pradhan et al. 2021). However, many CDR technologies remain unproven at industrial
scale so far and doubt about the possibility of their large-scale implementation, as well as
concerns of adverse impacts exist (Bednar, Obersteiner, and Wagner 2019; Braunger and
Hauenstein 2020; Bui et al. 2018; Creutzig et al. 2021; Fuss et al. 2018; Heck et al. 2018;
Minx et al. 2018; Peters and Geden 2017). Also the issue is raised that such measures
and technologies are rather intended to enforce the carbon lock-in and have little potential
to mitigate climate change (e.g., CIEL 2019; Marshall 2016). For a detailed discussion of
CDR technologies and potential reasons for their prominent role in climate change mitiga-
tion scenarios also see Braunger and Hauenstein (2020).

Chapters 2 to 6 take up these different factors for future coal demand when choosing
and building own coal demand scenarios. Chapter 2 covers the range of 1.5°C scenarios
without or limited overshoot. In Chapter 4, a range of scenarios is build, considering techno-
economic and political developments in the Asia-Pacific region, the region where future coal
demand will most likely be concentrated. In Chapter 5, scenarios include effects of climate
and environmental policies on coal demand, as well as considerations of the availability
of CCTS for coal-fired power plants. Chapter 6 includes additionally a scenario, which
takes into account plant level data for coal-fired generation unit’s age and geographical
location, as well as a 1.5°C scenario based on mitigation pathways with limited deployment
of CDR. All these considerations also feed into the scenario building process in Chapter
3, where additionally the most recent developments during the COVID-19 pandemic and
their possible effects on coal demand are taken into account.

1.3 Climate policies to phase-out coal supply

Generally two different routes can lead to a politically desired change in the use of coal:
either policies addressing coal consumption, or, as introduced in more detail in the follow-
ing, policies addressing coal supply. Past climate policy discussions and incentives have
mostly focused on limiting the consumption, and in particular the combustion of fossil fu-
els (Asheim et al. 2019; Lazarus and Asselt 2018; Piggot et al. 2020; Piggot et al. 2018).
Limiting fossil fuel combustion with global and stringent demand-side policies could theo-
retically be sufficient to meet this target (Asheim et al. 2019). However, despite countries’
ratification of the Paris Agreement, national ambitions and contributions to limit GHG
emissions have not been sufficient so far (IPCC 2022; UNEP 2021).

Scholars argue that complementing demand-side approaches with measures to limit fossil
fuel supply could help achieving climate targets, and at the same time reduce overall costs
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of climate change mitigation and risks of asset stranding (Asheim et al. 2019; Collier and
Venables 2014; Green and Denniss 2018; Faehn et al. 2017; Lazarus and Asselt 2018).
Addressing fossil fuel consumption only, but not fossil fuel supply, furthermore bears the risk
of carbon leakage, meaning that a local reduction in demand can lead to overall lower prices,
and hence to higher consumption elsewhere in case of transregional markets (Harstad 2012;
Sinn 2008). A mix of demand- and supply-side measures instead could help to prevent such
leakage effects. Furthermore, expectations of increasing fossil fuel prices due to constraint
demand could trigger investments in, for example, RES and efficiency measures, as well as
disincentivize investments in fossil fuel consuming infrastructure (Asheim et al. 2019; Green
and Denniss 2018). If fossil fuel supply would be restricted widely enough, it could also
ensure against a failure of demand-side policies (Asheim et al. 2019). Additionally, supply-
side policies that lead to increased prices could benefit incumbent fossil fuel producers and
thus gain their support (Asheim et al. 2019; Collier and Venables 2014; Green and Denniss
2018; Richter, Mendelevitch, and Jotzo 2018). Beyond economic arguments, past efforts to
constrain fossil fuel supply have shown to create significant societal mobilization potential
and public support for mitigation measures (Erickson, Lazarus, and Piggot 2018; Green
and Denniss 2018; Piggot 2018).

However, as laid out in Section 1.1, restricting fossil fuel production will lead in the long-
run to the disappearance of the fossil fuel sector’s current business model, and hence to
opposition by incumbent actors (Erickson, Lazarus, and Piggot 2018; Piggot et al. 2020)
(also see Chapter 2). Thus, addressing and moderating these negative effects, for example,
for workers in coal mines, can lower resistance and contribute to the political feasibility
of supply-side measures (Green and Denniss 2018; Gürtler, Löw Beer, and Herberg 2021;
Jakob et al. 2020) (also see Chapter 7). In case supply-side policies are enacted only
locally, similar to limited demand-side measures, mitigation effects could be small due to
increased production elsewhere (Richter, Mendelevitch, and Jotzo 2018). Yet, effects may
vary depending on the specific case (Erickson, Lazarus, and Piggot 2018), and global effects
ultimately depend on the overall set of implemented measures (Asheim et al. 2019).

Supply-side policies can be of various types and forms. In the literature generally three
different categories are mentioned: i) economic instruments; ii) regulatory approaches; and
iii) government provision of goods and services (Lazarus and Asselt 2018; Somanathan et
al. 2014; SEI, IISD, ODI, et al. 2019). The three categories are explained and illustrated
in more detail in the following sub-sections. A clear classification of individual measures
and policies into the three categories is not always possible, as described below. For exam-
ple, providing access to public finance or compensation payments could be considered as
economic instrument, but also as a governmental goods provision. Furthermore, not only
public actors like governments might implement such policies, but also private actors like
banks or asset owners (see Section 1.3.1.2). A relatively new approach to address fossil
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fuel supply by civil society groups and others is climate litigation, which aims at holding
fossil fuel producing companies accountable for climate change induced damages (Setzer
and Byrnes 2020; Stuart-Smith et al. 2021). Climate litigation can increase the economic
risk for fossil fuel companies and projects (Solana 2020; Zhou, Wilson, and Caldecott 2021).
I therefore add it to the category of economic instruments below.

To successfully phase out the supply of fossil fuels, it will most likely need more than one
isolated economic or regulatory policy, at least if the idea of a just transition is to be
realized (Jakob et al. 2020; Piggot et al. 2020; SEI, IISD, ODI, et al. 2019). This can
also be observed in current coal phase-out processes in, for example, Canada or Germany
(Brauers et al. 2022). An important component in these cases is the governance process
to find a politically legitimate and feasible policy package for the phase-out itself. Section
1.3.4 therefore dives deeper into these national coal phase-out processes.

1.3.1 Economic instruments

Economic instruments include the taxation of fossil fuel supply or the levy of fees and royal-
ties, the removal of previously granted subsidies, the restriction of finance and insurance for
fossil fuel projects, the divestment of funds from companies in the fossil fuel supply sector,
and tradable allowances for production rights and compensations for non-extraction. All
these instruments aim at increasing the costs or opportunity costs of fossil fuel production
and supply (Lazarus and Asselt 2018; SEI, IISD, ODI, et al. 2019). In case of public fi-
nance and funds, this could also be considered as (curtailment of) governmental provision
of goods and services. Two examples for economic instruments, which currently are also
politically discussed and I therefore want to briefly introduce here, are coal supply taxes,
and the removal of coal production subsidies and restrictions to finance.

1.3.1.1 Coal supply taxes

In line with the thought of creating incentives for coal producing countries to restrict
coal production, Richter, Mendelevitch, and Jotzo (2018) study the theoretical case of
introducing coal export and production taxes by coal producing countries. Just as of
August 2022, Colombia, one of the major global coal exporting countries, is planning the
introduction of such a coal (and oil) export tax.7 Richter, Mendelevitch, and Jotzo (2018)
find that a coal export tax introduced by a single exporting country could very well raise

7Bocanegra and Vargas (August 08, 2022): “New Colombian tax bill aims at oil exports to fund social
spending”, https://www.reuters.com/world/americas/new-colombian-government-proposes-576-billion
-tax-reform-congress-2022-08-08/ (last accessed August 11, 2022).
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substantial tax revenues, as it is the motivation in the case of Colombia, however, overall
emission reductions would most likely be marginal due to compensatory effects in the
global coal market. Yet, if a coalition of the major coal exporters would jointly introduce
a coal export tax, a significant, but still small reduction of global coal consumption could
be achieved. The effect could be increased significantly, and possible trade law violations
could be avoided, if instead of an export tax, a tax on coal production would be introduced.
However, domestic welfare increases in exporting countries could be reduced compared to
the case of an export tax, as also domestic coal consumption would become more expensive.
To reduce global coal consumption sufficiently to achieve global climate targets, the tax
would have to be expanded to all coal producers and reach a sufficiently high level, which
again raises the question of political feasibility of such a global approach. Nevertheless, in
line with Faehn et al. (2017) they find that there could be very well economic incentives
for fossil fuel producers to limit production.

1.3.1.2 Removing coal mining subsidies and restricting finance for coal
projects

Despite global climate targets, the use of coal is still subsidized around the world and
public and private investment in the coal sector continues (Gençsü et al. 2020; Parry,
Black, and Vernon 2021; Urgewald et al. 2022). In recent years, attention to address
these behaviors that directly oppose climate policy targets has increased. In 2009, G20
governments pledged to phase out fossil fuel subsidies (Rentschler and Bazilian 2017),
and the UN Sustainable Development Goal (SDG) 12 includes the target to “[r]ationalize
inefficient fossil-fuel subsidies that encourage wasteful consumption by removing market
distortions (…)” (UN 2015, 23). Targeting the moral side of investments in fossil fuel
projects, a global fossil fuel divestment movement has evolved (Braungardt, Bergh, and
Dunlop 2019; Piggot 2018). In particular, also financial actors and analysts are increasingly
taking into account the financial and moral risks of continued investments in coal. Analysts
have warned that similar to the housing bubble in the U.S., which triggered the global
financial crisis in 2008 when it burst, a financial “carbon bubble” could exist, considering
the market valuation of fossil fuel assets that is based on assumptions of continuous fossil
fuel consumption (CTI 2011; CTI and GRI 2013). And most recently, at the COP26 in
Glasgow in 2021, governments agreed to end fossil fuel subsidies and international financing
of coal projects.

Mendelevitch (2018) finds that removing all explicit subsidies to steam coal producers world-
wide would reduce global GHG emissions only marginally. This can be explained by the
relative small amount by which explicit subsidies reduce unit production costs of coal. Ac-
cording to Parry, Black, and Vernon (2021), subsidies to coal are largely of implicit nature,
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that is, for example, not charging coal producers and consumers for induced environmental
costs. An example of a case where the removal of explicit subsidies ended coal mining is
the German hard coal sector, which was not competitive without subsidies anymore and
ended in 2018 (Oei, Brauers, and Herpich 2020).

Less studied so far, but increasingly mentioned also by actors of the coal sector, is the
restriction of finance (and insurances) for coal projects. More and more major banks,
insurance companies, and investment firms are adopting self-imposed regulations to exclude
coal projects as their customers and from their portfolios. But also investors that still
consider investing in coal projects start to demand higher risk premiums for investments in
coal (Fattouh, Poudineh, and West 2019). As a consequence, loan spreads for coal mining
projects have significantly increased (Zhou, Wilson, and Caldecott 2021). This increasingly
challenges the economics of new coal projects and project expansions (see also Chapters 3
and 4).

An additional financial risk for coal projects starts to evolve in the form of climate and
environmental litigation (Solana 2020). Based on increasing capabilities of climate attribu-
tion research, climate litigation is gaining traction (Setzer and Byrnes 2020; Stuart-Smith
et al. 2021). With an increase in likelihood for extreme weather events due to climate
change (B. Clarke et al. 2022), also the financial risk for GHG intensive assets, such as coal
mines, could increase.

1.3.2 Regulatory approaches

Regulatory approaches include moratoria, bans, or quotas on fossil fuel exploration, extrac-
tion and transport, the limitation or repeal of production licenses, as well as the establish-
ment or tightening of environmental performance standards for fossil fuel supply facilities
(Lazarus and Asselt 2018; SEI, IISD, ODI, et al. 2019). A relatively often discussed,
and already temporarily implemented, regulatory approach addressing coal production is
a moratorium on new coal mines (Blondeel and Van de Graaf 2018; Dong, Qi, and Nemet
2021; Erickson and Lazarus 2018; Mendelevitch 2018), which I therefore introduce here in
more detail. Regulating transport infrastructure, for example, coal export terminals at the
U.S. West coast, are another example of restricting coal supply (see below and Chapters
5 and 6). Many countries also already limit exports and imports of coal with quotas or
bans, however, in most cases not due to climate mitigation reasons but, for example, to
support domestic coal production, as in China, or to ensure domestic supply with coal, as
in Indonesia (IEA 2021a; Gosens, Turnbull, and Jotzo 2022) (see also Chapters 3 and 4).
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1.3.2.1 Coal mine moratoria

The basic idea behind a moratorium on new coal mines is to limit coal supply to the re-
maining production from reserves in operating mines. To estimate the effects of a global
moratorium for steam coal mines, Mendelevitch (2018) estimated coal reserves in operating
mines and used the COALMOD-World model to analyze future coal supply and consump-
tion. A moratorium implemented in 2020 could reduce global coal supply and consumption
sufficiently to limit emissions from coal to a 2°C budget. However, results are highly sen-
sitive to estimates of reserves in operating mines. If reserves, particularly in China and
India, tend towards the upper end estimate, supply exceeds levels compatible with the 2°C
target. In both cases, coal prices would increase significantly (Mendelevitch 2018), which
could eventually increase the coal sector’s acceptance of such a global measure.

China and the U.S. both implemented (partial) moratoria for new coal mines in 2015 and
2016, respectively. While these cases of partial and temporary coal mine moratoria in
major coal producing countries offered reason for optimism to constrain global coal supply,
both moratoria were implemented not because of climate considerations, but as a form of
industrial policy (Blondeel and Van de Graaf 2018). The moratorium in China addressed
domestic coal mining overcapacities and effectively reduced Chinese coal mining capacities,
yet only as far as needed to stabilize the desired coal supply and demand equilibrium (Dong,
Qi, and Nemet 2021). The moratorium in the U.S., if sustained permanently, could have
reduced GHG emissions from coal significantly (Erickson and Lazarus 2018). However, it
was repealed by the Trump administration only one year after it was introduced (also see
Chapter 5).

1.3.2.2 Restricting coal supply infrastructure

The production and distribution of coal as a bulk good is dependent on adequate transport
infrastructure (Gosens, Turnbull, and Jotzo 2022; Haftendorn, Holz, and Hirschhausen
2012). Thus, regulating coal transport infrastructure, like coal export terminals, can be
an effective measure to limit coal supply. One prominent case of sub-national authorities
regulating coal transport infrastructure is the West of the U.S., where in the past a large
number of coal ports were planned to export coal from the Powder River Basin (PRB),
located in central U.S., to Asia (Power and Power 2013; Cornot-Gandolphe 2015). These
plans raised public concern over environmental impacts and led to local regulations limiting
or excluding coal exports from ports along the U.S. West coast, which restricts the option
to export U.S. coal to Asia (see Chapters 5 and 6). Such regulatory measures could be, for
example, emission and other environmental performance standards, which are also widely
used to regulate power plants (Diluiso et al. 2021).
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1.3.3 Government provision of goods and services

To achieve political goals, governments cannot only tax or regulate the applicable economic
activities, but can also provide incentives for changes. One idea is that governments provide
compensation payments for forgone production (also considered an economic instrument),
or put in other words, pay for reserves to be left in the ground. Furthermore, to ease
the transition process away from fossil fuel production, they can assist affected regions
in structural change processes, often considered as just transition measures (Lazarus and
Asselt 2018; SEI, IISD, ODI, et al. 2019; SEI et al. 2021). Both could be at national,
but also international level. These approaches are also interesting from a global justice
and equity perspective, considering, for example, that resource-rich countries in the Global
South should now refrain from fossil fuel production and consumption because of climate
change, while countries of the Global North have exploited and built their economic devel-
opment on the consumption of fossil fuels for many decades and thereby are responsible to
a large degree for global climate change (Bos and Gupta 2019; Kartha et al. 2018; Muttitt
and Kartha 2020). The concept of just transition has its focus more directly on workers,
communities and consumers that could be adversely affected by a transition away from
fossil fuels (Atteridge and Strambo 2020; ILO 2015; UNFCCC 2015, 2016). Capturing
the broader context, including actors up to the level of states, Green and Gambhir (2019)
speak of transitional assistance policies that are required for a global just and equitable
transition.

1.3.3.1 Compensation payments for leaving coal in the ground

Harstad provocatively titled his article in 2012 with the advice “Buy Coal!”, showing that
economically “the best climate policy [could be] to purchase fossil-fuel deposits and pre-
serve them”, or, to prevent nationalization and exploitation of the bought reserves by the
state where they are located at a later point in time, “pay the owner for not exploiting it
right now” (Harstad 2012, 106–107). Collier and Venables (2014) argue that simply buying
foreign coal reserves to avoid their exploitation would probably be met with societal and
political resistance in the target countries, but other international compensation mecha-
nisms could improve the feasibility of such an approach. A prominent real-world example
of such a compensation for non-extraction scheme was the Yasuní-ITT initiative proposed
by Ecuador in 2007. Ecuador offered to not exploit a large oil reserve in an ecologically
sensitive region in return for international payments. Ultimately, the initiative collected
less than 0.5 % of the hoped for funds from the international community, was met by high
political pressure, and could not exclude carbon leakage, which led to its failure (Sovacool

23



Chapter 1 Introduction

and Scarpaci 2016). While the Yasuní-ITT initiative was more successful than other at-
tempts to raise money to deliberately strand fossil fuel reserves, it also shows that, at least
at that time, the international community was not willing to pay significant amounts of
money for stranding fossil fuel reserves. One reason was the fear that this would set an
example leading to prohibitively large compensation demands in the case of significantly
larger reserves in other fossil fuel producing countries (Sovacool and Scarpaci 2016).

Compensation for non-extraction, however, is also part of national coal phase-out processes,
for example, in the Czech Republic and Germany (Brauers et al. 2022). For example in
Germany, private lignite mining companies, which also operate the lignite-fired mine-mouth
power plants, receive compensation payments based on calculations of possibly forgone
profits in return for ending lignite mining and lignite-fired power generation earlier than
approved in previously (Gürtler, Löw Beer, and Herberg 2021). While these compensation
payments eventually smooth the transition process, they are not uncontested, as some
argue that early closures could also take place alone due to economic market effects and
paid compensations could be received as a “golden handshake” to incumbent fossil fuel
companies (Furnaro 2022; Gürtler, Löw Beer, and Herberg 2021; Hermwille and Kiyar
2022) (also see Chapter 7).

Lifting the idea of a comprehensive coal phase-out process as part of an energy and just tran-
sition to the international level, at COP26 in Glasgow, a just energy transition partnership
(JETP) between South Africa and several countries of the Global North was announced.
It includes the provision of funds by countries of the Global North for an energy transition
away from coal in South Africa, and aims at enabling a just transition for people and com-
munities impacted by this transition of the energy sector (UN Climate Change Conference
UK 2021). This offers hope for the case of the highly coal-dependent South Africa. How-
ever, the notion of receiving financial assistance by countries of the Global North in turn for
increasing coal phase-out ambitions, might have been also one reason for China and India
to enforce a watering down of the agreement on coal at the COP26 (“phase down” of coal
power instead of “phase out”), to later increase ambitions in turn for compensation. Only
seven months later, at the G7 summit in June 2022 in Germany, the G7 countries pledged
to work on further partnerships in line with the JETP with India, Indonesia, Senegal, and
Vietnam (G7 2022), including with India and Indonesia the second and third largest global
coal producers.

1.3.3.2 Just transition and transitional assistance policies

The call to ensure a just transition away from the fossil fuel based system is stated promi-
nently, for example, in the Paris Agreement (UNFCCC 2015). Many scholars argue that it
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is essential to take into account the concept of a just transition when aiming to phase-out
coal, in order to decrease resistance by affected stakeholders and communities, as well as
from a moral point of view to achieve an inclusive and equitable transition process (i.a.,
Diluiso et al. 2021; Brauers and Oei 2020; Gürtler, Löw Beer, and Herberg 2021; Jakob
et al. 2020; Muttitt and Kartha 2020).

The concept of just transition itself goes back to the 1980s and a trade union movement
in the U.S. in the wake of industry closures due to environmental regulations (Jenkins et
al. 2020). While still also focusing on workers and jobs, just transition in the context of
climate policy is understood now more broadly as the goal to involve and to address the
needs of all stakeholders that might by adversely affected (Atteridge and Strambo 2020;
ILO 2015; UNFCCC 2015, 2016). Just transition principles and objectives in the context of
coal phase-outs include, beyond the imperative of a timely decarbonization, support for af-
fected workers and their communities, diversification and reorientation of (local) economies,
support to achieve societal equality and well-being, environmental remediation of mining
sites, as well as the effort for inclusive and transparent planning processes (Atteridge and
Strambo 2020; Furnaro et al. 2021). Speaking of transitional assistance policies, these ob-
jectives might also be expanded to transitions at the national level, including support not
only by a national entity, but by other states of the international community (Green and
Gambhir 2019), as it is the concept of the JETPs.

Transitional assistance policies and just transition measures can take a large variety of
forms and target different actor and institution levels. Measures can include, for example,
financial compensations, exemptions from climate laws, and structural adjustment support.
These can be targeted at workers, corporations, consumers, communities, and states (Green
and Gambhir 2019; Spencer et al. 2018). The applied measures are very case specific and
transition processes can be lasting for several decades, yet without a guarantee that the
objectives can always be fulfilled (Atteridge and Strambo 2020; Diluiso et al. 2021; Furnaro
et al. 2021; Green and Gambhir 2019; Muttitt and Kartha 2020; Oei, Brauers, and Herpich
2020). Nevertheless, transitional assistance policies seem to have played a key role in recent
processes of nationally coordinated and implemented coal phase-out decisions (Brauers et
al. 2022; Gürtler, Löw Beer, and Herberg 2021; Hermwille and Kiyar 2022) (see also Chapter
7). Thus, current intentions to provide transitional assistance also on an international level
(see Section 1.3.3.1 above) could promote phasing out coal also in countries with limited
economic capacities.
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1.3.4 Coordinated national coal phase-out processes and
governance

Several coal producing countries have engaged in nationally coordinated processes in recent
years to address a national coal phase-out. These include Canada, Chile, the Czech Repub-
lic, and Germany, which set up stakeholder commissions in the years 2018 and 2019 to find
a way forward for a national coal phase-out and just transition each (Brauers et al. 2022).
In all four cases, a wide spectrum of stakeholders were included and participated, from
industry to environmental nongovernmental organizations. However, the scope, extent and
outcome differed in each case.

In Canada, the government had already decided to phase out coal-fired power generation
by 2030 prior to setting up the commission. The commission was then tasked to provide
recommendations for a just transition for affected workers and communities (Gürtler, Löw
Beer, and Herberg 2021). Not part of this process in Canada was the decision about
the future of coal mining.8 The commission concluded its work with recommendations and
demands for a just transition, and a proposal of a just transition plan. However, a promised
“Just Transition Act” is still not realized (Brauers et al. 2022).

In Chile, issues of coal mining were also not part of the commission process, as coal mining
was already at very low levels and ended in 2020 (Hauser et al. 2021). The commission was
tasked to assess potential effects of a phase-out of coal-fired power production. Based on
these assessments, the Chilean government together with the private power utilities decided
on a coal phase-out plan for the remaining coal-fired power plants until 2040. However,
a later adopted plan did not set closure dates for all coal plants. Yet, due to economic,
political and societal developments, the closure of the Chilean coal plant fleet might as well
come earlier than 2040 (Hauser et al. 2021).

In the Czech Republic, lignite mining still plays a substantial role, with production levels
around 40 Mtpa prior to the COVID-19 pandemic (IEA 2022b). In 2019, the stakeholder
commission was tasked to propose a coal phase-out date and to identify measures for an
energy transition, as well as to identify economic and social impacts of such a transition.
The commission concluded with a proposal for a coal phase-out by 2038. However, several
members of the commission did not support this proposal and the work of the commission
was criticized as biased and supporting vested interests (Ocelík et al. 2022). The government

8At the COP26 in Glasgow, Canada announced a possible end of thermal coal exports by 2030. Thus,
with an end to domestic use of thermal coal by 2030, this would imply also a phase-out of thermal
coal mining. However, no end date to metallurgical coal mining has been announced so far. (Husser,
November 04, 2021: “Canada is weaning itself off thermal coal but keeps shipping it elsewhere”; https:
//www.cbc.ca/news/science/thermal-coal-canada-ban-exports-1.6236441, last accessed August 15,
2022.)
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rejected the proposed phase-out date and finally decided to phase out coal by 2033 (Europe
Beyond Coal).

The case of Germany is particularly interesting, as Germany is still highly reliant on coal in
its power sector and is the world’s largest lignite producing country (IEA 2019a; Jewell et
al. 2019). Several earlier attempts to limit coal production and coal-fired power generation
failed due to resistance by powerful incumbents and their high influence in the political
processes (DIW Berlin, Wuppertal Institut, and Ecologic Institut 2019; Furnaro 2022; Oei
et al. 2015). However, societal pressure to reduce coal consumption and production in
Germany also increased, as well as the pressure to reduce coal consumption to achieve
Germany’s climate targets (Blondeel, Van de Graaf, and Haesebrouck 2020; Gürtler, Löw
Beer, and Herberg 2021; Leipprand and Flachsland 2018; Rinscheid and Wüstenhagen
2019). The in 2018 implemented stakeholder commission was tasked to propose a pathway
and final date for phasing out coal mining and power generation in Germany, as well as
recommendations on how to enable a just transition for affected regions. The commission
concluded with recommendations on how to implement the coal phase-out in Germany
by 2038, with an option for 2035, and how to support a just transition in the affected
regions and the energy system (BMWi 2019). These recommendations have since been
implemented to a large extent by the German Federal Government (Gürtler, Löw Beer,
and Herberg 2021). After a further ratcheting-up of EU and national emission reduction
targets, the German Federal Government now aims for a coal phase-out in Germany already
by 2030.

While not necessarily delivering a coal phase-out in line with the Paris Agreement, these
collaborative coal phase-out governance processes are interesting study objects, considering
the limited progress on phasing-out coal in some of the cases prior to these national stake-
holder processes. Furthermore, they adhere to the notion articulated by many scholars that
taking into account just transition objectives and stakeholder involvement could contribute
to successful coal phase-outs (Diluiso et al. 2021; Jakob et al. 2020; Muttitt and Kartha
2020). Furthermore, the process of how to arrive at a political feasible decision for an
intended phase-out of, for example, coal, is still a very recent and highly relevant question
(Jewell and Cherp 2019; Kern and Rogge 2018; Köhler et al. 2019). In case of such highly
contested decisions, like a coal phase-out, with numerous competing objectives of power-
ful incumbent stakeholders, policy decisions can be stalled or are at risk to create further
lock-ins of fossil fuel dependencies (Leach, Scoones, and Stirling 2010; Johnstone, Stirling,
and Sovacool 2017; Newell 2018; Sabatier and Weible 2007). As a means to overcome such
stalemate situations and to achieve consent for sustainability transitions by incumbent ac-
tors, collaborative (or participatory) governance (CG) approaches, as in the case of the
above coal phase-out processes, are receiving increased attention (Ansell and Gash 2007;
Emerson, Nabatchi, and Balogh 2012; Newig et al. 2018). At the same time, also these
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collaborative approaches have to deal with the political economy boundary conditions of
each individual case and incumbent actors might still be able to prevent ambitious coal
phase-out pathways, or even could capture these processes to legitimize the continued use of
fossil fuels (Breetz, Mildenberger, and Stokes 2018; Brisbois and Loë 2016, 2017; Dutterer
and Margerum 2015; Kallis, Kiparsky, and Norgaard 2009; Krick 2013).

1.4 Research approach, frameworks and methodology

The assessment of global energy markets, their market dynamics, and their behavior under
changing policy and boundary conditions is traditionally of quantitative nature (Edmonds
and Reilly 1985; Gabriel et al. 2012; Huntington, Weyant, and Sweeney 1982). Such
quantitative approaches can be very helpful to understand the macro dynamics of the
studied systems and to illustrate possible system developments, as well as to approximate
the effect of economic and regulatory policies, like the introduction of a coal production tax
or moratorium on new coal mines (Holz 2015; Mendelevitch 2018; Richter, Mendelevitch,
and Jotzo 2018). Model-based quantitative analysis is an established assessment method
for studies of (global) coal supply and markets (Auger et al. 2021; Gosens, Turnbull, and
Jotzo 2022; Holz et al. 2015; Paulus and Trüby 2011).

Quantitative modelling approaches of energy systems and markets are usually focusing on
techno-economic aspects, while other influences, like political economic factors are often left
out (Krumm, Süsser, and Blechinger 2022; Oei, Burandt, et al. 2020). However, agency
and power of the different actors and institutions involved can be highly influential when
determining the course of sustainability transitions (Markard, Suter, and Ingold 2016).
Thus, the assessment of energy transitions and related policies requires to consider the
socio-technical and political perspectives in addition to the techno-economic perspective
(Cherp et al. 2018). As the literature shows, particularly the political economy, as part
of the political perspective, can play a key role in the policy-making process and policies
addressing coal supply and demand (Diluiso et al. 2021; Jakob and Steckel 2022). To assess
the influence of different actors and institutions in these processes in depth, qualitative
research methods like semi-structured interviews are more appropriate (Sovacool, Axsen,
and Sorrell 2018).

Studying the multifaceted and complex dynamics and interrelations of the global coal sup-
ply sector and related policy processes require a multi-method research approach. In this
thesis, I therefore chose an interdisciplinary research approach to assess the phase-out of
coal supply holistically, taking into account different perspectives, particularly the techno-
economic and political perspective. For the assessment of research questions one and two,
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I focus on economic and structural effects and developments at the macro scale of the coal
supply sector, taking into account political factors and technical details (Chapters 2 to 6).
I employ a mathematical modelling framework to conduct scenario analyses for the global
and regional coal sector, which I explain in more detail in Section 1.4.1 below. I comple-
ment these largely quantitative studies with an analysis of coal phase-out policy-making
processes, based on political decision making and governance theory and qualitative re-
search methods. The applied theoretical framework and applied methods are described in
Section 1.4.2.

1.4.1 Mathematical modelling framework

Mathematical models can be used as simplified representations of real world systems to
assess and help understand complex processes with many interrelated elements and study,
for example, the effect of climate policies on energy markets (Huntington, Weyant, and
Sweeney 1982). Assessing global energy systems and markets, a wide variety of models
are employed to assess different questions. For example, energy system models aim at a
detailed technical representation of the energy system and are often used to assess scenarios
for future energy supply systems (Auer et al. 2020; Löffler et al. 2017). In contrast, com-
putable general equilibrium models (CGE) are representations of the economy and used
to assess market equilibria of supply, demand and price under specified conditions (Wing
2009), usually with significantly less detailed technical representation of, for example, the
energy system, and instead representing all economic sectors. Combining these and other
modelling approaches, integrated assessment models (IAM) intend to capture dependencies
and feedbacks of different systems, like the economic and the energy system, as well as nat-
ural systems and the climate, to enable, for example, the assessment of potential climate
change mitigation pathways (Nordhaus 2013; Riahi et al. 2022).

What all these modelling approaches have in common is the large extent of the represented
system(s), which usually comes with the limitation of limited details of individual sectors,
like the coal sector, and the lack of representation of individual actors’ strategic behaviors
and interactions. Reducing the complexity of the problem by only representing a specific
sector, partial equilibrium models can be used to model individual sectors with a high level
of details and at the same time the actors’ behaviors (Gabriel et al. 2012; Holz 2015). This
model type is widely applied to study sectoral energy markets and, for example, the effects
of climate policies on energy supply (Huppmann and Holz 2012; Egging, Holz, and Gabriel
2010; Mendelevitch 2018; Mendelevitch and Oei 2018).

Haftendorn, Holz, and Hirschhausen (2012) present the COALMOD-World model, a dy-
namic partial equilibrium model of the global steam coal sector. The model represents the
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supply chain of steam coal, with producers and exporters as profit-maximizing players. The
model has been used widely for assessments of the global coal market (Haftendorn, Kem-
fert, and Holz 2012; Holz et al. 2018; Mendelevitch 2018), and adapted to study specific
market and policy implications (Richter, Mendelevitch, and Jotzo 2018). Other models of
the global coal sector have been developed by Paulus and Trüby (2011) and Trüby and
Paulus (2012). The latter is also the basis for the model used in Auger et al. (2021). Rioux
et al. (2015) and Gosens, Turnbull, and Jotzo (2022) developed models focusing on the
Chinese coal sector.

In this thesis, I use and extend the open source COALMOD-World model to assess the
global coal supply and effects of different market and policy conditions. For Chapters 3,
5 and 6, an updated model version of CMW, based on Holz et al. (2016), is employed.
Figure 1.2 shows the now represented coal producing, exporting and importing countries.
Extending this model version by a detailed representation of the retirement of coal mines,
I present CMW v2.0 in Chapter 2. CMW v2.0 allows for the detailed assessment of in-
vestments in new coal mining capacities and potential stranding of coal mining capacities
under different demand scenarios. This model version is also applied in Chapter 4.

Figure 1.2: Coal producing, exporting, and importing countries represented in COALMOD-
World. Reproduced with permission from Holz et al. (2016).

Source: Adapted from Holz et al. (2016) and updated.

CMW is used for scenario analyses to test for the effects of different supply and demand
side policies, and to study the coal supply sector under different market and policy condi-
tions. Scenario analysis is a commonly used method to assess, for example, climate change
mitigation pathways (Söderholm et al. 2011). However, the design and scenario choices can
be highly political and have to be considered carefully and communicated transparently,
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as the selection of the represented scenario range can influence the perception of possible
futures and their likelihood. For a detailed discussion, see Braunger and Hauenstein (2020),
as well as Chapter 5.

1.4.2 Theoretical framework and methodology to assess
policy-making of coal phase-outs

A wide array of theoretical frameworks exist to assess energy transitions, the involved
actors and institutions, and their influences (Markard, Raven, and Truffer 2012; Köhler
et al. 2019). These include, for example, the multi-level perspective framework (Geels
2011), the “triple embeddedness framework” (Geels 2014), and the “meta-theoretical energy
transitions framework” (Cherp et al. 2018). Focusing on political economy aspects, Jakob
et al. (2020) develop the “actors, objectives, context” framework to assess policy outcomes
in the context of energy and climate policies, which is applied to assess the political economy
of coal in a wealth of country cases, such as Colombia (Puerto-Chaves and Corral-Montoya
2022), Germany (Hermwille and Kiyar 2022), South Africa (Hanto et al. 2022), and the
UK (Stognief, Walk, and Oei 2022). These studies highlight the influence of powerful
actors and institutions on coal policies and confirm the findings of other studies, that
in case of powerful incumbent actors, or coalitions of actors, these can prevent policy
changes or influence policies for their benefit (Johnstone, Stirling, and Sovacool 2017; Seto
et al. 2016).

While these frameworks aim to assess the political arena in which policies are made, they
are not focusing on specific situations of policy-making processes and how a policy change
might be achieved in these situations. The “advocacy coalition framework”, developed by
Sabatier and Jenkins-Smith (1988), focuses on policy processes in the case of large interest
conflicts with a high number of involved stakeholders. Major policy changes might occur if
policy beliefs and objectives of actors change over time, which can be long-term processes
though. Leading to major policy change much faster might be external shocks, such as the
Fukushima nuclear accident (Markard, Suter, and Ingold 2016). A different pathway to a
major policy change might also be a negotiated agreement (Sabatier and Weible 2007). In
a case of a “hurting stalemate” situation, when the continuation of the status quo is not an
acceptable solution for any of the major actor coalitions, but also none of the actor coalitions
has the power to achieve a policy change by itself, actor coalitions might have the incentive
to negotiate seriously about a policy change (Sabatier and Weible 2007, 206). A rich strand
of literature has evolved around the broader topic of collaborative governance (CG) (Ansell
and Gash 2007; Emerson, Nabatchi, and Balogh 2012; Koebele 2019), which describes the
process of negotiating a policy agreement such a hurting stalemate situation (Emerson and
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Nabatchi 2015). Emerson, Nabatchi, and Balogh (2012, 2) define collaborative governance
as:

“the processes and structures of public policy decision making and management
that engage people constructively across the boundaries of public agencies, levels
of government, and/or the public, private and civic spheres in order to carry out
a public purpose that could not otherwise be accomplished.”

In Chapter 7, the integrative framework for collaborative governance (IFCG; Emerson,
Nabatchi, and Balogh 2012) is used to guide the empirical analysis of the stakeholder
commission and policy-making process for a coal phase-out in Germany. The IFCG enables
the assessment of the elements and dynamics that lead to the policy output of a GC process.
In this study, the IFCG is used to study how the compromise for a phase-out of coal in
Germany was achieved and what can be learnt from this case for other similar cases. For
details on the IFCG, see Chapter 7.

To gather data for this empirical analysis, semi-structured interviews were conducted. Semi-
structured interviews are of inductive and exploratory nature and can be used to assess
specific processes and perspectives in depth. They form a common method for qualitative
data collection in the field of energy social science (Sovacool, Axsen, and Sorrell 2018),
and in case written accounts of the required information is missing (Mosley 2013). For the
analysis of the gathered interview data, qualitative content analysis is applied, following
the approach proposed by Gläser and Laudel (2010). Qualitative content analysis enables
a theory- and rule-guided assessment of contents, without orienting the analysis on the
quantification of information, but on the complexity of information and understanding.
Theory guided categories are defined in the beginning of the analysis, which guide the
extraction of information from the transcribed interviews. Following the approach by Gläser
and Laudel (2010), categories can be added or adapted during the information extraction
process, in case the gathered interview information contains new insights that require to
reconsider the initially defined categories. This makes this approach particularly useful
for exploratory assessments of causal relationships (Gläser and Laudel 2010), such as the
mechanisms that led to the coal phase-out agreement in Germany.

1.5 Outline, findings and contributions

The outline of this thesis can be divided into three general parts, apart from the introduc-
tory chapter (see Figure 1.3). The first part consists of Chapters 2 and 3, and primarily
addresses the overarching research questions RQ1 and RQ2 (see Section 1.1). It focuses on
possible developments for global coal supply, differentiating between the case of global coal
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consumption following 1.5°C compatible pathways (Chapter 2), and the case of no specific
additional policies targeting coal supply and demand but taking into account current energy
sector and economic developments in the aftermath of the COVID-19 pandemic (Chapter
3). Part two consists of Chapters 4 to 6, addressing the various aspects of RQ3. It assesses
the effects of changes in market conditions due to economic, political and structural factors
on coal supply in major coal producing countries, and how these factors might contribute to
a decline in coal supply. Part three, consisting of Chapter 7, turns to the political process
of achieving coal phase-out policies in case of incumbents’ resistance, addressing RQ4. It
assesses the stakeholder commission process in Germany and its contribution to overcoming
the political stalemate situation and to achieving a coal phase-out law in Germany.

Figure 1.3: Outline of the dissertation.

In the following, I give an overview of the research in Chapters 2 to 7, and present the most
important findings related to the research questions. Table 1.1 shows the chapters’ origins
and the authors’ contributions to each chapter.
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Table 1.1: Chapter origins and own contributions
Chapter Pre-publications and own contribution
2 Stranded assets and early closures in global coal mining under 1.5°C

Under review in Environmental Research Letters under the same title. Revised version
submitted September 16, 2022. Pre-print published as: Hauenstein, Christian. (2022).
‘Stranded assets and early closures in global coal mining under 1.5°C’ (Version v1). Zenodo.
https://doi.org/10.5281/zenodo.6473733
(July 2023: revised version published in Environmental Research Letters 18 (2): 024021.
https://doi.org/10.1088/1748-9326/acb0e5)
Single author original research article.

3 The Death Valley of coal - Modelling COVID-19 recovery scenarios for steam coal markets
Published as: Yanguas Parra, Paola, Christian Hauenstein, and Pao-Yu Oei. 2021. ‘The
Death Valley of Coal–Modelling COVID-19 Recovery Scenarios for Steam Coal Markets’.
Applied Energy 288 (April): 116564. https://doi.org/10.1016/j.apenergy.2021.116564
Joint work with Paola Yanguas Parra and Pao-Yu Oei. C. H., P. Y. P., and P.-Y. O. carried
out conceptualization, scenario building, investigation, visualization, writing - original
draft, writing - review & editing. P. Y. P. and P.-Y. O. carried out the expert survey. C. H.
carried out the model adaptations and model runs. P. Y. P. provided the project
administration.

4 Stranded Assets in the Coal Export Industry? The Case of the Australian Galilee Basin
Under review in One Earth under the same title. Pre-print published as: Hauenstein,
Christian, Franziska Holz, Lennart Rathje and Thomas Mitterecker. 2022. ‘Stranded
Assets in the Coal Export Industry? The Case of the Australian Galilee Basin’ DIW Berlin
Discussion Paper 2003, Berlin: German Institute for Economic Research (DIW Berlin).
(July 2023: revised version accepted for publication in One Earth)
Joint work with Franziska Holz, Lennart Rathje and Thomas Mitterecker. C. H., F. H., L.
R., and T. M. carried out writing–original draft. C. H. and F. H. carried out
conceptualization and methodology. C. H., L. R. and T.M. carried out formal analysis and
data curation. C. H. and T. M. carried out visualization. C. H. provided the project
administration.

5 The Death Spiral of Coal in the U.S.: Will Changes in U.S. Policy Turn the Tide?
Published as: Mendelevitch, Roman, Christian Hauenstein, and Franziska Holz. 2019. ‘The
Death Spiral of Coal in the U.S.: Will Changes in U.S. Policy Turn the Tide?’ Climate
Policy 19 (10): 1310–24. https://doi.org/10.1080/14693062.2019.1641462
Joint work with Roman Mendelevitch and Franziska Holz. C. H., F. H., and R. M. carried
out conceptualization, methodology, investigation, writing - original draft, writing - review
& editing. C. H. carried out the literature review and data curation. C. H. and R. M.
carried out the model runs and visualization. R. M. provided the project administration.

6 The U.S. coal sector between shale gas and renewables: Last resort coal exports?
Published as: Hauenstein, Christian, and Franziska Holz. 2021. ‘The U.S. Coal Sector
between Shale Gas and Renewables: Last Resort Coal Exports?’ Energy Policy 149
(February): 112097. https://doi.org/10.1016/j.enpol.2020.112097
Joint work with Franziska Holz. C. H. and F. H. carried out conceptualization,
methodology, data collection, investigation, writing - original draft, writing - review &
editing. C. H. carried out the data curation, model runs, validation, visualization of results,
and project administration.

7 Overcoming political stalemates: The collaborative governance experience of the German
Coal Commission
Under review in Climate Policy under the same title. Revised version submitted September
26, 2022.
(July 2023: revised version accepted for publication in Energy Research & Social Science)
Joint work with Isabell Braunger, Alexandra Krumm, Hanna Brauers and Pao-Yu Oei. C.
H., I. B., A. K., H. B. and P.-Y. O. carried out conceptualization, methodology, validation,
investigation, data curation, writing–original draft. C. H., A. K. and P.-Y. O. carried out
writing–review. C. H. provided the project administration.
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1.5.1 Prospects of global coal supply: climate policy pathways and
energy sector developments (Chapters 2-3)

Chapters 2 and 3 focus on global coal supply under varying scenarios to address research
questions RQ1 and RQ2:

• RQ1: What would a 1.5°C-compatible global coal phase out imply for coal producers,
in terms of the temporal course of the decline of production volumes, investments in
new coal supply, and the utilization and retirement of existing coal supply infrastruc-
ture?

• RQ2: How might global coal supply evolve under current policy and energy sector
trends, also as a result of the COVID-19 pandemic and the subsequent economic
recovery programs?

In Chapter 2, I introduce a new version of CMW, CMW v2.0, which enables the assess-
ment of early retirements and stranded assets in coal mining. A global phase-out of coal,
politically deliberate or driven by market forces, implies ending coal production globally.
Depending on the speed of such a phase-out, operating mines could have to close before
they reach their initially intended retirement age and coal mine asset values could become
stranded. Based on the new model version, I analyze regional early coal mine closures and
coal mine asset values at risk of becoming stranded for 1.5°C mitigation pathways.

Results show that global coal production would have to decline by some 75 to 93 % by
2030 compared to 2020 levels, and be phased-out by 2035 to 2040, if global warming is
to be limited to 1.5°C. This implies that more than half of the cumulative coal mining
capacity for 2020 through 2050 from currently operating coal mines would have to remain
unused globally. The asset value at risk of becoming stranded, only considering unrecovered
overnight capital costs of coal mines, sums up to some USD2015 140 billion until 2050. This
value would increase by another USD2015 100 billion in case currently proposed new coal
mining projects are realized. Coal supply capacities from currently operating mines would
suffice in all regions to cater for remaining demand in 1.5°C pathways, thus, any investments
in additional coal mining capacities would be redundant. To the contrary, in all coal regions
coal mines would retire early due to eroding demand. By the end of this decade, in most
coal regions more than three-fourths of the remaining coal mining capacities would retire
early. The asset values at risk are relatively small compared, for example, to the asset
stranding risk of coal-fired power plants. However, massive early retirements of coal mines
could lead to significant amounts of job losses and economic distortions in affected regions.
Regionally, the remaining coal production would be concentrated even more on the three
largest coal producers, China, India and Indonesia. The global steam coal trade, outside
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of the Southeast Asian region, would come largely to a halt by 2030, leaving very limited
export opportunities for traditional steam coal exporters like Australia, Colombia, Russia,
South Africa, and the U.S. Particularly in the U.S., with already large excess coal mining
capacities today, a high share of existing cumulative production capacities, of up to 85 %,
would have to remain unused.

Chapter 3 focuses on how global coal supply and trade is affected by the COVID-19 pan-
demic and assesses its medium and long-term perspectives in the aftermath of the pandemic.
In the year 2020, the outbreak of the COVID-19 pandemic also heavily impacted the global
coal sector. While a slowdown in economic activities reduced demand for coal-fired power
generation, regional lockdowns, boarder closures, and COVID-19 infections among em-
ployees interrupted coal supply chains. The coal sector already started to feel increasing
pressure in many countries prior to the pandemic, for example, due to strengthened climate
and environmental policies, and increasing weariness of financial institutions to lend money
to projects in the coal sector. Thus, the question arose, if the pandemic could be a tipping
point accelerating the decline of coal production and consumption, or if the coal sector
could return to its previous output levels after the pandemic. To assess these questions, a
range of stylized global coal demand scenarios based on an expert survey and a document
analysis are developed. For this, regional economic recovery stimuli options, regional coal
sector characteristics and specific coal sector policies are taken into account. Using CMW,
supply and trade implications of these scenarios for the global coal sector are assessed.

Results indicate that a return to pre-pandemic levels of coal production and consumption
in the mid to long-term are rather unlikely. Yet, prospects of the coal sector are highly
dependent on the choice of economic recovery stimuli by national and regional governments.
In case of predominantly climate and environmental friendly stimuli, the use of coal could
be more than halved globally by 2040 compared pre-COVID-19 levels (not considering
any additional climate policies). However, if economic recovery stimuli favor fossil-fuel
consuming carbon-intensive industries, global coal use would decline only slightly until
2040. In both cases, consumption of coal is increasingly concentrating in Asian countries
leading to decreasing export opportunities for producers distant to this market, like the U.S.
or Colombia. In case China and India, the two largest consumers of coal, would restrict
coal imports to boost their domestic coal production, the volume of seaborne traded coal
would shrink significantly, affecting all major coal exporters. Independent of the scenario,
the decline of coal would not be fast enough to be in line with global climate targets.

Chapters 2 and 3 show that current trends in global coal supply and demand are still far
from a 1.5°C path. To keep the 1.5°C target within reach, and to prevent the further lock-in
of new coal supply capacities, any expansions of coal mining capacities need to be stopped.
Early on credible climate policies might prevent investors from continuing to invest in new
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coal projects. Economic recovery programs after the COVID-19 pandemic could offer the
opportunity to steer energy supply and consumption away from coal and take advantage of
an already struggling coal sector to commence a global decline of coal. However, building
on coal as power source for renewed economic growth (as currently observed, for example,
in China) increases the risk of further locking in new coal supply capacities and a continued
high use of coal. In any case, additional efforts would be required to limit the use of coal to
1.5°C compatible levels and excess coal mining capacities would need to be addressed. The
comparatively limited amount of asset values (considering unrecovered overnight capital
costs) at risk in the coal supply sector, compared to coal power plant asset values, could
make this a leverage point for climate policies to limit coal supply. However, market values
of coal production assets might be higher and early mine closures would affect workers and
communities.

1.5.2 Effects of market conditions on coal supply: economic,
political and structural factors (Chapters 4-6)

In Chapters 4 to 6, it is zoomed in on specific coal producing countries to assess RQ3:

• RQ3: What effect have current economic, political and structural factors each on coal
supply and how might they contribute to a decline in coal supply?

In Chapter 4, the CMW v2.0 is used to investigate the economics of proposed new coal mine
projects. Results in Chapter 2 clearly show that no new coal mines are needed to supply
the remaining demand in case of 1.5°C coal consumption pathways. Nevertheless, new coal
mines and mine additions are broad forward globally. In this chapter, the economics of
new coal mining projects in the Galilee Basin, Australia, are assessed. These receive great
international attention due to the large amount of GHG emissions that could be emitted
from the extracted coal, and at the same time continuous doubt about their economic
viability exists. Data for the most advanced of these projects, the Carmichael coal mine
project, is used to parameterize this potential new mining site in CMW v2.0 and the model
is run for different coal demand scenarios. To construct these scenarios, bottom-up coal
sector data and policy information for the major coal consuming countries in the Asian
coal market is used.

Results show that even in a high demand scenario new coal mines in the Galilee Basin are
economically not viable in the long-run. In case the initial investment costs are considered
as sunk, the then available new production capacities would be utilized in a high demand
scenario. However, already in a moderate decline scenario for global coal demand, these
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additional coal capacities would not produce at full capacity throughout their entire life-
time. The continuation of the development of new coal mining capacities in the Galilee
Basin seems to be driven rather by political-economic reasons than by financial project
characteristics. Investments in new coal mining capacities in other Australian coal min-
ing regions and other countries, situated closer to remaining coal demand centers or with
more favorable cost structures, would still be economically viable to some extent in the
scenario with the highest remaining demand. However, in all other scenarios, no additional
investments are economically feasible.

Chapters 5 and 6 investigate how evolving political, economic and structural drivers are
impacting coal supply in the short- to long-term. These drivers might act independently
from –and in addition to –climate policy. In both chapters, the assessment is focusing
on the U.S., one of the largest coal producers worldwide and with a significant decline in
coal production and consumption in the past decade. Methodologically, both chapters are
based on literature and data driven scenario building and quantitative scenario analyses,
which are performed with CMW. In Chapter 5, it is analyzed how coal supply in the U.S.
and globally is affected by political efforts of the Trump administration to stop the ongoing
decline of U.S. coal production, such as revoking environmental policies passed during the
Obama administration. Furthermore, the access of coal exporters to the Asian market
and the availability of Carbon Capture, Transport and Storage technology are taken into
account. Chapter 6 continues the work of Chapter 5 as part of round 34 of the Energy
Modeling Forum (EMF) on “North American Energy Trade and Integration”. Here, a new
coal demand scenario for the U.S. power sector is build, based on plant-level data of U.S.
coal-fired power plants, taking into account lifetime and capacity factors, as well as recent
power market trends. CMW is soft-coupled in this study with the Integrated Assessment
Model GCAM (Global Change Assessment Model; Calvin et al. 2019) to assess coal supply
implications of future coal demand scenarios stemming from GCAM model runs. These
are compared to the results for the new bottom-up coal demand scenario and the effects
on coal production in the individual U.S. coal basins are analyzed.

Results indicate that the decline in U.S. coal production in recent years was caused largely
by general domestic energy sector developments, and less by environmental and climate
policies targeting coal use. Particularly the availability of relatively cheap natural gas,
as well as the build out of RES capacities on the one hand, and an old and costly coal-
fired power plant fleet on the other hand led to a decline of domestic coal demand. The
revoking of environmental and climate policies under the Trump administration thus could
ease the situation for coal producers only marginally and only when considering a scenario
without additional climate policies in the future. Furthermore, a continuously high U.S.
coal consumption, as projected in many system-wide analyses of the EMF 34, as well as
by the U.S. Energy Information Administration (EIA) in their reference cases of future
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U.S. power supply, would depend on significant refurbishments in the aging U.S. coal plant
fleet or new builds. However, neither of these are currently under way. Thus, chances are
high that even without additional climate policies, U.S. coal demand in the power sector
will continue its downward trend. Also an increasing availability of CCTS would most
likely not save U.S. coal producers, as a CCTS rollout would be dependent on sufficiently
strong incentives to address climate change and would thus lead to an overall unfavorable
environment for coal. Until CCTS would be widely available, most coal plants in the U.S.
and worldwide would have been retired already or would be too old to be considered for
an economic refurbishment with CCTS. With declining domestic coal demand in the U.S.
coal could be increasingly exported. Coal export harbors along the U.S. West Coast could
boost U.S. coal exports to Asia, however, societal resistance against such new ports is high
and most projects have been canceled in the last years.

Chapters 4 to 6 show that the economic risk for coal producers, and in particular for new
coal supply projects, is increasing in countries without continuously high domestic demand.
Particularly for export oriented coal projects, but also for new coal mining capacities meant
to supply domestic demand, the risk of asset stranding is high in case coal consumption as
projected in the upper bound coal demand scenarios does not realize. In countries with an
aging coal power plant fleet and limited or no investments in new coal power plants on the
one hand, and limited export opportunities to the remaining coal demand centers in Asia
on the other hand, prospects for coal producers are dim. The example of the U.S. shows
that the production of coal can decline very rapidly in such a case and pro-coal policies
are unlikely to prevent the further decline once the economics in the power sector have
turned against coal-fired power generation. Also CCTS technology is not likely to change
the picture for coal. Continued political support for coal, for example, by increasingly
subsidizing coal consumption or new coal mine projects, might only temporarily delay the
decline of coal production, however, at the same time risking to strand further capital and
to increase societal costs.

1.5.3 Political processes to phase out coal (Chapter 7)

In Chapter 7, the coal phase-out process in Germany is assessed to address RQ4:

• RQ4: How can a political process be designed and managed to achieve a coal phase-out
in the event of incumbent actors blocking coal phase-out policies?

In Germany, a stakeholder commission was set up by the government in 2018 to propose how
to go about organizing the German coal phase-out after different previous political attempts
to reduce Germany’s use of coal had failed. This so called Coal Commission achieved to
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overcome the previous stalemate situation and passed a catalogue of recommendations for
a coal phase-out in Germany, which were implemented to large extent thereafter, including
a coal phase-out for Germany by 2038 at the latest. In this Chapter, the process of the Coal
Commission is analyzed. The focus of the analysis is on how this commission achieved to
breach the previous stalemate situation and how the final recommendations were formed.
To assess this collaborative governance process, the integrative framework for collaborative
governance (Emerson, Nabatchi, and Balogh 2012) is applied and data in 18 semi-structured
interviews with participants of the Coal Commission collected.

Results show that the Commission helped to find joint recommendations and overcome the
long standing stalemate situation by providing a safe space to build up trust and under-
standing, which was important considering the previous highly contentious situation. Key
for the willingness of actors to participate and engage in this process was the absence of
other alternatives to enforce their interests on the one hand, and the opportunity to influ-
ence future German energy and structural change policies, provided by the comprehensive
mandate of the Commission, on the other hand. The willingness of incumbent (pro-coal)
actors to participate and agree on a phase-out was influenced significantly by the possibility
to offer high compensation payments to affected regions and companies. In the work of
the Commission, existing power imbalances influenced the way members could participate,
resulting in a domination of the decision-making process by certain members. Stakeholders
representing local interests found it relatively more difficult to participate effectively in
the Commission process, due to their limited negotiation experience and equipment with
other resources, like professional staff. While the bandwidth of represented stakeholders
was perceived as relatively comprehensive by most participants, younger generations, and
perspectives from countries most affected by the climate crisis, were barely represented.

Germany managed to overcome with this collaborative governance approach a decade-long
stalemate that several other attempts by the government had failed to resolve. Having
shifted discussions from “if” to “how” to phase out coal eventually enabled the next German
government to further advance the aimed for coal phase-out date from 2038 to 2030. The
question remains to what extent this approach can advance coal transitions also in other
countries in less economically privileged positions, or if the same could have been achieved
also differently. Nevertheless, this chapter offers valuable insights for one option to approach
coal transitions in case of incumbent actors stalling the policy-making process.

1.6 Conclusions and outlook

Achieving global climate targets requires to drastically reduce emissions from the use of
coal within the 2020s. Policies addressing the consumption of coal have proven insufficient

40



1.6 Conclusions and outlook

so far to initiate the needed decline. Thus, scholars argue that it is necessary to also address
the supply of coal and to manage an orderly and timely phase-out of coal production. In
this thesis I set out to assess how a phase-out of coal supply in line with global climate
targets could look like, which drivers and barriers exist, and how these could be overcome.
In the following, I will present the main conclusions I draw from the findings of this thesis,
presented in the previous section. I point out limitations of the research conducted in this
thesis, before ending with an outlook for further research.

To limit global warming to 1.5°C, global annual thermal coal production needs to be re-
duced by at least three quarters until 2030, and phased out almost completely by 2035.
This implies a radical change to coal supply compared to previous trends in global coal
production. This thesis shows that in none of the world’s major coal producing regions
investments in additional coal mining capacities are needed to cover remaining demand
under the premise of reducing the use of coal to a 1.5°C compatible path. Furthermore,
almost two thirds of the remaining production capacity of operating global coal mines need
to remain unused. Thus, it is necessary to stop not only the addition of new mining capac-
ities, but also to end coal production from operating mines before these reach the end of
their economic lifetime.

In this thesis, I discuss how market forces and already introduced climate policies are
creating an increasingly challenging economic environment for the coal sector. Particularly
coal mining projects under development are facing economic difficulties. The uncertain
market outlook, finance and insurance providers excluding coal from their portfolios, and
calls by the international community to not support new fossil fuel projects, make it difficult
to secure finance and insurance for new mines. Furthermore, local resistance because of
expected adverse health, climate and environmental impacts, and tightened regulations
are delaying or stopping new coal projects. Climate litigation, to hold coal producers
accountable for induced climate change and thereby caused damages, is a further newly
arising risk, which might become increasingly significant if catastrophic climate change
advances.

I find that for operating coal mines an even greater challenge is a slowing demand. Coal
producers, including in Europe and the USA, are already experiencing this. Coal is increas-
ingly replaced by more economic energy sources in the power sector. In many European
countries, coal power plants are also deliberately closed down based on climate politics.
Without incentives to invest in new coal power plants, the average age of the existing fleet
steadily increases, and more and more plants retire, creating further momentum for a tran-
sition away from coal. In such environments, further tightened regulations and increasing
costs, as for example rising CO2 prices, can impact a dwindling coal sector significantly.
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This, however, requires the availability of affordable alternative power sources, namely suf-
ficient capacities of renewable energy sources (RES), and energy market designs that can
deal with up to a 100 % share of RES in the system.

However, it is more than questionable, if a continuation of these trends will suffice to
achieve the required rapid decline of coal supply until the end of the 2020s. In particular,
as these trends apply mostly to a limited number of countries, such as Australia, USA,
and to countries in the EU. In other parts of the world, namely China, new coal plants
are still added, although also this trend has slowed in recent years. The renewed increase
in coal demand in 2021 and the first half of 2022 due to increased economic activity after
the economic slowdown caused by the COVID-19 pandemic, as well as in the wake of the
Russian invasion of Ukraine, casts doubt on the robustness of previous signs and trends of
a declining coal supply and demand, including in countries of the Global North.

Considering the very short time span to reduce coal output globally by more than half until
2030, timely political action is required. Preventing the addition of new mines could be
a comparatively low hanging fruit, as these projects already face difficult economics and
a significant risk of becoming stranded assets, particularly export oriented coal projects.
Furthermore, new projects have not yet created such high economic and socio-economic
dependencies as operating projects.

Addressing coal supply from operating mines and achieving early mine closures might be
substantially more difficult, due to the existing economic and socio-economic dependencies.
Overcoming resistance of stakeholders profiting from the status quo is a key challenge for
coal transition politics. Although Germany has enacted a coal phase-out only by 2038,
the stakeholder commission that led to this compromise managed to break the previous
stalemate in German coal politics. In this thesis, I explain that a prerequisite for this process
was the clear political signal that a transition away from coal was inevitable, and that it
was only a question of how the pathway should look like. Otherwise, powerful incumbents
would most likely not have considered to give up on their position stalling the transition.
Similar approaches as in Germany might help to initiate a coal phase-out pathway also in
other countries with contested futures of coal. International cooperation and finance might
ease these processes, providing funds to support just transition measures.

The new German government elected in 2021 even aims to move the coal phase out forward
to 2030, a development eventually only possible due to the earlier agreement on a coal
phase-out in general. The U.S. are another example of what momentum might evolve
once a general decline of the coal sector has set in. For such a momentum to build up,
it is required to send clear political and economic signals that disincentivize investments
in new coal infrastructure. Solutions proposed by pro-coal actors for alternative outlets
for coal, including carbon capture, transport, and storage (CCTS) retrofits of coal plants,
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are not likely to turn the tide for coal miners, as they usually only worsen the economics
of coal further. While not able to prevent the general decline of coal, they might only
delay necessary investments in the transformation process and efforts to achieve a relatively
smooth transition, in particular also for local communities and workers in the coal sector.

In summary, reducing the use of coal to mitigate climate change will most likely need to
build on both, coal supply and demand side policies. Taking into account supply side dy-
namics and using leverage points to cut additional coal supply can contribute to reduce
overall economic costs and reduce political barriers to climate change mitigation. Coordi-
nated supply and demand side approaches can possibly create momentum for accelerated
coal transitions to achieve the required speed of emission reductions from coal. Involving
affected stakeholders in policy processes, and considering socio-economic dependencies and
necessary structural change early on, can contribute to overcome stakeholders’ resistance
to inevitable transformative changes in the coal industry and help to achieve timely and
just transitions away from coal.

Limitations and research outlook

Assessments of topical developments in the highly dynamic field of energy and climate eco-
nomics and policy will always be dependent on the circumstances at the time of the inves-
tigation. During the time of my thesis, the global coal market was first strongly influenced
by the COVID-19 pandemic. Then, while still “recovering” from these exceptional devel-
opments, Russia invaded Ukraine, possibly leading to even more extensive disturbances of
global energy and coal markets and politics. While I was able to integrate the assessment
of possible effects from the new situation caused by the COVID-19 pandemic directly in my
thesis, the Russian invasion of Ukraine and its repercussions are not covered in the assess-
ments of this thesis. If considered, results would certainly look different in some instances,
including global coal trade flows. Current high coal prices, as of mid of 2022, might also
change the economics of new coal mine investments, as studied in Chapter 4. Yet, these
price effects might only prevail for a limited time, not significantly affecting the long-term
economics of coal projects. Coal demand might be affected as well, yet effects could be
mixed. While in the short term coal is used to replace natural gas, for example, in Europe,
the increased awareness for the risk of fossil fuel import dependencies and volatile prices
might as well lead to additional impetus for the energy transition.

Using a sectoral model implies that effects studied in the model are detached from devel-
opments in other sectors. Developments in these other sectors are implicitly covered by
scenario assumptions or specific constraints applied in the model. Yet, feedback mecha-
nisms are largely excluded (e.g., effects of changes in coal supply on other energy sources).
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Limited data availability is another issue for assessments of the coal sector. While data for
the coal sector is offered, in particular for industry customers, access usually is very costly.
However, the availability of openly accessible data is improving, potentially allowing for
more accurate assessments of local coal supply situations in the near future. So far, the
assessment on a country, or at best coal basin level, with the applied model allows for
the description of aggregated developments only. Results for individual coal mines within
the same basin, for example, could differ significantly. A different model setup, using a
social-welfare optimization approach, can reduce model run-times significantly and would
allow for the consideration of a significantly higher number of nodes in the model. In
combination with an improved data availability, this offers the possibility of more compre-
hensive assessments on the individual mine level to provide mine-specific insights for local
politicians and societal actors. This could help to design tailored supply side and transition
policies.

While this thesis zoomed in on a few country cases, the elephants in the room of global coal,
China and India, were only assessed as part of global studies with some additional details on
country specifics. Also coal transitions in countries of the Global South, such as Colombia,
Indonesia and South Africa, were not studied in particular. While many of the results in
this thesis are also applicable to these countries, coal transitions in these countries might
face additional challenges. Thus, extending the study on coal supply developments and
policies to address coal supply in these countries could contribute valuable insights on how
to deal with coal supply and advance coal transitions also in these major coal producing
countries.

The same goes for the study of coal transition governance processes. Stakeholder commis-
sions as a means to address coal transitions currently receive wide attention. Studying
also stakeholder commissions in other countries and contexts than Germany, as well as
other political instruments, could substantially enhance the understanding of chances and
limitations of governance instruments for coal transitions. A comparative assessment of
stakeholder commission processes in various countries, including Canada, Chile, and the
Czech Republic, could yield valuable insights on how to design similar processes in the
future, and how to achieve timely and just coal transitions.

This thesis shows that phasing out coal remains challenging around the world and coal
transitions still have a long way to go. Yet, recent developments related to coal also offer
signs of hope for initiating and accelerating the departure from coal. Addressing coal supply
and its phase-out deliberately can contribute to increase the momentum of coal transitions
and to ensure that implied adverse effects are mitigated. How this can best be achieved
remains to be conclusively answered and requires further input also from the scientific
community.
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Chapter 2

Stranded assets and early closures in global coal mining
under 1.5°C

This chapter is based on the manuscript with the same title currently under review in Environmental
Research Letters.
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2.1 Introduction

In the first major international agreement of its kind, the COP26 Glasgow Climate Pact
explicitly seeks to phase-down (unabated) global coal-fired power generation. This goal is
urgently needed in order to limit global warming to 1.5°C, which requires a phase-out of
most coal use within the next two to three decades (IPCC 2022; Rogelj et al. 2018). Yet the
coal supply sector and national energy planning in many countries still seem oblivious to
the need to cut future coal production (Global Energy Monitor et al. 2021; SEI et al. 2021).
Annual global investments in coal supply have remained continuously high in recent years
(IEA 2020d), and are set to remain at current levels for the coming decades (Driskell Tate,
Shearer, and Matikinca 2021; SEI et al. 2021).

The decoupling of coal supply capacities from future admissible levels of coal consumption
could place coal mines at an increased risk of becoming stranded assets (Auger et al. 2021;
Ploeg and Rezai 2020a). While it is well known that coal-fired power plants face a substan-
tial risk of asset stranding (Edwards et al. 2022; Löffler et al. 2019; Pfeiffer et al. 2018), the
potential asset stranding of coal mines has received limited attention so far (Fisch-Romito
et al. 2021). Compared to oil and gas production, capital expenditure costs make up only
a minor share of the total production costs for coal mining (Spencer et al. 2018). Neverthe-
less, in the past coal miners have experienced large asset value write-downs due to excess
investments and coal price drops (Mendelevitch, Hauenstein, and Holz 2019). Apart from
the financial risks they pose to owners and investors, early closures of coal mines affect
coal workers and local the economies of coal-producing regions (Auger et al. 2021; Diluiso
et al. 2021).

Moreover, excess long-lasting coal supply infrastructure can cause lock-in effects, hindering
the transition away from coal (Erickson et al. 2015; Fisch-Romito et al. 2021; Unruh 2019).
Trout et al. (2022, 7) find that the emissions from developed coal reserves alone–that is,
the coal stored in running mines and those under development–would exhaust almost 80
% of the remaining 1.5°C emission budget. In order to keep the 1.5°C target within reach,
approximately 88 % of the total global coal reserves need to remain unextracted until the
end of the century (Welsby et al. 2021, 233). Actively limiting coal supply could serve as
an important complement to demand-side climate policies (Asheim et al. 2019; Erickson,
Lazarus, and Piggot 2018).

This is the first study to offer a detailed assessment of the implications of 1.5°C mitigation
pathways for the global coal mining sector. This analysis focuses on investments, prema-
ture mine closures, and the stranding of production assets in coal regions. Identifying mis-
aligned coal supply developments that contradict mitigation efforts can help governments
to address these and reduce lock-in risks. A better understanding of future regional coal
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production developments can also enable national and regional governments to address
inevitable structural changes in affected regions early on, thereby reducing the negative
socio-economic impacts of coal phase-outs (Diluiso et al. 2021; Jakob et al. 2020).

This study also provides a new version of the open partial equilibrium model of the global
steam coal sector COALMOD-World (CMW). The model uses data from the open-source
coal mine database ’Global Coal Mine Tracker’ (GCMT) provided by Global Energy Moni-
tor (2021b) to approximate and consider lifetimes of existing and new coal mines. This new
version of CMW now also allows for the assessment of remaining coal supply capacities,
investments, and asset stranding. Previous model versions either entirely overlooked or
only partially considered the retirement of existing infrastructure (Haftendorn and Holz
2010; Haftendorn, Holz, and Hirschhausen 2012; Holz et al. 2016).

The focus of the study is on steam coal–that is, thermal coal excluding lignite. Worldwide,
steam coal comprises approximately 3/4 of current total coal consumed, and about 90 %
of thermal coal consumed (IEA 2019a). The 1.5°C compatible coal demand scenarios are
based on the IPCC (2022) mitigation pathways, representing coal consumption in scenarios
of the category “C1: limit warming to 1.5°C (>50 %) with no or limited overshoot” (Byers
et al., AR6 Scenarios Database). To illustrate recent production planning in coal sector
(compare SEI et al. 2021), a coal demand scenario, based on the IEA (2019b) ’Stated Policy
Scenario’ (STEPS), is added.

2.2 Methods and data

To assess the global coal supply sector in a 1.5°C world, a scenario analysis using a new
version (v2) of the open COALMOD-World model is performed. CMW is a comprehensive
model of the global steam coal market, covering about 90 % of global steam coal produc-
tion and consumption (see Appendix A.1). It represents coal producers and exporters as
profit-maximizing players with model-endogenous decisions on new capacity investments.
Previous model versions have been widely used for academic studies, assessing international
coal market dynamics and various climate policy implications for the supply, trade, and
consumption of coal (cf., Haftendorn and Holz 2010; Haftendorn, Holz, and Hirschhausen
2012; Hauenstein and Holz 2021; Mendelevitch 2018; Richter, Mendelevitch, and Jotzo
2018; Yanguas Parra, Hauenstein, and Oei 2021). CMW and related model data is openly
available for use and adaptation (Holz et al. 2016). Few other models of the global coal mar-
ket exist. These include the EIA (2022b) National Energy Modeling System (NEMS) with
its Coal Market Module (CMM), which can be used to calculate coal flows and prices. The
CMM can be used to calculate annual coal production, trade and consumption volumes, as
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well as coal prices. Auger et al. (2021) develop a model based on Paulus and Trüby (2011)
and Trüby and Paulus (2012), which covers investments and retirements of coal mines,
however, relies on proprietary data to be run. The new version of CMW applied here is
based on openly available code and data. It considers the limited lifetimes of existing and
new coal mines, which makes it possible to assess investments, remaining capacities, and
stranded assets in the coal mining sector. The data on coal mines’lifetimes comes from
the GCMT (Global Energy Monitor 2021b), the first comprehensive open-access database
to provide worldwide data on coal mines.

2.2.1 Lifetime of coal mines

New (proposed) coal mines have an average lifetime of 29 years, according to the GCMT
(where data is available, and excluding China).1 The reported lifetimes are generally in the
range of six to 50 years per mine. In contrast, Baruya (2018, 75) assumes an amortization
time of 20 years for coal mine projects. However, according to coal sector experts, major
mines rarely operate for fewer than 20 years due to the high end-of-life costs for such mines
(personal communication, March to May 2021). Based on this information, average lifetime
of new mines is set here as 25 years. This is a rather conservative estimate for the technical
lifetime of a mine; however, it is meant to represent the entire techno-economic lifetime of
coal mine assets.

The GCMT also provides limited information on remaining lifetimes of operating coal
mines. The GCMT covers approximately 800 (540 outside of China) operating steam coal
mines (excluding lignite and pure met coal mines), with a total annual production of about
4.3 Gt (2.7 Gt outside of China). However, a value for ’Reported Life of Mine (Remaining)’
is only given for 99 mines outside of China. By contrast, a ’Reserve to Production Ratio
(R/P)’ value is available for 388 mines. However, while R/P values provide information on
available physical resources, the technical lifetime of a mine also depends–among other
things–on the available infrastructure and physical accessibility of reserves. To improve
the representation of regionally disaggregated remaining lifetime estimates, the relationship
of remaining mine lifetime to R/P for operational thermal coal mines is estimated with a
logarithmic regression function and applied to GCMT entries, providing only R/P values
(for details and resulting estimates of regional remaining lifetimes, see Appendix A.1.2).

1According to industry experts, lifetime and reserve data for Chinese coal mines is very inaccurate, tending
to overestimate the remaining exploitable reserves and mine lifetimes (Source: personal communication
with coal industry experts, March to May 2021).

48



2.2 Methods and data

2.2.2 New features of the COALMOD-World version 2.0

The latest version of CMW features a new retirement mechanism for coal production capac-
ities, which yields an improved representation of available mining capacity and necessary
investments. In CMW, a coal production asset comprises all equipment and capital stock at
coal mines that enable the extraction of a certain amount of coal per year. The investment
in coal production capacity represents the initial investment needed to make available the
new coal mining capacity. The previous model version allowed mine capacities to be idle
for indefinite times and be restarted without additional costs. However, as experts noted,
keeping inactive mines in operational conditions is very costly and is rarely done for more
than 1-1.5 years. Thus, the new retirement mechanism is based on coal mine ages and
lifetimes, not prior production (for details, see Appendix A.1.1).

2.2.3 Coal demand scenarios

To increase the robustness of results and to represent the uncertainty of 1.5°C compatible
coal demand scenarios, a lower bound, a central, and an upper bound 1.5°C coal demand
scenario are included. These three 1.5°C coal demand scenarios represent 0.25, 0.5 (me-
dian), and 0.75 percentile values for annual coal consumption in the power sector of IPCC
(2022) scenarios that limit global warming to 1.5°C (>50 %) with no or limited overshoot.
In the baseline 1.5°C scenarios presented in this study, coal consumption of power plants
with Carbon Capture, Transport and Storage (CCS) is excluded, as the availability of CCS
and its application to coal-fired power plants remains uncertain (cf. Budinis et al. 2018;
L. Clarke et al. 2022; Martin-Roberts et al. 2021; Grant et al. 2021). In Appendix A.3,
results for scenarios including coal demand of power plants with CCS are included for
comprehensiveness, and to assess possible effects of CCS for stranded assets.

To illustrate current coal production plans in the coal sector (SEI et al. 2021) and allow for
the comparison of the 1.5°C scenarios with such a scenario, the WEO19-STEPS scenario
is added. The latter represents a state of continuous high global coal demand throughout
the year 2050. Coal demand growth rates for this scenario are based on the IEA (2019b)
STEPS scenario. Further details on the scenarios are provided in Appendix A.2 and all
scenario input data files are available in Hauenstein (COALMOD-World 2.0 data, results,
figures for: Stranded assets and early closures in global coal mining under 1.5°C).
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2.2.4 Excess capacities, early closures, and stranded assets in coal
mining

Excess coal production capacities and stranded assets in the case of 1.5°C pathways are
calculated for the period 2020-2050 in this study. These ex-post calculations are based
on CMW data for the lifetimes and investment costs (overnight capital cost, OCC) of
capacities, and on CMW results for available mining capacities (PCapaf ) and realized
production (Prodaf ) in year a in production node f . Early closures are calculated for the
year 2030, representing general trends towards the end of the current decade. The share of
early closures in year a is defined here as the share of idle capacities in year a that also do
not resume production in later model years.

Excess capacities are calculated as the difference between available capacity and realized
production over the considered time period (2020-2050) for the production node f (Eq.
2.1).

Excess capacityf =

2050∑
2020

PCapaf −
2050∑
2020

Prodaf (2.1)

In this study the monetary value of stranded assets is calculated based on the non-recovered
share of initial overnight capital cost (OCC; Eq. 2.2), following an approach similar to that
of Edwards et al. (2022). A full recovery of the OCC is assumed when the mine produces
at full capacity for 25 years (lifetime of new mines). For coal production capacities that
started production before 2020, a total lifetime of 25 years and production at full capacity
for the time prior to 2020 is assumed. Thus, only the share of OCC that is assigned to
the remaining lifetime from 2020 on (RL) can potentially become stranded. Node specific
OCC figures are taken from the CMW input data (cf. Hauenstein, COALMOD-World 2.0
data, results, figures for: Stranded assets and early closures in global coal mining under
1.5°C; Holz et al. 2016).

Stranded Assetsf = OCCf · PCap2020,f ·
Excess capacityf∑2050

2020 PCapaf

· RL
25

(2.2)

Calculating stranded assets based on recovered OCC of initial investments over an assets
lifetime is a widely used approach (Edwards et al. 2022; Fisch-Romito et al. 2021). However,
financial asset devaluation can be significantly higher than just the value of unrecovered
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OCC, as the asset’s value also depends on expected future cash flows (Mendelevitch, Hauen-
stein, and Holz 2019; Spencer et al. 2018). Thus, the stranded asset values calculated in
this study are relatively low-end estimates.

2.3 Results

2.3.1 New coal mines redundant globally under 1.5°C

Global steam coal consumption drops by 88 % (central 1.5°C scenario; values for the upper
and lower bound 1.5°C scenarios given in brackets, here 75-93 %) in the 1.5°C scenario
between 2020 and 2030 (Figure 2.1, top panel). With CCS available, this rapid decline is
slowed down only slightly, with consumption dropping by 85 % (70-91 %; see Appendix A.3
for results on scenarios with CCS). This is in stark contrast to the WEO19-STEPS scenario,
with coal consumption even slightly increasing until 2030, and only decreasing marginally
thereafter. For all major producing regions, a 1.5°C demand path means drastically reduced
output compared to a scenario with continuously high demand (lower three panels of Figure
2.1). However, the speed of the decline varies among producing countries. Of the remaining
global coal production in 2030, 86 % (85-92 %) come from only three countries: China,
Indonesia, and India. China and India produce exclusively for their domestic markets,
which are the last two remaining major consumers in 2030, while Indonesia continues to
produce for both domestic and export use. The amount of internationally traded steam coal
is reduced by three-fourths (57-82 %) between 2020 and 2030, eroding export opportunities
for most traditional exporting countries (see Figure A.5 in Appendix A.3). Only Indonesia
remains as major exporter in 2030 due to its low production costs and its central position
in the Asian market, where consumption is increasingly concentrated.

51



Chapter 2 Stranded assets and early closures in global coal mining under 1.5°C

0

2000

4000

6000

2020 2025 2030 2035 2040 2045 2050

M
tp

a

KAZ RUS ZAF

USA AUS COL

CHN IDN IND

2020 2030 2040 2050 2020 2030 2040 2050 2020 2030 2040 2050

0
250
500
750

1000

0
20
40
60
80

0

100

200

0
250
500
750

1000

0

100

200

300

0

100

200

0

1000

2000

0

200

400

0
25
50
75

100
125

M
tp

a

WEO19−STEPS 1.5°C (central) 1.5°C (upper bound) 1.5°C (lower bound)

Figure 2.1: Global annual steam coal consumption (Mtpa) in all scenarios (top panel) and
annual steam coal production (Mtpa) in major producing countries.

Note: Shaded blue area shows range of 1.5°C scenarios. For detailed nodal production results see Appendix
A.3.

Investments in coal mine additions become redundant in the 1.5°C scenarios (Figure 2.2). In
all coal-producing regions the operating coal mining capacities suffice to meet the remaining
demand until 2050. Additional sensitivity runs show that these results are robust also in
case of reducing the assumed remaining lifetimes of existing coal mines, and in case of most
1.5°C scenarios including CCS (see sensitivity analysis in Appendix A.3.3). By contrast, in
case of continuously high global coal demand the cumulative global capacity (about 5,500
Mtpa) needs to be replaced about once before 2050 (WEO19-STEPS scenario in Figure
2.2), with some regional shifts in capacity, mostly towards Indonesia and India.
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The currently proposed new steam coal mining capacities amount to about 1,400 Mtpa, with
large shares in traditional coal exporting countries (Australia, Russia, and South Africa).
However, if coal consumption is reduced to 1.5°C-compatible levels, all of these new projects
face a substantial risk of asset stranding, as there is no demand for additional coal supplies.
The asset value at risk of stranding–the overnight capital cost (OCC) of all proposed new
mine projects–sums up to about USD2015 100 billion (Figure 2.2). If capacity investments
continue to follow the WEO19-STEPS path, cumulative OCC spending on new coal mines
amounts to USD2015 380 billion by the year 2050. However, not only new coal mines are at
risk of stranding, as the following section shows.
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Figure 2.2: Investments in new steam coal mine capacities: cumulative capacity additions
and related overnight capital costs (OCC) in major coal producing countries,
2020-2050, in the 1.5°C and WEO19-STEPS scenarios, as well as proposed
capacity additions as of June 2021. Capacity additions in Mtpa, OCC in billion
USD2015. Available coal mine capacity in 2020 shown for comparison. Zero
capacity additions in all three 1.5°C scenarios.

Sources: Proposed capacity in Mtpa based on data from (Global Energy Monitor 2021b). Proposed capacity
OCC based on (Global Energy Monitor 2021b) and CMW OCC data. All other results from CMW.
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2.3.2 1.5°C requires the premature retirement of existing coal
mines

The remaining cumulative production capacity from existing steam coal mines amounts to
roughly 87 Gt between 2020 and 2050. However, the remaining coal production between
2020 and 2050 in the 1.5°C scenarios amounts to 32 Gt (26-39 Gt) only (Figure 2.3). More
than half of the remaining global cumulative capacity would need to remain unused. This
would affect all major coal-producing countries, yet with some variation, for example, due
to remaining domestic demand and access to the remaining demand centers in Asia.

Russia and the USA would incur the largest shares of excess capacities, with 78 % (73-83 %)
and 83 % (79-85 %), respectively. The USA already have large excess capacities today, due
to continued investments in new coal mining capacities and at the same time collapsing do-
mestic demand in recent years (Mendelevitch, Hauenstein, and Holz 2019). Domestic U.S.
coal demand continues to decline rapidly under 1.5°C scenarios, and exporting U.S. coal to
the remaining demand centers in Asia is not competitive due to limited export infrastruc-
ture along the U.S. West Coast (Hauenstein and Holz 2021; Yanguas Parra, Hauenstein,
and Oei 2021). Russia has adopted the political objective to become one of the largest
coal exporting countries and has significantly expanded its coal exports and related infras-
tructure in the last years (Fortescue 2021; IEA 2021a). However, Russian coal mines are
mostly far from the coast, which implies high transportation costs to reach export markets
and makes Russian coal exports noncompetitive in case of low global coal prices.

Indonesia would face the lowest overall capacity stranding of all major producing countries
(47 %, 36-55 %) due to its low production costs and proximity to the remaining demand
centers. However, with Indonesian exports mostly going to China, capacity stranding in
Indonesia could increase as well, in case China succeeds to increase its level of self-sufficiency
(cf. Gosens, Turnbull, and Jotzo 2022). China and India–the two countries with the highest
remaining demand, and currently the largest producers of coal worldwide, both of which
serve only their domestic markets–would be affected by their domestic demand declining
faster than their coal mining capacities are depleting.
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Figure 2.3: Stranded coal capacity: Countries’ annual steam coal production capacity (red)
vs. production in 1.5°C scenarios (blue, with shaded area representing the range
of the 1.5°C scenarios).

Large shares of the existing coal mines in all major coal producing regions would have to
close before reaching their retirement age (Figure 2.4a). Only in Indonesia would fewer
than 60 % of mines have to close early by 2030. About one third of Indonesia’s current
coal mining capacity will have reached its retirement age or exhausted reserves by 2030 and
therefore will retire anyways. Other regions with an aging coal mining fleet and decreasing
capacities due to regular retirements of mines include Kazakhstan and some Chinese and
Indian regions. In all other coal mining regions, three-fourths or more of the remaining
mining capacities would have to close prematurely by 2030. Exports of all major export-
ing countries, except Indonesia, would drop by more than 80 % between 2020 and 2030.
Remaining exports would almost exclusively go to the Asian market, where Indonesia is
situated best to outcompete other coal exporting countries like Colombia and the USA,
which are far from this market, but also Australia, Russia, and South Africa, which can
supply coal only at higher costs than the low-cost Indonesian mines.

Thus, currently operating capacities are also at risk of becoming stranded assets. Early
closures of steam coal mines between 2020 and 2050 could lead to stranded assets of some
USD2015 140 billion (USD2015 120-150 billion) (Figure 2.4b). Considering absolute asset
volumes, asset stranding of existing mines would be highly concentrated in China and the
USA. In China it is the sheer size of the coal sector that leads to these large volumes. The
coal mine fleet in the USA is still relatively large, and at the same time would lose its
market shares comparatively quickly. Furthermore, OCC for coal mines are rather high in
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some Chinese and U.S. coal mining regions with high shares of underground mines (e.g.,
in Appalachia) (cf. Holz et al. 2016), thus, also the asset value per unit of production
capacity is higher. In India and Indonesia OCC of coal mines are generally lower, but also
less production capacities would be stranded. Of the currently proposed new coal mines
a relatively large share is situated in the coal exporting countries Australia, Russia, and
South Africa (see Figure 2.2). If realized, these capacities could face a particularly high
risk of stranding due to the collapsing export market.

Figure 2.4: Early coal mine closures in 2030, trade flows, and stranded assets from operating
mines under 1.5°C: (a) share of coal mine capacity that will retire early by
2030 in the central 1.5°C scenario, remaining major trade flows in 2030, as
well as change in total national steam coal exports compared to 2020, and (b)
value of stranded coal mine assets (2020-2050) across the 1.5°C scenario range.
Source: Own illustration. Geographical data from (Becker et al. 2021; ABS
2016; OCHA-ROAP 2020; Runfola et al. 2020; Census 2019).

2.4 Discussion

Trout et al. (2022) have shown that, in order to limit global warming to 1.5°C, a substantial
share of developed coal reserves would have to remain unused. This study further fleshes
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out that analysis, assessing the implications of a 1.5°C policy environment for the steam
coal mining sector and its exposure to the risk of asset stranding. Global coal consumption
in line with the 1.5°C target would lead to a significant reduction of coal output and cause
excess capacities across all major coal producing regions. The finding that any new coal
mining capacities after 2020 would be redundant is in line with IEA (2021d). Also for
scenarios with continuously high coal consumption, results for investments in new coal
mines in this study align with the results of other studies (cf. Auger et al. 2021; IEA
2019b).

Not only new coal projects but also currently operating mines would be significantly im-
pacted by a required rapid reduction in coal demand. About 63 % (56-70 %) of their
cumulative capacity until 2050 would have to remain unused, and more than three-fourths
of all operating capacities in almost all coal mining regions would need to retire early by
2030. This is about three times the amount of capacities affected by premature retirements
Auger et al. (2021) find in case of gradually declining coal consumption (-60 % by 2040
compared to today’s consumption). Global coal consumption is already largely phased-out
by 2035 in 1.5°C scenarios due to coal’s high emission intensity and the relatively good
subsitutability of coal, particularly in the power sector (IPCC 2022). If CCS would become
generally available for coal-fired power plants, it could only prevent early coal mine closures
and asset stranding to limited degrees due to its relatively late and limited deployment
on existing coal-fired power plants in most 1.5°C scenarios (Byers et al., AR6 Scenarios
Database). This could change, if CCS is rolled out very fast (Fan et al. 2018; McJeon
et al. 2021), however, past experiences with CCS cast doubt on its near-term large-scale
deployment on coal-fired power plants due to high costs and technical difficulties (Wang,
Akimoto, and Nemet 2021; Grant et al. 2021; Martin-Roberts et al. 2021).

The stranded asset value (unrecovered OCC) from currently operating coal mines alone
could represent about USD2015 140 billion. If all of the currently proposed new coal mines
were to be built, this could add another USD2015 100 billion of stranded asset value. So
far, few assessments of stranded assets in the upstream coal sector exist (Fisch-Romito
et al. 2021; Curtin et al. 2019), and used definitions for stranded assets vary. For 2°C
scenarios, CTI (2015) and IRENA (2017, 26) estimate coal supply capital expenditure
costs (capex) and asset values at risk of stranding to amount to some USD 220 and 250
billion, respectively, including the value of maintenance capex (CTI 2015) and coal reserves
(IRENA 2017). Assessing differences in financial values, the cumulative value of stranded
coal supply assets until 2035 in 2°C scenarios could amount to USD2016 300 billion to
one trillion, depending on the applied discount rate (Mercure et al. 2018). This reflects
that the financial value of coal supply assets (based on expected future cash flows) can
be significantly higher than the capex of new coal mine capacities (Spencer et al. 2018).
Thus, results of this study should be considered a lower end estimate for the value of
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stranded coal supply assets under 1.5°C. In the downstream coal power sector, asset values
at risk of stranding are significantly larger than for upstream coal supply, with around USD
900-1,400 billion (unrecovered OCC only) in 1.5°C scenarios (Edwards et al. 2022). Long
lifetimes (around 50 years) and relatively high capex of coal-fired power plants (1,300-3,000
USD/kW) (Saygin et al. 2019) compared to coal mine assets cause these higher asset values
at risk.

Although the value of possible stranded assets in the upstream and downstream coal sector
differ, they are strongly linked by their dependence on future global coal-fired power gener-
ation pathways, with coal-fired power plants being the largest consumers of coal. However,
regional differences arise. Net exporters of coal, like Australia or Indonesia, have a high
risk of asset stranding in the upstream coal supply sector, while net importers, like the
EU or Japan, could be affected mostly by asset stranding in the coal power sector (cf. Ed-
wards et al. 2022). For China and India, with their large coal mining capacities and power
plant fleets, up- and downstream asset stranding risk is high, and more than 50 % of all
coal assets at risk of stranding are located in these two countries. In both countries, coal
supply is largely in the hand of state-owned or controlled companies, while in countries,
like Australia and the USA, private companies dominate (CTI 2015; Heede and Oreskes
2016).

For both, up- and downstream coal sector, the volume of assets at risk of stranding can be
significantly reduced if immediate action is taken and investments in additional capacities
are prevented (cf. Edwards et al. 2022; Auger et al. 2021). Introducing moratoria on new
coal mines could be one option (Mendelevitch 2018; Blondeel and Van de Graaf 2018). Par-
ticularly, for coal exporting countries with a high amount of proposed new capacities, like
Australia or Russia, this could be an effective measure to limit stranded assets. Addition-
ally, restricting access to finance and insurance could increase project costs and eventually
limit the realization of new coal projects (Zhou, Wilson, and Caldecott 2021). Beyond
reducing the risk of asset stranding, limiting coal supply could complement demand side
climate policies, aiming to reduce coal consumption, by increasing the relative cost of coal
and by contributing to prevent carbon leakage (Asheim et al. 2019; Collier and Venables
2014; Green and Denniss 2018).

However, the coal mine asset value at risk of stranding is only one side of the medal. Coal
mine closures can lead to significant economic downturns in affected regions due to de-
industrialization, unemployment and outmigration (Nel et al. 2003; Harfst 2015; Diluiso
et al. 2021). Globally, there are currently around 4.7 million direct jobs in coal mining,
concentrated in China and India, and possibly even more informal and dependent indirect
jobs (Ruppert Bulmer et al. 2021). And coal rents contribute about 0.2 %, or USD 160
billion (year 2019) to global annual GDP (The World Bank).
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This highlights the importance of adequate measures to compensate for economic and socio-
economic effects of coal mine closures. Renewable energy and other energy transition related
industries could offer alternative employment and economic development opportunities (Pai
et al. 2020; Zhou et al. 2022). National and international funds to provide structural
change assistance to affected regions, as well as stakeholder integration in policy processes
can furthermore contribute to increase stakeholder consent to phasing out coal production
(Brauers et al. 2022; Gürtler, Löw Beer, and Herberg 2021).

Limitations to this study include the meager availability of coal sector data. Although
Global Energy Monitor (2021b) provides the first comprehensive open database for coal
mines with the GCMT, the data on coal mine lifetimes is still quite limited–even more so
on OCC for coal mines. While the results obtained for required capacity additions across
the 1.5°C scenarios are robust to further reductions of remaining lifetimes, the amount
obtained for stranded assets is sensitive to assumptions on OCC values. Furthermore,
the results of this study are based on intertemporal optimization with perfect foresight. In
contrast, real-world coal markets are characterized by cyclical effects, with periods of excess
investment in mining capacities when coal prices rise, and early write-offs of uneconomic
capacities when coal prices dip (Mendelevitch, Hauenstein, and Holz 2019). Thus, the
volume of stranded coal supply assets could turn out even higher.

2.5 Conclusion

While previous studies have shown that the majority of global coal reserves need to stay in
the ground if global warming is to be limited to 1.5°C, this is the first study to assess the
effects on the operative global steam coal mining sector. A 1.5°C compatible coal demand
would lead to a global slump of coal production. Any coal mine capacity additions from
2020 on would be redundant and at risk of becoming stranded assets. Furthermore, almost
two-thirds of the current global cumulative production capacity needs to remain unused
and the majority of coal mines need to be retired early. The value of stranded assets in
the coal mining sector from operating mines alone would amount to some USD2015 140
billion by 2050. If all of the currently proposed new coal mines and coal mine additions
were to be built, this would almost double the amount of stranded assets. While this
value is comparatively small (about one-sixth of stranded coal power plant assets’ value),
local economic dependencies on coal mining mean that declining coal production and early
closures of coal mines can have severe local effects.

Stopping currently proposed coal mine capacity expansions, for example, by introducing
moratoria on new capacities, could reduce the risk of coal mine asset stranding significantly.
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However, also excess operating coal mine capacities need to be addressed urgently in order
to limit global warming to 1.5°C. Combined coal phase-out and structural change policy
packages can cushion adverse socio-economic effects and increase legitimacy for early coal
mine closures.
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Chapter 3

The Death Valley of coal - Modelling COVID-19
recovery scenarios for steam coal markets

This chapter is based on joint work with Paola Yanguas Parra, and Pao-Yu Oei published in Applied
Energy 288 (April): 116564 under the title: “The Death Valley of coal - Modelling COVID-19 recovery
scenarios for steam coal markets”. DOI: 10.1016/j.apenergy.2021.116564; published open access under
CC BY NC ND 4.0.
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3.1 Introduction: Prospects for coal markets during
and after COVID-19

Coal accounts for around a third of global primary energy supply and is responsible for 40
% of global CO2 emissions (IEA 2020b). There is a broad consensus within science that
a fast coal phase-out is needed to limit global heating and prevent related catastrophic
consequences (IPCC 2018b). Still, uncertainty prevails about the actual pathway that coal
countries will take–with scenarios projecting a rapid global coal phase-out within the next
30 years while others announce a renaissance of coal considering that many countries –
mostly in the Global South–are still planning to expand coal use in the coming decades
(Audoly et al. 2018; Burandt et al. 2019; Jewell et al. 2019; Spencer et al. 2018; Steckel,
Edenhofer, and Jakob 2015).

Since the signing of the Paris agreement in 2015, however, additional financial, and political
pressures on coal businesses can be observed. This includes climate and air pollution
regulation, local resistance to projects, climate litigation, trade restrictions, and reduced
operational margins of coal companies due to competition with alternative fuels (Yanguas
Parra et al. 2019). This resulted in key indicators showing early signs of decline of the global
coal industry, such as coal use peaking in 2014 (IEA 2020b), a 75% shrinking of the global
coal power plants pipeline (Shearer et al. 2020), accelerated retirement of operating coal
fleets in many countries, low international coal prices, and a bleak financial performance
for a large share of coal-related businesses in many countries (Bond, Vaughan, and Benham
2020; Mendelevitch, Hauenstein, and Holz 2019; Oei and Mendelevitch 2019). On top of
this, the COVID-19 pandemic and the local to global responses to it have led to a sudden
drop in economic activity, resulting in drastic reductions of energy demand (IMF 2020).
With numbers of infections still increasing, no cure or vaccine available yet, the end of the
pandemic is still not in sight. While as a consequence Greenhouse gas (GHG) emissions
have declined (Forster et al. 2020; Le Quéré et al. 2020), the economic consequences of
the pandemic and its further impacts on energy markets are highly uncertain (Baker et
al. 2020). First assessments of the COVID-19 pandemic indicate that resulting direct and
indirect effects will hit the coal industry hard in the short-term (Oei, Yanguas-Parra, and
Hauenstein 2020).

The International Energy Agency (IEA) has published an assessment for the short-term
future of global coal demand incorporating the effects of the pandemic (IEA 2020c). The
assessment shows that coal will be severely affected due to the global lockdown measures,
and projects global coal demand to fall by an unprecedented 8 % by the end of 2020, with
coal power generation declining by more than 10 % (IEA 2020c). Similarly, recent 2020
projections for seaborne coal exports have been revised downward considerably to account
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for the impacts of COVID-19 (Argus 2020a, 2020b; O. o. t. Chief Economist 2020). These
absolute declines in trade, combined with decreases in benchmark prices, will have a strong
impact in the forecasted earnings from coal exports, as updated national forecasts from
coal exporters confirm (O. o. t. Chief Economist 2020; A. O. o. t. Chief Economist 2020;
Modi 2020b).

While the COVID-19 pandemic will likely have a strong negative impact on the short-
term outlook for steam coal markets, the longer-term outlook is much more uncertain.
For instance, the downward trend in coal investments (IEA 2020d), and growing number of
restrictions for coal financing by financial institutions,1 will likely be accelerated by COVID-
19 due to the capital scarcity resulting from the global economic recession. Decreasing
capital availability for coal businesses make the prospects for new coal power plants look
much worse than before (Bloomberg 2020a; IEEFA 2020b; Moody’s 2020). See Figure B.1
in the Appendix mapping various (in-) direct impacts of COVID-19 on the international
steam coal market.

However, it is important to note that a large part of the coal power plant pipeline relies on
public investment (End Coal 2020; IEEFA 2019; Chen 2018). This could still be available
in the post-COVID-19 period, and could end up being used for “brown-recovery” (favouring
fossil-fuels based and carbon-intensive industries) measures as it happened after the 2009
financial crisis, when only 16 % of all fiscal measures (�520 USD billion) were allocated to
“green stimulus” (favouring climate-friendly and low-emissions industries) (ILO 2011).

In this regard, public investments for projects abroad are of critical importance. China
(as largest public investor) has not made any announcements regarding its intentions to
continue financing large amounts of new coal power plants abroad in the post-COVID-19
period. Japan and South Korea (second and third largest public investors in new coal power
plants (End Coal 2020; IEEFA 2019; Chen 2018)), on the other hand, have presented steps
in the direction of limiting or suspending their lending for new coal projects (CIB 2020;
IEEFA 2020a), but with loopholes and exceptions that would allow some planned projects
to go ahead (Bloomberg 2020b; Japan 2020).

Therefore, key policy and economic developments in the next years, driven largely by the
evolution of the pandemic and governments’responses to it, nationally and internation-
ally, will be determinant for the medium and long-term future of coal markets and global
warming mitigation efforts (Oei, Yanguas-Parra, and Hauenstein 2020; Cherp and Jewell
2020). Pointing towards increasing pressure on coal, “green recovery” issues have taken on

1Since the global pandemic was declared, over 30 significant financial organizations (with Assets
under management >US$10billion) have either announced or strengthened their anti-coal lend-
ing/investment/insurance policies, bringing the total or organizations to 142 as of September 2020.
Full overview available at https://ieefa.org/finance-exiting-coal/.
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a prominent role in the policy, advocacy, diplomatic, and academic discussions around the
pandemic and post-pandemic world (Forster et al. 2020; Hainsch et al. 2020; Hepburn, O’
Callaghan, et al. 2020; New Economic Thinking 2020; Economist 2020; Wright and Fenton
2020; Hepburn, O’Callaghan, et al. 2020; Rosenbloom and Markard 2020; Barbier 2010;
Lahcen et al. 2020; McKibbin and Fernando 2020; Mukanjari and Sterner 2020; Hanna,
Xu, and Victor 2020).

Within this context, this paper examines the medium and long-term perspectives of the
global steam coal demand and production considering the potential impacts of the COVID-
19 pandemic and its aftermath. A key question in this regard is the speed and geographical
distribution of the global decline of coal use and production (Muttitt and Kartha 2020;
SEI, IISD, Climate Analytics, et al. 2019). Main uncertainties hereby prevail with re-
spect to (i) the severity of the short-term demand shock in 2020/21 as well as (ii) to the
shape/characteristics of recovery packages–resulting in a range of post-COVID-19 scenar-
ios that shed light on the speed and geographical distribution of coal decline in the next
decades.

The difficulty of projecting the medium and long-term future of coal can be seen in the
failure of most organizations in doing so in the past (Mohn 2020), with mainstream energy
projections persistently underestimating the deteriorating outlook for coal demand (and
the uptake of renewable energy) in the last years (Brown et al. 2018; Metayer, Breyer,
and Fell 2015; Muttitt, Scott, and Buckley 2018). Such overoptimistic projections are used
as reference for investment and policy decisions resulting in unnecessary investments in
long-term infrastructure that can create or perpetuate a carbon lock-in for many decades,
or will become stranded once the carbon bubble bursts (Caldecott et al. 2016; Caldecott
2017; Löffler et al. 2019; Pfeiffer et al. 2016).

To assess energy markets, such as global coal markets, sectoral models using a partial equi-
librium approach have been used (Gabriel et al. 2012; Trüby and Paulus 2012). Equilibrium
modelling allows to study energy market development that is subject to individual actor
behaviour under constraints, and considering market and investment mechanisms. The
partial equilibrium model framework COALMOD was developed to assess the global steam
coal market, focusing on steam coal supply and trade (Haftendorn and Holz 2010; Haften-
dorn, Holz, and Hirschhausen 2012; Holz et al. 2015). The model COALMOD-World is
used in a number of studies to investigate the implications of different coal demand and
market configuration scenarios for coal producing regions and international coal trade in
a pre-COVID-19 world (Mendelevitch, Hauenstein, and Holz 2019; Hauenstein and Holz
2020; Holz et al. 2018). In most of the assessed scenarios in these studies, results fall into
two different groups. One representing a relatively stable consumption and production
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around 2015-2020 levels, and the other one, based on 1.5-2°C pathways, leading to drastic
changes for all coal producers.

The above literature review shows that there is an urgent need of alternative scenarios
that reflect the most recent trends in coal markets, in particular related to the COVID-
19 pandemic. In this paper, we therefore examine plausible recovery scenarios for the
global steam coal market subject to different political decisions. To do so, this paper
presents an interdisciplinary approach to develop a range of stylized coal demand scenarios
up to 2040 as described in more detail in Section 3.2. These scenarios’implications for
steam coal international trade and coal producing countries are investigated using the
partial equilibrium model COALMOD-World (CMW) (Holz et al. 2015; Holz et al. 2016).
Additional insights are gained by assessing effects of coal trade restrictions of key actors
in further scenarios. Results of these scenarios for thermal coal production and trade are
shown and discussed in Section 3.3. Section 3.4 focuses on broader policy and political
economy issues of these results. Finally, Section 3.5 presents our conclusions as well as key
issues that require further research.

3.2 Methods and scenario building

Within the uncertainty context explained in the previous section, in this article, we con-
duct a scenario analysis taking pre-COVID-19 trends in the energy and coal sectors into
account, to assess the influence of the COVID-19 pandemic and resulting recovery stimuli
on the global steam coal market. Scenario analysis (responding to “what if” questions)
exploring the joint impact of various uncertainties which stand side by side (Ansari, Holz,
and Kuhlani 2020) is much more appropriate for answering our research questions than a
forecasting or other prediction-oriented exercises, which focus on “probability” rather than
on “plausibility” (Schoemaker; Notten 2005; Mietzner and Reger 2005). Scenario building
exercises must balance qualitative and quantitative information inputs to be able to assess a
plausible range or a ’scenario cone’ (Amer, Daim, and Jetter 2013) of outcomes and telling
“a story of how various elements might interact under uncertain conditions” (Schoemaker).
With this aim, as other recent studies looking at the longer-term implications of the 2020
pandemic on important sectors, we build narratives about possible futures (e.g. brown vs
green recovery) based on qualitative research techniques, and build quantitative estimates
of the potential range of outcomes, making use of established models in the research field.

Our scenario building process of six different scenarios can be divided into three steps, which
are summarized in Figure 3.1, and explained in more detail in the following sub-sections.
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First, we determine the plausible range of short-term impacts of the COVID-19 shock (2020-
21) on coal demand. Second, we adjust pre-COVID long-term national and/or regional
projections (up to 2040) for coal demand based on a plausible range of post-pandemic
recovery strategies (“brown” vs. “green” recovery). Third, we consider additional (COVID-
19 related) coal supply-side policies and add exemplary scenarios taking these coal market
influencing measures into account.

Figure 3.1: Schematic scenario building approach and scenario mapping. Boxes on light
grey contain scenarios where only changes and assumptions were made to coal
demand, the last box with blue framing shows scenarios where an additional
version of the scenarios were run in model simulations with changes and as-
sumptions on coal supply. Text within square brackets shows the main sources
used at each analytical step to build the final set of scenarios.

For this scenario building process, we derive information from a triangulation of data
sources:

(i) Pre COVID-19 projections based on the IEA2 World Energy Outlook (WEO) 2019 (IEA
2019b); and quantitative assessments of the short-term impact of COVID-19 in coal demand
based on the 2020 adjusted Energy projections by the IEA (IEA 2020c)).

(ii) For the qualitative research on the narratives, we follow a similar approach to Hepburn,
O’Callaghan, et al. (2020) and base part of our narrative building exercise on surveys of

2The IEA was chosen as reference projection scenario due to its wide use in the energy and policy areas, and
to increase consistency in model inputs and regional resolution between pre and post-COVID scenarios.
However, it was supplemented with additional quantitative assessments (see sections below for further
details).
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national experts in the coal sector, for the main coal producing and consuming countries.
This expert survey (conducted in May and June 2020)3 provides both qualitative and
quantitative assessments of the updated trends for coal demand and supply in key coal
consuming and producing countries as well as expert judgement of the IEA projections.4

(iii) For general economic trends, non-sector specific information on recovery plans, as
well as global climate action narratives related to the storylines behind our scenarios, we
examine the scarce academic literature available on the topic, and complement it with non-
academic sources (e.g. news articles and press releases,5 policy monitors (Economics; Brief
2020b; OECD 2020b), and grey literature (BARCLAYS 2020; ILO 2020; OECD 2020a;
Climate Action Tracker; IMF) examining recovery packages) focusing on publications since
the outbreak of COVID-19 until September 2020.

Our intention is not to forecast coal demand for individual countries with high accuracy, but
rather to map the existing range of uncertainty in the global steam coal market under plau-
sible post-COVID-19 scenarios. This allows us to reflect on strategies major coal-producing
countries could adopt to prepare for a highly uncertain future of their coal industries, and
how these strategies could be integrated in COVID-19 related policy interventions.

3.2.1 Demand scenarios–short term

In our upper bound scenario, we assume a short-term reduction of 8 % in global coal-fired
power generation (“small-shock”; for national/regional reductions see Appendix B.2). This
is based on a combination of the projected decline by the IEA (2020c) Global Energy
Review 2020 (when available), and independent assessments by international experts or
review of national energy statistics (when IEA individual forecast were not available or for

3The survey included 20 coal sector experts (with a complete response rate of 50 %) covering all the
ten largest coal consuming countries, as well as experts in international energy markets (without a
concrete country emphasis). The main question was around the short-term impact of COVID-19 in
their respective countries, as well as a personal assessment of the projections of this impact by the
International Energy Agency and the probability of recovery packages to support (or not) the coal
industry.

4At the moment of the analysis, the latest version of the IEA World Energy Outlook (WEO) available
was the WEO 2019. All analysis therefore refers to these values. During the process of peer-review
and publication of this paper, the WEO 2020 became available. This version is supposed to have been
corrected for the COVID-19 shock in their energy sector projections, and reduced both short-term and
long-term projections for coal generation. However, compared to our scenarios coal demand in the
updated 2020 STEPS scenario is still higher than our highest post-COVID-19 scenario (see Appendix
B for further information on the differences between the two World Energy Outlooks). Therefore, our
criticism of the WEO results not sufficiently representing the upcoming downturn of coal is still valid
also for the WEO 2020.

5This included a qualitative assessment of over 270 documents, including a selection of relevant news
articles, public statements, and press releases related to different combinations of the search terms
“COVID-19”; “climate”; “recovery”; “policy”–See Table B.1 in the Appendix for overview of number
or sources considered for individual countries/regions.
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divergent reasoned opinions from various regional experts). As a result of this approach our
“small-shock” scenario is more conservative compared to the IEA forecast for coal power
generation in 2020 (globally at least -10 %), with the main difference between this scenario
and the IEA projection being lower reductions forecasted by national experts for China (-4
% instead of -5 %) and India (-5 % instead of -6 to -9 %). Arguments for these differences
were mostly potentially faster uptakes of coal utilization than assumed by the IEA. Still,
all experts confirmed high uncertainty about the evolvement of the national coal industries,
which we try to reflect in our scenario range.

The calculations of the IEA Global Energy Review 2020 (used for the small shock scenario
for several regions) are consistent with the reference scenario of the International Monetary
Fund (IMF) World Economic Outlook from April 2020, assuming an overall reduction of 3
% GDP for 2020 (IMF 2020). The IMF, however, has also provided alternative scenarios,
covering a range of possible developments regarding the uncertain spread and severity of
COVID-19. This includes calculations for a “longer outbreak in 2020” or a “longer outbreak
in 2020 with a second wave in 2021”, which would result in global GDP growth estimates
of -5.8 % for 2020 (IMF 2020).

Based on an extrapolation of these GDP growth forecasts from the IMF to coal demand
forecasts by the IEA, together with alternative forecasts provided by the surveyed experts,
we create a second lower bound or “big-shock” scenario resembling a 16 % short-term
global reduction in coal power generation–twice as steep as the “small-shock” scenario.6 A
summary of reductions in coal demand in 2020 for key countries and regions is presented in
Table 1 below. A full overview of the reductions for all regions under the different scenarios
is available in the supplementary information (Appendix B.2).

Table 3.1: Reductions in coal electricity generation in 2020 for selected regions and coun-
tries. Reductions indicated with a * are the same as in the IEA Global Energy
Review 2020 projection.

Coal
Electricity
generation

USA Europe South
Africa Russia China India Japan

South
East
Asia

Other
Asia

Pacific
Small shock -25 %* -20 %* -15 % -10 % -4 % -5 % -5 % -5 % -5 %
Big shock -50 % -40 % -30 % -20 % -8 % -10 % -10 % -10 % -10 %

6Our lower bound resembles the “longer outbreak in 2020” scenario of IMF (2020) and does not extend
the shock beyond 2020. Therefore, it could even underestimate the shock for coal in the case that
COVID-19 does not get under control globally by the end of 2020.
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3.2.2 Demand scenarios–medium and long term

Longer-term estimates for global steam coal demand will depend largely on two drivers:

(i) speed of coal phase-out in countries concentrating the majority of the operating coal
fleet (China, India, USA and EU); and

(ii) new investment decisions in China, and other few countries (e.g. India, Turkey, Vietnam
and Indonesia) which concentrate the large majority (>75 %) of planned coal power capacity
additions.

Regarding the first aspect, our analysis of relevant literature and our expert survey shows
that the coal phase-out will accelerate in most developed economies due to the COVID-19
pandemic, with medium uncertainty level about the extent and speed of the acceleration.
On one hand, the pandemic reduces the profitability of the coal industry. On the other,
it might also delay retirement decisions in some countries due to factors like delays in
capacity replacements, or concerns about employment in a shrinking economy. Considering
this uncertainty, our scenarios do not include an explicit assumption on targeted policy
interventions on the coal power generation sector.

Even more uncertainty, however, prevails for the second aspect regarding developing and
emerging economies and their investments in new coal capacity: Global Final Investment
Decisions (FIDs) for coal-fired generation are on a steep downward trend, reaching in 2019
a 40-year historic low at around 17 GW (IEA 2020d). Nonetheless, around 130 GW of new
coal-fired power generation capacity are in the planning phase. Their realization would
more than compensate for expected retirements in the next three years, resulting in a net
growth in the global coal fleet of around 40 GW in this period (IEA 2020d).

Based on conflicting visions about these important drivers, we build two medium-to-long-
term post-COVID-19 steam coal demand scenarios, resembling “green” and “brown” recov-
ery scenarios (see Figure 3.2). These scenarios are based upon a combination of pre-COVID-
19 reference values of the Stated Policy Scenario (STEPS) and Sustainable Development
Scenario (SDS) of the IEA (2019b) WEO. For each post-COVID-19 pathway, we determine
a demand spread for each of the WEO regions, which ranges between entirely brown (re-
sembling STEPS growth rates for coal–e.g. in Russia) and entirely green (resembling a
SDS trajectory for coal generation–e.g. in Europe).

To determine this range, based on the experts’ survey and our own desk research, we
calculate a compound index for each region considering the following variables:
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(i) accuracy of STEPS coal capacity projections based on updated information on current
retirement schedules and new additions planned in 2019/20 (classified into three categories:
unlikely low, likely, unlikely high);

(ii) a qualitative assessment of the overall climate policy environment in the region (classified
into three categories: high, medium, and low); and

(iii) degree of discussion on “green recovery” packages for stimuli packages affecting the
coal industry (classified into three categories: high, medium, and low) based on mapping
media coverage of COVID-19 related measures and policy announcements from March to
June 2020.

Results for the individual compound indexes resulting from this method for key countries
and regions are presented in Table 3.2, a full overview of the ranges for each region are
available in the supplementary information (Appendix B.2).

Table 3.2: Overview parameters green and brown recovery scenarios for selected regions
and countries.

USA Europe South
Africa Russia China India Japan

South
East
Asia

Other
Asia

Pacific
Compounded green recovery
factor (1=STEPS / 0=SDS)

Min 0,0 0,0 0,2 0,5 0,2 0,1 0,4 0,3 0,3
Max 0,5 0,5 0,7 1,0 0,8 0,6 0,9 0,8 0,6

Accuracy of STEPS
coal projections

unlikely
high

unlikely
high likely likely unlikely

high
unlikely

high likely unlikely
high

unlikely
high

Overall climate
policy environment low high medium low high high low medium medium
References to

Green Recovery low high medium low medium medium low medium low

The first criteria (assessment of the STEPS capacity projections) is in particular important
for countries where without additional new coal power plants (beyond the ones announced,
planned or under development in 2019), the installed capacity assumed by the STEPS
scenario would require a significantly increased retirement age for operating coal power
plants than what is observed in historical averages or even higher than average technical
lifetimes of coal power plants (around 40 years). For these countries, we have lowered the
probability of going into a STEPS growth rate post-COVID-19 scenario to account for this
miss-match.

A clear example of this is the USA, where despite low overall climate policy environment,
and hardly any active attempt from the federal government to design “green recovery”
plans, the current investment and closure decisions are far away from the assumptions
of the STEPS scenario. While the STEPS scenario assumes coal generation capacity to
remain relatively stable throughout the 2030s for the USA, a large number of coal generation
units have already announced to retire over the next years, without any new units under
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construction or planned, and a remaining fleet with an average age higher than 40 years
(Hauenstein and Holz 2020).

For the second and third criteria, there is a higher degree of uncertainty on the assessment
(reflected on higher spreads in the “brown to green” scale). This results mainly from: (i)
the regional aggregation in the IEA (2019b) WEO, which combines groups of countries
with very mixed policy and political environments for climate policy (e.g. Australia and
South Korea are grouped under the same region), (ii) the uncertainty about the stability
of policy regimes with regards to climate in the medium and long-term in a large number
of countries; and (iii) the lack of specific references to the coal sector in most of the “green
recovery” announcements or media reports. Therefore, the width of the range of “green”
and “brown” post-COVID-19 scenarios increases substantially (and proportionally to this
uncertainty) after 2025.

Figure 3.2: Steam coal global demand projections under selected pre and post-COVID sce-
narios.

Note: STEPS and SDS scenarios from the IEA WEO 2019 are only presented in the figure for reference–
but do not incorporate the effects of the COVID-19 pandemic.

All resulting demand scenarios are depicted in Figure 3.2 and the underlying numerical
assumptions are available in the supplementary information. For the rest of this article, we
will mostly focus on the two extreme cases for post-COVID scenarios, namely small-brown
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and big-green scenarios, since they cover the full uncertainty range of our projections and
by reducing the number of combinations, we reduce the complexity of results interpretation.
Results for the other scenarios are included in the Appendix B.

3.2.3 Trade restriction scenarios

In 2020, China and India will be collectively responsible for around 70 % of global coal
consumption and around 60 % of global coal production, as well as a large part of global
coal imports. China, in addition, has also become a major investor in many international
coal projects (End Coal 2020; IEEFA 2019; Chen 2018). Our analysis on the supply
side therefore focuses on trends in these two countries, as they constitute a dominating
force in the international steam coal markets. If for instance, China and India encourage
both production and use of coal, then international coal prices could remain stable or even
increase. However, if they impose import restrictions, or end up with a national production
surplus, then global coal prices could plummet rapidly, with significant impacts in large
coal producing countries (Cornot-Gandolphe 2014, 2015).

India has been pursuing to reduce its dependency on coal imports in the last years, and has
recently announced its intention to cut imports drastically with the aim of incentivizing
national production and promoting employment options for infrastructure build-up consid-
ering the new scenario for energy demand during and after the pandemic (Chaturvedi 2020;
Modi 2020a; Peh 2020). Preliminary analysis based on announcements by the Chinese gov-
ernment, on the other hand, suggest that China might attempt to use investments into
the coal industry (in combination with the steel industry) to restart its economy and while
reducing coal imports (Peh 2020; Hume and Smyth 2020). This would come in addition to
already ongoing infrastructure improvements and expansions (e.g. Haoji railway) as part
of the domestic coal industry restructuring aimed at boosting production and decreasing
dependency on imports (Bloomberg 2019).

To investigate the implications of different post-COVID-19 coal demand scenarios on coal
producing countries, we run a simulation of the demand scenarios presented in the previous
sections with the COALMOD-World (CMW) model under two modalities: a “competitive
market” scenario, without additional constraints imposed on global coal trade in the model;
and a “limited market” scenario, with policy driven import bans in China and India from
2025 onwards, representing the attempt to prop-up their national coal industry as an eco-
nomic recovery measure. While it is unlikely that all Indian and Chinese coal imports end
in 2025, implementing these extreme trade restrictions in the model allows us to observe
more clearly the main implications of these countries implementing trade restrictions for
coal, in comparison with a “competitive market” scenario.
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3.2.4 Model description

We run a simulation of the above described demand scenarios with a holistic model of the
world steam coal market, COALMOD-World (CMW). The model calculates steam coal
production, trade, and prices for the world’s regions. It features a detailed representation
of domestic and international steam coal supply with a forecasting horizon until 2050 and
includes endogenous investment decisions in production, land transport, and export capac-
ity, as well as an endogenous mechanism that updates production costs due to resource
depletion (Holz et al. 2015; Holz et al. 2016).

Mathematically, COALMOD-World is a perfect foresight complementarity model that col-
lects the profit maximization problems of the major player types in the global steam coal
market, producers and exporters, and balances their supply with demand in the coal con-
sumption regions. The model specification has a focus on the supply side of coal (coal ex-
traction, coal transport) and includes extraction costs and extraction constraints, transport
costs and transport constraints, investments in mining and transport. Both the seaborne
and the overland international trade as well as the national markets are included, with
large countries split in regional nodes.

In our six base scenarios, all input parameters remain unchanged, except the scenario
specific, exogenously defined coal demand for the year 2020 and onwards. In the two
scenarios with trade restrictions, the option of coal imports is excluded in the model for
China and India starting in 2025. This is operationalised in CMW as an arbitrarily high
import tax for all Chinese and Indian demand nodes (200 USD per tonne), from 2025
onwards–which, due to model characteristics, is equivalent to an import ban.

In the next section, results of our simulations are presented and discussed regarding its im-
plications for international steam coal trade and for the largest coal exporting countries.

3.3 Results: A dim mid- and long-term outlook for
steam coal markets

3.3.1 COVID-19 recovery: Avoid false hopes for a “V” or “U”
shaped coal demand curve

Our results show that - regardless of the scale of the short-term shock of COVID-19 -
medium and long-term global coal demand (Figure 3.2) will be far below levels of the out-
dated reference scenario (STEPS in WEO2019) of the IEA. While the IEA has corrected
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short-term decline in coal demand resulting from the COVID-19 pandemic, it still misses
to account sufficiently for fundamental pre-COVID trends that affect the long-term coal
demand and have been strengthened by the crisis (e.g. scarcity of capital for new coal
projects, acceleration in retirements of old coal fleet).7 Our scenarios show that the devel-
opments in China, India, and the USA are hereby the biggest drivers influencing the slope
of the overall decline (see Figure B.3 in the Appendix B for regional demand developments).
Following the decline in demand, global production volumes will observe a contraction of
-20 to -60 % by 2040 (compared to values of 2015) (see Figure 3.3).8

Figure 3.3: Steam coal production by major steam coal producing countries 2015-2040 in
two selected scenarios accounting for the COVID-pandemic–compared to the
outdated STEPS forecast.

False hopes for a “V” or “U” shape of the demand curve (assuming a recovery) consequently
have to be replaced by an “L” or “\” shape comparison. At best, global demand, and
thus production, after the pandemic stays flat at 2020 levels throughout 2025 in case of
broad recovery measures supporting coal-fired power production (brown recovery scenarios).

7A comparison between the STEP 2019 and STEPS 2020 scenario of the IEA (see Appendix B.3) shows a
strong short-term correction for global coal demand, but a much more moderate long-term adjustment,
with the two scenarios for coal demand having a very similar long-term slope. This shows that structural
changes in coal markets that could follow the COVID-crisis (e.g. strong green recovery policies) have
not been taken into account in the revised long-term projections, and the short-term shock is just seen
as temporary, which strands in strong contrast with the scenarios we have developed in this paper.

8Results for global production volumes in the other scenarios are provided in Figure B.2 in the Appendix
B.
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However, even in the most optimistic scenarios from a coal perspective, demand starts to
decline further after 2025.

3.3.2 The Atlantic market dries out first, causing shifts in trade
patterns

The results of trade patterns show that effects vary across regions–and especially in between
the two different markets (see Figure 3.4): The Atlantic coal market is being reduced at a
much faster pace than the pacific market (for details see Figure B.5 in the Appendix B).
This is due to the shrinking demand in the EU and the USA across all scenarios. As a result,
especially the USA and Colombia see shrinking volumes of coal exports within the next two
decades (for details see Figure B.6 in the Appendix B). Instead of U.S. American export
volumes increasing to new heights by 2040 (STEPS scenario: 122 Mt), calculated exports
range from 35 Mt (small-brown) to 0 Mt (big-green) by 2040. Colombia’s production
volumes, having nearly no domestic consumption, shrink in parallel with their exports
from 89 Mt in 2020 to a range of 54 Mt (small-brown) to 21 Mt (big-green) in 2040.

China is and remains the biggest consumer of coal in the world and one of the largest
importers throughout all scenarios (without import restrictions). A faster decline of demand
in China therefore increases the pressure on all major coal producers. Dominating actors
such as China (or India) might in addition implement policies to protect and subsidize
their domestic coal industries. Similar dynamics were observed in the past when China
implemented new coal policies (i.e. affecting coal imports and Chinese coal production
(IEA/OECD 2016a)). This will consequently increase the pressure on other export regions
economically dependent on their sales. The scenarios also show that South Africa loses its
last shares in the Atlantic market and therefore becomes fully dependent on its trade to
the Pacific market and especially to India - competing with (relatively cheap) Indonesian
exports. This dependency becomes evident in the scenarios that limit coal imports for
China and India resembling their aim to protect domestic coal production (see Figure 3.5).
Introducing trade restrictions in India would lead to an increase of domestic production
to meet continuous demand for coal within the country. This would reduce South African
exports in 2040 by around 50 % compared to scenarios without import restrictions in China
and India. Indonesia and Australia, currently the two largest thermal coal exporters in the
Pacific market would also be hit by reductions of around 20-40 % and 50-80 %, respectively,
by 2040 (scenario dependent) due to such trade restrictions.
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Figure 3.4: Major steam coal trade flows, and values for production, consumption and
exports in 2015 (reference), 2025 and 2040 (model results of the scenario Big-
Green).

Note: Values for 2015 are model results of a 2015 benchmark run (with slight deviations from historical
values).
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Figure 3.5: Steam coal exports by major exporters 2025 and 2040 in scenarios with and
without Chinese and Indian import restrictions.

These results illustrate the risk for coal exporting regions such as in Australia, Colombia,
Indonesia or South Africa –being dependent on coal policies in India and China. This
highlights the importance and urgency of just transition policies in these regions, described
in the following section.

3.4 Discussion

An important insight from our analysis is that the scale of the short-term shock (2010-2021)
of COVID-19 on coal demand and the choice of recovery strategy will have considerable
repercussions for the longer-term coal demand outlook ranging between -20 to -60 % (com-
pared to 2015 values).

The importance of the short-term shock effect can be explained by the reaching of tipping
points in 2020 for some key players in national and international coal markets, which are
not sufficiently considered by mainstream global energy outlooks such as the IEA WEO.
Considering the weak economic position of many coal generation operators and mining
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companies already in 2019, a big-shock could significantly accelerate the retirement or
sale (at a depreciated value) of their assets, with considerable long-term implications for
national and international coal markets. This is amplified by the difficult economic outlook
of finance for the global coal industry, which already was characterised by restricted private
finance before COVID-19.

Regarding the post-pandemic recovery strategies, our results show that their design has
long-term implications for the future of coal demand and supply. Thus, when designing
these policies, decision makers should consider lessons learned from past economic recovery
schemes (e.g. following the last global financial crisis) and previous experiences with coal
transitions in coal-dependent regions.

Based on the literature review and our scenario results, we believe there are reasons for
optimism regarding the “green” nature of post-COVID-19 recovery packages. A key dif-
ference between the 2008 crisis is that in 2020 most countries in the world have ratified
the Paris Agreement, and have enacted national GHG emissions reduction targets. This
will make it much more difficult for countries to opt for recovery strategies centred around
carbon intensive industries. This is exemplified by the recent announcements of China and
the European Union (among the largest GHG emitters) about increasing the ambition of
their GHG reduction targets.

Another key difference is that considerably less private capital is available for coal related
businesses than in the aftermath of the 2008 crisis, and the risk profile of the commodity is
much larger. With reduced capital available and interest rates primes compared to other
industries, it is unlikely that coal businesses will be able to ensure large amounts of capital
for business expansion in the aftermath of the COVID-19 crisis. Moreover, the currently
observed currency depreciation and private capital flight in developing countries will make
it more difficult for new projects in capital intensive industries (e.g. mining) to take-off
unless heavily subsidised by public finance. Therefore, it is much more likely that the capital
attracted by coal businesses in the aftermath of the COVID-19 crisis is merely destined to
keep current operations on board.

Under these new circumstances, it is likely and highly beneficial that countries and mul-
tilateral organisations focus much more on green investment recovery packages than in
the aftermath of the 2008 crisis, where despite its modest size, “green stimuli” had a sig-
nificant impact on green industries. In particular innovations in renewable energies were
very successful, pushing many technologies beyond their inception phase and improving the
overall financial outlook for green industries (Geels 2013). However, a careful classification
of “green” investments is needed, to avoid the fossil fuel industry capturing a large part
of the subsidies to subsidize continuation of their business (e.g. investments in marginal
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production efficiency) or using it as a fig leaf (e.g. investments into carbon capture (CCS)
technologies) to protect their business.

Within this context, investment and policy decision by China, the world largest user and im-
porter of steam coal, could have important international and global consequences, however,
large uncertainty remains in this regard. Preliminary analysis based on announcements by
the Chinese government suggest that China is willing to relax regulations that limited the
expansion of national coal power capacity in the past with over 100 GW of new capacity
possibly coming online in the next 10 years (GEM and CREA 2020; Myllyvirta, Zhang,
and Shen 2020; Meidan, n.d.). Analysis of the provincial post-COVID-19 stimuli plans
reveal that coal dependent provinces are planning large sums of investment in rail and
coal-to-chemicals projects with the aim of promoting the local coal industry (Brief 2020a).
This stands in stark contrast with the recent announcement of the Chinese government
about its intention to peak emissions in 2030 at the latest, and aim for carbon neutrality
by 2060. Thus, the central government might turn around provincial energy plans and the
next-five-year plan preparation process, to ensure a “green recovery” that can move the
country quickly to its emissions peak and then to a carbon-neutrality pathway (Myllyvirta
2020).

Moreover, as our results show, special attention needs to be out on coal-export dependent
countries, where strong to extreme reductions are expected for coal exports. The global
steam coal market is characterised by a few producing (and exporting) countries, which
have local regional economies that heavily rely on coal in terms of economic activity, fiscal
revenue, and employment (Pai et al. 2020; Sartor 2018). The political economy of these
regions is strongly linked to coal. Thus, the future of this fuel can have big repercussions on
local policy making, which traditionally aims to slow and water-down climate policy efforts
(Cardoso and Turhan 2018; Edenhofer et al. 2018; Isoaho and Markard 2020; Svobodova
et al. 2020).

Considering the strong social and economic impacts that coal decline has had in heavily
coal-dependent regions and countries in the past, already existing negative trends in coal
markets have brought renewed interest from policy makers and researchers on the strategies
and instruments needed to ensure the existing and upcoming coal transitions are achieved
in a just and socially acceptable manner (Sartor 2018; Brauers et al. 2018; Caldecott, Sar-
tor, and Spencer 2017; Campbell and Coenen 2017; Herpich, Brauers, and Oei 2018; Ocelík
et al. 2019; Rečková, Rečka, and Ščasný 2017; Wehnert et al. 2019). The extreme reduc-
tions on coal exports in some coal exporting countries that our scenarios show, confirm
previous findings of the literature on just transitions regarding the importance of focusing
recovery and transition efforts on vulnerable coal-dependent countries and regions to de-
velop alternative sustainable development perspectives. In absence of such policies, these

79



Chapter 3 The Death Valley of coal - Modelling COVID-19 recovery scenarios for steam
coal markets

countries might become international roadblocks for climate action, while local economies
and communities might result highly affected.

3.5 Conclusion

This paper has analysed the influence of the COVID-19 pandemic and resulting recovery
stimuli on the mid and long-term outlook for the global steam coal market. Results show
that the short-term impact of COVID-19 on coal power demand will be significant and
unprecedented. The pandemic mostly reinforces already existing trends and market effects
negatively affecting the coal sector. Consequently, false hopes for a “V” or “U” shape of
the coal demand curve (assuming a recovery) will have to be replaced by an “L” or “\”
shape demand outlook. Our results for mid- and long-term coal demand and production
trends are significantly lower than in the IEA reference scenario STEPS, independently of
possible pro-coal COVID-19 recovery attempts. This is in-line with recent analyses of the
coal sector and its future development (Bond, Vaughan, and Benham 2020; Mendelevitch,
Hauenstein, and Holz 2019; Oei and Mendelevitch 2019).

The fact that future coal demand in the IEA STEPS lays far above plausible volumes in
any post-COVID scenario is an important finding considering that investment decisions (in
particular on the supply side), as well as some policy decisions, rely on mainstream reference
scenarios for coal demand, which are still depicting outdated trends (Mohn 2020). These
predictions were already too high before COVID-19, but now after the pandemic have
become even more unrealistic. This increases the risk of misleading short-term decision
making in many coal regions and highlights the need for further independent research.
However, our research shows that there are reasons for optimism regarding the post-COVID-
19 recovery packages when it comes to the impacts of the “green recovery” packages in the
energy sector and its alignment with climate targets.

The economic crisis following the COVID-19 pandemic will most likely result in a dying
coal industry, unless substantial support through national subsidies and public financing
is provided to this sector. In this regard, China’s potential support for new coal power
generation units, both domestically and internationally, is a critical factor regarding the
future coal demand trajectory. The question arises if this support for coal can be aligned
with agreed on climate targets, calling for additional research.

Depending on the extent of the pandemic, we find that it could also open the door for
the world to get into a trajectory of decline in coal power generation that is more in
line with scenarios limiting global heating to tolerable levels. Post-COVID-19 economic
recovery packages should therefore be designed in a way that promotes clean energy, moves
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away from new investments on coal infrastructure, stays away from subsidies that prolong
artificially the life of coal assets, and delivers a just transition to the most affected.

Nonetheless, neither the SDS of the IEA, nor our (slightly higher) lowest post-COVID-19
coal demand scenario are in line with the Paris Agreement (Yanguas Parra et al. 2019).
Existing market trends triggered by the pandemic, together with “green recovery” plans
for a big number of coal consuming countries therefore will not be enough to achieve the
reductions needed in the coal sector under low warming scenarios. Additional targeted
climate policy interventions aimed at the coal sector are therefore needed in addition to
“green recovery” policies. These include the acceleration of already existing coal retirement
schedules, much stricter air pollution and emissions standards, the early retirement of coal
power plants that have been built in the last 20 years, and the shelving of the large majority
of new coal power plants currently in construction or planning stage.

Our results and approach highlight the importance of further interdisciplinary work that
provides the foundations for evidence-based policy making on these important issues (Mc-
Cauley et al. 2019). Limitations of our methodology, which can be addressed by further
research, include developing scenarios with more detailed projections and information for
individual non-OECD countries with ongoing discussion about the future of coal. These
are under-represented in our literature research and scenario sampling (e.g. Indonesia,
Pakistan, Bangladesh, Turkey, etc.). Furthermore, to close the quantitative bias towards
the global energy demand projections from the IEA, a larger sample of scenarios should be
added as soon as other relevant global energy outlooks start providing COVID-19-adjusted
projections. To improve coverage of regional specifics and details, modelling and analysis
of the consequences of global demand scenarios should be carried on with a higher resolu-
tion and deeper level of analysis for individual coal exporters (e.g. impact for specific coal
basins, regions, or companies; impacts on fiscal revenues and national accounts; coal supply
assets at risk of stranding; etc.). Our analysis does not consider additional targeted climate
policies and therefore only covers parts of the scenario cone. Scenarios taking into account
additional policies aimed at reducing the use of fossil fuels could significantly worsen the
outlook for coal producers and should be assessed in further studies.
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Chapter 4

Stranded Assets in the Coal Export Industry? The
Case of the Australian Galilee Basin

This chapter is based on joint work with Franziska Holz, Lennart Rathje and Thomas Mitterecker cur-
rently under review in One Earth. Pre-print published under the same title as DIW Berlin Discussion Pa-
per 2003, Berlin: German Institute for Economic Research (DIW Berlin). URL: https://www.diw.de/.
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4.1 Introduction

Limiting global warming to 1.5°C of pre-industrial levels requires the rapid decline of coal
use over the next decades (IPCC 2018a). The climate conference COP26 in Glasgow in
November 2021 has heralded the end of coal in the next decades as political objective.
However, the late end date leaves room for different interpretations by coal suppliers and
consumers as to the trajectory in the very next years.

Indeed, the coal industry does not seem ready to comply with climate targets. According
to Global Energy Monitor et al. (2022), there are proposals for new steam coal mining
projects with a cumulative capacity of some 1300 million tons per annum (Mtpa).1 Some
380 Mtpa of these planned capacities are expansion projects, but almost 900 Mtpa are
in greenfield projects. About 2/3 of the proposed capacities are in Australia, China, and
India. These mining expansion plans reflect that coal demand, in particular in Asia, is
expected to remain high for the next decades (Chen and Mauzerall 2021; Global Energy
Monitor et al. 2021). Australia, one of the major coal exporting countries (IEA 2021a), is
one example of a country that so far has shown little intention to reduce coal production,
but rather plans to continue exporting large coal quantities over the next decades (SEI
et al. 2021).

However, investments in coal supply capacities are at risk of becoming stranded if not
aligned with climate targets (Ploeg and Rezai 2020b). McGlade and Ekins (2015) and
Welsby et al. (2021) find that Australia will have to leave the overwhelming majority of its
coal reserves in the ground if the world is to limit global warming to 2°C or 1.5°, respectively.
They find 93-95 % unburnable coal reserves in Australia until 2050 which is in the same
range as the stranded coal reserves of the other two high-profile exporters that are losing
their markets, the USA and Russia (Former Soviet Union). Of Australia’s existing coal
mining capacities, around half would have to remain unused in scenarios with ambitious
climate policies (Hauenstein 2022c). Even though Auger et al. (2021) assume less stringent
climate policy, they also find that Australia risks to see around 140 Mtpa of yearly capacity
– a third of today’s capacity – as stranded. Australia will be among the hardest hit coal
exporters, next to the United States. Caldecott, Tilbury, and Ma (2013) point out the
particularly high risk of stranding for greenfield coal projects in Australia if the industries’
expectations for a continuously high coal demand growth in China do not materialize.

Despite the risk of asset stranding, the Australian government has continued to support coal
and to forecast further increase in Australian coal production (Christoff 2022; Stutzer et
al. 2021; SEI et al. 2021). This perpetuation of the coal lock-in increases the risk for asset

1In this paper, we use the term steam coal to denominate thermal coal. This includes mostly bituminous
coals, but also sub-bituminous coals from Indonesia. We exclude lignite from our analysis.
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stranding (Unruh 2019). Taking into account the large share of the national workforce
in the coal sector, SEI et al. (2020) apprehend difficulties for Australia to accomplish a
just transition. Australian coal miners are at risk of losing their jobs even in moderately
ambitious climate policy scenarios (Auger et al. 2021). However, Mercure et al. (2018)
show that Australia might actually gain in total in terms of cumulative GDP in a 2°C
scenario compared to a high fossil fuel consumption scenario, whereby losses (stranding) of
cumulative fossil fuel value in the country would be outweighed by gains in other sectors.

In this context, we assess the economic viability of the famous Carmichael project by
Adani in the Galilee Basin. We use this notorious project to study the economic prospects
of investments in the export oriented steam coal sector today and their risk of becoming
stranded assets.

The Galilee Basin is a steam coal basin in central Queensland in Northeastern Australia
and until recently was one of the world’s largest known untapped coal basins (Geoscience
Australia 2021). With rising coal prices in the 2000s, interest in this remote basin in-
creased and a number of coal mine projects were announced, one of them the Carmichael
Coal Mine and Rail Project, with an initially proposed coal production capacity of 60 Mil-
lion tons per year (Mtpa) (DAWE 2018). With this size, it would have been one of the
largest coal mines of the world. Developed by a subsidiary of the Indian Adani Group,
Adani Mining/Bravus Mining,2 it was supposed to boost coal supply for growing Indian
coal demand, and supported by the Indian government’s economic development program
(Rosewarne 2016). Support has also come from the federal Australian and the regional state
government of Queensland, which have been intertwined with the domestic coal industry
for many decades (Baer 2016). Carmichael is the first mine developed in the Galilee Basin
and could possibly pave the way for other mining projects in the basin.

However, the Carmichael project’s economic viability has been questioned ever since its
development started in 2010. On a global level, long periods of low steam coal prices,
growing global efforts to reduce greenhouse gas emissions, as well as unfavourable physical
conditions have put a question mark on the project’s viability (Buckley and Sanzillo 2013;
Buckley and Nicholas 2017; Quiggin 2017). By 2021, over 40 financial institutes and banks,
including major international investment banks, have ruled out financing Adani’s mine or
the Abbot Point coal terminal. Due to the economic challenges and difficulties to acquire
sufficient funding, the project was downsized several times and, as of early 2022, envisages
an initial production capacity of 10 Mtpa. Beyond economic doubts, Carmichael and

2Due to the negative publicity around the Carmichael mine and to weaken the opposition’s “Stop Adani”
slogan, several subsidiaries of the Adani Group as well as the Adani Abbot Point Terminal changed
their names and removed all references to the parent company. Adani Abbot Point Terminal became
North Queensland Export Terminal (NQXT); Adani Mining became Bravus Mining; Adani’s new coal
rail haulage company is now called Bowen Rail Company.
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the Galilee Basin projects have been criticized for their potentially severe environmental
impacts, including harmful effects on the Great Barrier Reef, and for being located on
indigenous peoples’ sacred land (Meinshausen 2015; Foxwell-Norton and Lester 2017).

Despite the criticism, Adani obtained all the required state and federal approvals until
2021 and started the construction of the mine in June 2019 and of the rail line in June
2020. After many years of sinking investment expenditures - combined with strong political
support in Australia and Queensland - the project is on the verge of starting commercial
extraction in 2022. The global post-COVID-19 recovery with unusually high coal prices
have turned the project’s economics favorable for a moment.

In this paper, we use the partial equilibrium model COALMOD-World of the global steam
coal market (Hauenstein 2022c; Holz et al. 2016) to assess prospects for coal production
from the Galilee Basin and Australia in general. We take into account the Carmichael
coal mine specifics, such as geographical location and costs. We address the uncertainty
faced by the Carmichael project through the lens of three diverging scenarios for global
coal demand, focusing particularly on demand in the Asian region. We distinguish a global
High demand scenario, which depicts a continued important role for coal due to low climate
policy ambitions, from a Moderate decline scenario in the spirit of the 2021 Glasgow COP26
climate accord. Cumulative coal consumption in these scenarios is too high to be compatible
with the Paris Agreement’s global warming target. We, therefore, also include a third,
Paris-compatible scenario, a 1.5°C scenario.

Beyond the Carmichael project and other greenfield coal projects in the Galilee Basin,
this is relevant for all Australian steam coal production, which exports large shares of
its production (IEA 2021a) and is confronted with declining domestic steam coal demand
(AEMO 2020; Jotzo, Mazouz, and Wiseman 2018). Beyond Australia, it is also relevant
for all other major steam coal exporting countries, such as Colombia, Indonesia, Russia,
South Africa, and the USA, as their exports increasingly depend on Asian demand and
domestic demand is likely to shrink as well (IEA 2021a; Yanguas Parra, Hauenstein, and
Oei 2021).

Our results show that, even for very low cost assumptions, the Carmichael project is not
economically viable in the long-run. Under none of the assessed scenarios, investments
in coal production capacities in the Galilee Basin are made. Australian coal production
decreases significantly in all scenarios due to ceasing domestic demand and shrinking export
opportunities. Investments in additional coal mining capacities in other Australian basins
are only viable in the most conservative demand scenario and only for replacing retiring
capacities. However, already in case of moderately more ambitious climate policy in major
coal consuming countries, these investments would also be dispensable. Largely the same
applies to steam coal supply investments in other world regions. The risk for asset stranding

86



4.2 Results and discussion

is particularly high for export-oriented coal supply investments, while any coal supply
expansions aggravate the competition for remaining market shares and the economically
defaulting risk within the entire coal sector.

Our model results are contrasted by current real-world developments, with sales from the
Carmichael mine starting in 2022. These might cover some of the sunk investment expen-
ditures made by Adani over more than a decade of project development. This is possible in
an unusually high price market, which is due to the uncertainties related to the COVID-19
recovery, the Russian war in Ukraine and flooding in some of Australia’s coal regions, but
not likely to perpetuate (IEA 2021a).

In the following, the core of the paper shows and discusses the results in more depth (Section
4.2). We present our model-based methodology and the scenario design in Section 4.4.
More details of the parameterization of the Galilee Basin on the one hand and background
information to the demand scenarios on the other hand can be found in the Supplementary
Material (see Appendix C.1).

4.2 Results and discussion

In this section we present and discuss the results of our model based scenario analysis. We
first give insights in consumption and production in three different global demand scenarios
that we specify in Section 4.4.3. We then turn to the prospects of coal investments and asset
stranding on the supply side with a particular focus on the Galilee Basin and Australia.

Figure 4.1 shows global steam coal production and consumption in all three scenarios.
While global steam coal consumption remains flat until 2025 in the High demand scenario
and then starts to decrease, it falls significantly from 2020 on in the scenarios Moderate
decline and 1.5°C. However, even in the most conservative scenario, the High demand,
global steam coal consumption more than halves by 2050 compared to 2020. Only a few
countries, including China, India, Indonesia, still see an increase of domestic coal demand
between 2020 and 2025. From 2025 on, coal demand also declines in these countries. In
the Moderate decline scenario, global steam coal demand reduces almost linearly to zero
between 2020 and 2050. In case of stringent global climate policies (1.5°C scenario), an
almost complete global coal phase-out is achieved already in 2040. In this case, global
steam coal demand in 2030 is only a quarter of the 2020 level.

Major countries’ coal consumption in the High demand scenario resembles the trends in the
IEA (2021g) World Energy Outlook 2021 ’STEPS’ scenario. Only in India consumption
starts to decline earlier than in ’STEPS’. By 2050, High demand has somewhat lower global
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coal demand levels than ’STEPS’ because many power plants reach their retirement age
between 2045 and 2050, which leads to a sharp decline in coal demand.

Figure 4.1: Global steam coal production (a) and consumption (b) in all scenarios in Mt
per year.

Note: In (a): AUS = Australia; CHN = China; IDN = Indonesia; IND = India; RUS = Russia; USA
= United States of America; ZAF = South Africa; Rest of World = Colombia, Kazakhstan, Mongolia,
Mozambique, and Poland.
In (b): Asia (w/o CHN/IND) = Bangladesh, Indonesia, Japan, Malaysia, Pakistan, Philippines, South
Korea, Taiwan, Thailand, and Vietnam; CHN = China; IND = India; Rest of World = Australia, Belgium,
Brazil, Canada, Chile, Denmark, Finland, France, Germany, Israel, Italy, Kazakhstan, Mexico, Morocco,
Netherlands, Poland, Portugal, Russia, South Africa, Spain, Turkey, United Kingdom, and United States
of America.

Due to falling global demand also coal production starts to decline no later than 2025. In
the High demand scenario this decline is felt differently among the major coal producers.
While China, India, and Indonesia continue to produce at an only slightly declining level
throughout 2040, production in most other major coal producing and exporting countries
declines by 1/3 to 2/3 between 2020 and 2040. Yet, these are still high levels compared to
the drop in the Moderate decline scenario, which would result in global production declining
by more than 3/4 between 2020 and 2040, affecting all producers.

This ambiguity is also reflected in the investments in coal production capacities. In the
Moderate decline scenario, only some minor investments (total: 100 Mtpa) are required in
China, while existing production capacities in all other countries are sufficient to cater for
the remaining demand (compare Figure 11 in the Supplementary Material (see Appendix
C.1). In contrast, in the High demand scenario investments into new production capacities
would be economic in most major producing countries (2020-2050 total: 3000 Mtpa). How-
ever, only in China, India, and Indonesia total mine capacity would be slightly expanded
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until 2025. Investments in all other major coal exporting countries would provide only
replacement of retired capacities.

Thus, considering the high uncertainty of coal demand developments, the risk of asset
stranding for new coal mine projects, greenfield and brownfield, is substantial in all coun-
tries. This finding is in line with other research that points out the increasing risk of
stranding for fossil fuel supply assets (cf. Auger et al. 2021; Caldecott, Tilbury, and Ma
2013; Mercure et al. 2018; Welsby et al. 2021). In the following, we investigate in more
detail to what extent the Galilee Basin projects and Australian production are subject to
these uncertain global trends, and what this implies for coal supply investments and the
risk of asset stranding in this sector.

4.2.1 Carmichael: Not a profitable venture

We start analyzing the economic viability of Adani’s Carmichael mine using the most con-
servative demand scenario, the High demand. First we use the lower bound cost estimates
of the Carmichael project to parameterize the Galilee Basin producer node, the exporter
node representing the Abbot Point Terminal, and the transportation infrastructure between
these two nodes (Section 4.4.1).

Despite this “pro-investment” configuration and the high-demand scenario in Asian import
countries, no investments into production capacity at the Galilee Basin production node are
triggered. Only if we reduced the lower bound investment cost estimates (incl. production,
railway, and export harbor capacity) significantly further, would production in the Galilee
Basin start (compare Figure 8 in the Supplementary Material (see Appendix C.1)). Cost
reductions of up to 25% do not trigger any investment in production capacity; a reduction of
30% leads to an investment into 19 Mtpa production capacity (becoming available in 2025).
But these are hypothetical cost reductions to already questionable low cost estimates.

Yet, contradicting our modeling results, production at the Carmichael mine actually started
in the winter 2021/22.3 To shed light on this new situation, we compare our results to sensi-
tivity model runs where we assume a “sunk investment” of 10 Mtpa production capacity, i.e.
10 Mtpa production capacity are available without investment expenditures in production
capacity needed (see Figure 4.2).4 For these sensitivity runs we differentiate between the

3K. Beavan. 2021. „Adani’s first Carmichael Mine coal export shipment imminent after years of campaigns
against it.“ Accessed January 5, 2022. https://www.abc.net.au/news/rural/2021-12-29/adani-ships-fir
st-coal/100729834

4The sunk investment was implemented as an existing production capacity of 10 Mtpa (and 60 Mtpa,
respectively) in the Galilee Basin production node, however, requiring investments in the transportation
infrastructure to the port. With additional investments only allowed from 2020 on, a complete supply
chain could only be available from 2025 (the next time step in the model) on.
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low and the high production cost estimates (see Table 4.1). In case of the low production
cost estimate, the 10 Mtpa available mining capacity produces at full capacity in both the
High demand and Moderate decline scenario. However, if production costs are high, the
available capacity is producing only in the High demand scenario. In the other scenarios,
the mine, although available, is not used.

Figure 4.2: Australian steam coal production for different assumptions for the Galilee Basin
under the High demand (Hd, panel a), Moderate decline (Md, panel b) and 1.5°C
scenario (panel c).
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Several arguments suggest that actual costs to produce coal from the Galilee Basin are
rather closer the upper end of the parameter ranges stated in Section 4.4.1 (Table 4.1). For
example, the lower bound of the unit investment cost for new production capacity, as well
as production cost estimates are based on the assumption that Carmichael can achieve cost
advantages due to economics of scale in the very large capacity configuration (60 Mtpa)
that has been abandoned in the last years. In other words, with realistic cost estimates,
there is even less economic rationale for production in the Galilee Basin than in the low
cost results just shown.

Figure 4.2 also shows the results for a hypothetical case of 60 Mtpa (i.e., the initially planned
capacity of the Carmichael mine) available production capacity in the Galilee Basin (i.e.
without investment expenditures needed). While fully used in the High demand scenario,
less than 20 % of the capacity is used in the Moderate decline scenario. Interestingly,
Galilee Basin coal hardly affects the global trade flows and volumes, not even in the High
demand scenario, and does not displace other Australian exports from Queensland or New
South Wales. Cumulative global consumption would increase by 0.4 percent in the High
demand demand scenario between 2025 and 2050 in the case of 60 Mtpa available production
capacity, with marginally higher consumption in Japan, South Korea, and India. However,
robustness of this effect would have to be tested further, considering potential adjustments
in the medium to long-term of importing countries’ willingness to pay based on such a
long-term change in supply.

Based on these results, it appears highly implausible that operations in the Galilee Basin can
be run profitably, even if ignoring the recovery of already accrued investment costs. In other
words, chances are high that even the downsized Carmichael project ends up as stranded
asset. The decision to continue the development of the Carmichael mine was apparently
rather a political decision (Stutzer et al. 2021; Christoff 2022), not an economically driven
one.

Considering the bleak economic prospects for the Carmichael mine, it is more than doubtful
if it will serve as stepping stone for the development of more coal mining projects in the
Galilee Basin. However, there is also a large number of proposed new coal mine and
expansion projects in other Australian coal basins (Driskell Tate, Shearer, and Matikinca
2021). These projects differ from the ones in the Galilee Basin because they are in already
developed basins and require less investments into transportation infrastructure etc. In
the next section, we assess the prospects of steam coal production and investments in the
rest of Queensland (excluding Galilee Basin) and New South Wales, the two states which
together make up for almost all steam coal production in Australia.
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4.2.2 Australian supply and investments on a downward trend

Australian steam coal production has already peaked in all three scenarios and will fall
significantly below the current production level by 2025 (Figure 4.3, panel (a)). In the
Moderate decline and the 1.5°C scenario, Australian steam coal production ends within the
next two decades, namely by 2045 (Moderate decline) or 2040 (1.5°C). In the High demand
scenario, Australian production nearly linearly declines from 2020 to about 30% of its 2020
level by 2050.

Figure 4.3: Australian steam coal production (a) and exports (b) in all scenarios in Mt per
year.

Australian domestic steam coal demand declines sharply in all three scenarios, further
reducing demand for Australian coal (also see Figure 9 in the Supplementary Material
(Appendix C.1)). An accelerated decline in domestic coal demand can be expected since
the Australian government announced in the fall of 2021 to shut down some 5 GW of
coal-fired power capacity even before their originally planned shut down date (Australian
Government Department of Industry, Science, Energy and Resources 2021b, 19). The draft
of the latest 2022 AEMO Integrated System Plan also assumes a much faster decline in
Australian coal demand than was estimated in the previous report, which forms the basis
of our scenarios (see Section 4.4.3). The path considered as “most likely” by stakeholders in
the new draft expects a rather fast transition from fossil fuels to renewable energies which
leads to an almost complete end of steam coal-fired power generation by 2040 (AEMO
2021).

The trend in Australian production is mirrored by the trend in Australian exports (Figure
4.3, panel (b)), which is due to the coal sector’s large export dependency. Currently, 75-
80 % of Australian steam coal is exported, of which 90 % is shipped to Japan, China,
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South Korea, and Taiwan (IEA 2019a). The total export share remains at these high level
throughout the entire period in all three scenarios.

The vast majority of global and Australian steam coal trade is destined for Asia (Figure
4.4). The global trend towards Asia is amplified in future years in all scenarios. Australian
steam coal exports go almost completely to East Asia, including China, which does not
change much over time.5 In the basic setup of our three scenarios we have not considered a
Chinese import ban for Australian coal, expecting that the import ban introduced in 2020
is of temporary nature.6 In case these restrictions continued, we would expect a continuous
rerouting of trade flows with limited influence on exporters’ production volumes. To test for
effects of changes in Chinese and Indian import policies, we implemented various sensitivity
runs (for details see Section D in the Supplementary Material (Appendix C.1)). Besides
Australia, major coal suppliers to China are Russia and the USA in the High demand
scenario and additionally Colombia in the Moderate decline scenario. For more details
regarding the proportion of domestic steam coal production and imports in China and
other South East Asian countries see Figure 10 in the Supplementary Material (Appendix
C.1).

In the 1.5°C scenario, global seaborne coal trade is decreasing fast after 2020, ceasing at all
towards 2040. Of the major exporting countries, Colombia and the USA are the first to lose
their market shares in the Asian market (in 2025) due to the high distance-induced supply
costs. They are followed by Russia (2030). South Africa continues to cover the remaining
Indian import demand, while Indonesia (major share) and Australia (minor share) supply
the remaining countries in Asia until 2035.

While investments in new production capacities in the Galilee Basin are not competitive,
the model run for the High demand scenario yields investments in some 60 Mtpa production
capacity between 2020 and 2050 in the in other Australian coal basins to replace retiring
capacities (see Figure 4.5). Both in Queensland and New South Wales, retirement of mines
outpaces new investments, though, and total production capacity declines continuously. In
case demand declines faster, such as in the Moderate decline scenario, no further investments
in capacities in Australia are required – or economically viable.

5With the Chinese import quota, enforced as ton constraint in CMW, Australian coal is favored over
Indonesian coal due to its higher energy content. Total exports of both countries are barely affected by
the Chinese import quota because Indonesian coal can potentially replace Australian coal in Asia. In
reality, exports to China will likely be split mainly among Indonesia and Australia.

6C. Zhou and S.-L. Tan. n.d. „China-Australia relations: as demand for coal surges, how long can Beijing
keep banning Australian supply?“ Accessed January 5, 2022. https://www.scmp.com/economy/china-
economy/article/3147774/china-australia-relations-demand-coal-surges-how-long-can
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Figure 4.4: Development of major international steam coal trade flows in Asia-Pacific region
2020-2040, in all scenarios.
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Figure 4.5: Available steam coal production capacity in Australian CMW producer nodes
Queensland (a), New South Wales (b), and Galilee Basin (c), in all three sce-
narios in Mt per year (2020-2050). ’New capacity’ denotes capacity addition
(in year a) based on investment in previous model period (year a−1). ’Existing
capacity’ denotes remaining capacity from previous model periods.

This is in contrast to a large number of proposed production capacity expansions in Aus-
tralia. As of October 2021, the coal project pipeline in New South Wales and Queensland
(excluding Galilee Basin) contains a total of 16 Mtpa pure steam coal and 22 Mtpa steam
and metallurgical brownfield projects, i.e. mine expansions. Additionally a total of 102
Mtpa pure steam coal and 157 Mtpa of steam and metallurgical greenfield projects are
proposed in Queensland (excl. Galilee Basin) and New South Wales.7 The vast majority of
these proposed projects are in an early development stage (IEA 2021a, 89).

Furthermore, operating mines in the Hunter Valley - New South Wales’ largest coal produc-
ing region - are currently operating at less than two thirds (62%) of their approved capacity
(Campbell and Carter 2021), potentially offering some further leeway before making invest-
ments into new capacities profitable. What is more, remaining lifetime of operating coal
mines in Australia as reported in Global Energy Monitor 2021a could be underestimating
their potential lifetime as the data is mostly based on the duration of governmental permits
for operations. In turn, required investments could be overestimated in these cases.

Obviously, any investments in new mining capacities, including brownfield expansions, fur-
ther weaken the economic viability of existing operations while being strongly exposed to
the risk of asset stranding. This applies to Australia, but largely also to all other world
regions. Considering the potential leeway for continued and even additional coal supply

7Department of Industry, Science, Energy and Resources. 2021. Resources and Energy Major Projects:
2021. The Australia Institute. https://www.industry.gov.au/data-and-publications/resources-and-ener
gy-major-projects-2021.
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from existing Australian mines, investments into new coal mining capacities appear highly
speculative and financially risky. Therefore, in order to avoid an ever growing share of coal
capacities at risk of becoming stranded assets, current Australian expansion plans should
be revised (cf. SEI et al. 2021). Based on their poor economics, the Galilee Basin projects
are the most obvious candidates for early scrapping.

4.3 Conclusions and outlook

In this paper, we assess the economic viability of new coal mining capacities in the Galilee
Basin, particularly of the Carmichael project, and more broadly the prospects of new
investments in the steam coal sector and Australian coal production. We find that the
Carmichael project in Australia’s Galilee Basin is not economically viable. Even if already
made investments are considered as sunk, profitable long-run operation of the available
capacity is highly uncertain. We have shown that, in addition to the poor economics on
the supply side, there is no long-run demand for additional coal due to ever more ambitious
climate policies in Australia’s traditional export markets - Japan, South Korea, and Taiwan
- but also beyond, including in Adani’s home market India. Also in other Australian coal
basins than the Galilee Basin and in other producing countries, there is very limited room
for additional investments in coal mining capacities. Ratcheting up of climate policies and
regulations in line with decisions at COP26 in Glasgow in 2021 would erase the economic
ground for any new coal capacities. With such tight expansion potentials, any new coal
capacities will exacerbate the risk of asset stranding in the sector.

The Australian government - just as the governments of other coal exporting countries - has
a lesson to learn from the case of the Carmichael project. It shows that coal export projects
are everything else than a safe bet and come with a high risk of becoming stranded assets.
In the wake of international climate commitments, Australia - and other coal exporters -
now have a chance to reduce their fossil resource dependency early enough while they still
have income from this sector to support just transition efforts. A decline in coal production
will inevitably be associated with a reduction in jobs in Australia (Auger et al. 2021; Pai
et al. 2021), but the right measures early on can help to smooth the transition for affected
workers and communities (Jakob et al. 2020; Reitzenstein et al. 2022).

The failure of new greenfield projects shows that coal exporting countries only have a small
time window left to earn revenues from coal mining. Richter, Mendelevitch, and Jotzo
(2018) discussed that an export tax or a production tax in Australia and elsewhere could
provide tax revenue while having some attenuating effect on global coal supply and, hence,
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greenhouse gas emissions. The larger the coalition of coal exporters pursuing such a policy,
the more sizeable the climate effect.

There are some limitations to observe with respect to our analysis. First, we focus on the
physical assets in the coal sector and we use an equilibrium model setup to assess the risk
of asset stranding. However, coal supply assets can also be at risk of financial stranding
due to the coal market’s price volatility, as observed repeatedly in the past (for example
in the USA, c.f. Mendelevitch, Hauenstein, and Holz 2019), including in 2021 in Aus-
tralia.8 Second, a major caveat of model-based analyses is the limited quality of available
data. With the publication of the ’Global Coal Plant Tracker’ (Global Energy Monitor
2021a), openly accessible data on coal mines has been greatly advanced. However, data on
the technical lifetime of existing mines is still scarce. Thus, our results for required coal
mine replacement investments have to be considered with some care (compare Hauenstein
2022c).

Lastly, the “elephant in the room” is, of course, the question why Adani has moved forward
the Carmichael project despite the very high costs and lack of long-term profit prospects.
The answer to this question certainly lies in the political economy and also the disconcerting
inter-linkage between the coal sector and the political decision-makers in both India and
Australia (e.g., Rosewarne 2016). Such political capture of coal projects must be avoided
in the future if climate mitigation targets are taken seriously. Transparency on costs,
stakeholders and expected externalities is what can help the public to understand the
interests and stakes in such a project.

4.4 Experimental procedures

In the first part of this section, we describe the Carmichael project, which we use to
characterize coal mining in the Galilee Basin and to derive parameter values for our model.
We then describe the global coal sector model COALMOD-World and how the Galilee Basin
and related infrastructure are represented in it (Section 4.4.2). The model code used in this
analysis is available open at https://github.com/chauenstein/COALMOD-World_v2.0, as
well as all data and figure code is provided in Hauenstein, Holz, Rathje, et al. (2022a). Coal
production in Australia crucially depends on importing countries in Asia, so we describe
coal demand developments in this region in the last part of this section (4.4.3). Based on
this information we develop three demand scenarios for our model-based analysis.

8The Guardian (January 20, 2021): “BHP cuts Mount Arthur coalmine valuation by $1.5bn after thermal
coal price plunges”; https://www.theguardian.com/business/2021/jan/20/bhp-cuts-mount-arthur-coa
lmine-valuation-by-15bn-after-thermal-coal-price-plunges, last accessed April 07, 2022.
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4.4.1 The Carmichael mine in the Galilee Basin in Australia

The Galilee Basin is a steam coal basin in central Queensland in Northeastern Australia.
The first significant deposits of hard coal were discovered in the 1970s. Due to the basin’s rel-
ative remoteness and lack of mining infrastructure, more precise assessments of the basin’s
reserves were conducted only in the 2000s when global coal prices increased and green-
field exploration projects became more popular. To open up the Galilee Basin for coal
production, long rail lines across floodplains and farmland have to be built, resulting in
comparatively high investment and transportation costs. Additionally, the low availability
of water as well as the lack of air and road transportation, power and mining infrastructure
require large upfront investments.

In 2010, Adani’s Carmichael mine’s application process began and since then the project
has gone through numerous reviews and project changes. The mine has a predicted lifetime
of 60 years and is estimated to produce up to 2.3 billion tonnes of steam coal over its life
cycle. It includes up to six open-cut pits, five underground mines, mine processing facilities,
and a railway line from the mine to the Abbot Point coal export terminal (Cassotta, Cueva,
and Raftopoulos 2021).9

The size of the Carmichael project was downsized several times and most drastically in
2018 after the company had failed to attract external funding. The project’s investment
volume was reduced from A$16.5 billion to A$2 billion (Hepburn, n.d.).10 These savings
were mostly made possible by reducing the mine’s initial production capacity from 60 Mtpa
to 10 Mtpa with plans to ramp up production capacity later to 27.5 Mtpa later. In addition
to the A$2 billion invested by Adani itself, the Carmichael mine benefits from subsidies
from the Australian and Queensland governments estimated at A$4.4 billion in total over
the 30-year project life time (Buckley 2019). Most subsidies are tax breaks and reduced
fees for public services, for example for water rights.

In June 2019, the Carmichael project was granted its final environmental approval. After
the announced beginning of the mine’s operation had been postponed several times, Adani
commenced the construction of the mine in 2019 and produced first coal in early 2022.

Given the possible role model function of the Carmichael mine for other Galilee Basin
projects, we base our subsequent analysis on cost estimates and other data for the Carmichael
project. Also, we use the characteristics of the Abbot Point Terminal for coal export port

9Also see Queensland Gov. n.d. „Carmichael Coal Mine and Rail Project - Project overview.“ Accessed
June 21, 2021. https://www.statedevelopment.qld.gov.au/coordinator-general/assessments-and-appro
vals/coordinated-projects/completed-projects/carmichael-coal-mine-and-rail-project

10For all calculations we use an exchange rate of 1 A$ = 0.7721 US$ which is a representative aver-
age exchange rate for the period 2013-2021 (https://www.macrotrends.net/2551/australian-us-dollar-
exchange-rate-historical-chart). It excludes the very high exchange rate period around 2010.

98

https://www.statedevelopment.qld.gov.au/coordinator-general/assessments-and-approvals/coordinated-projects/completed-projects/carmichael-coal-mine-and-rail-project
https://www.statedevelopment.qld.gov.au/coordinator-general/assessments-and-approvals/coordinated-projects/completed-projects/carmichael-coal-mine-and-rail-project


4.4 Experimental procedures

Table 4.1: Characteristics of the Carmichael mine and project, including railway transport
and exports.

Parameter Lower
bound

Upper
bound

Reserves [Mtpa] 2300
Energy content [kcal/kg] 4950
Initial production capacity [Mtpa] 0
Investment cost for new production capacity [million US$/Mtpa] 106 183
Starting value of marginal cost intercept [US$/t] 24 37
Slope of marginal cost curve [US$/t2] 0.15
Initial rail transport capacity [Mtpa] 0
Investment costs for rail transport capacity [million US$/Mtpa] 31.34 40.34
Railway transport costs [US$/t] 7.87 11.36
Initial export capacity [Mtpa] 25 50
Investment costs for additional export capacity [million US$/Mtpa] 8 82
Port fee [US$/t] 4.6 5

data of the Galilee Basin. Table 4.1 provides the overview of the main parameters for the
Carmichael project. We include lower bound and upper bound estimates where there is
uncertainty on the parameter values. Details on parameter value derivation and on value
ranges can be found in Section A in the Supplementary Material (see Appendix C.1); more
background information on the Galilee Basin including Carmichael and other coal mine
projects can be found in the Supplementary Material (see Appendix C.1).

Let us highlight a few data points. First, the Carmichael coal has a relatively low average
energy content of 4950 kcal/kg (net as received, NAR) (Reddy and Rosencranz 2018). This
is 17.5% lower than the standard Australian benchmark coal (exports via the Newcastle
port) with an average energy content of 6000 kcal/kg (Australia Institute, n.d.).

Second, there is a considerable spread between the lower bound and the upper bound
estimates of investment costs in production capacity (mine) and export capacity (Abbot
Point port), and to a lesser extent also in railway transportation capacity. However, these
spreads are not due to the potentially diverging nature of the data sources. Rather, this
data was taken from different stages of the project planning. Generally, the downsizing of
the project over time - only developing the easier accessible parts of the mine, the shorter
railway line, the expansion of only the existing export terminal - has led to lower investment
costs by Mtpa annual capacity.

Third, there is also much uncertainty on the operational costs, with upper bounds of pro-
duction (mining) and railway transport costs about 50% higher than the lower bound
estimates. The lower bound estimates for combined Galilee Basin operational supply costs
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(FOB: production + railway transport + export port fee) are in the same range as the FOB
costs of the other Australian suppliers from New South Wales and Queensland, but slightly
higher than other suppliers to the Asian market. The more realistic upper bound estimates,
however, are more expensive than all other major suppliers to the Asian market.

4.4.2 The COALMOD-World model

COALMOD-World (CMW) is a partial equilibrium model of the world steam coal market
(see Hauenstein (2022c) for a detailed description of the model version used here and Holz et
al. (2016) for further model background information). The model includes all major steam
coal producers, trade routes and consumers. Producers and exporters are represented as
profit maximizing players with perfect foresight under specific operational and technical
constraints. Consumption nodes are represented via inverse demand functions, based on
exogenously derived (scenario-specific) coal demand levels (see 4.4.3 for details). Market
clearing conditions endogenously determine regional coal prices. Production and trade
volumes, as well as investments in production and transport infrastructure are endogenous
model decisions. Investments in additional capacities are made if profitable over the model
horizon (net present value optimization). The added capacity becomes available in the
subsequent period after the investment decision is made. Production capacities are retired
once they reach the end of their technical lifetime, as introduced in Hauenstein (2022c).
Producers face specific extraction costs, age structures of their existing mine capacities,
remaining coal reserves, coal qualities, and expansion potential per period. In accordance
with findings of previous studies (cf. Haftendorn and Holz 2010; Trüby and Paulus 2012)
the steam coal market is modelled as perfectly competitive. The model is calibrated for its
starting year 2015. The model can be accessed and downloaded via https://github.com
/chauenstein/COALMOD-World_v2.0 and all input and result data files, as well as the
code to reproduce the figures, are provided in Hauenstein, Holz, Rathje, et al. (2022a).

While the model formulation generally focuses on operational and technical constraints, we
include one politically defined constraint on the total amount of Chinese coal imports (for
details see Hauenstein (2022c)). Although not officially announced, China de facto restricts
the amount of coal imported (IEA 2021a; Gosens, Turnbull, and Jotzo 2022). We include
an import quota that restricts all international seaborne imports into China to 300 Mt per
year. This value is derived from import volumes in recent years and is a rather conservative,
large quota compared to results by Gosens, Turnbull, and Jotzo (2022) and recent media
announcements11 suggest even lower quotas in future years.

11See, for example, Bloomberg News, March 14, 2022: China Seeks to Cut Reliance on Coal Imports With
Mining Boom. https://www.bloomberg.com/news/articles/2022-03-14/china-seeks-to-cut-coal-impor
t-reliance-with-mining-boom (visited on 03/29/2022)
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Figure 4.6: Overview of CMW coal production and export nodes in Australia.

The Galilee Basin is introduced as one additional producer node. It is the third producer
node in Australia, in addition to New South Wales and (the rest of) Queensland (Fig-
ure 4.6). The dedicated export terminal of the Galilee Basin node is Abbot Point. As
described in Section 4.4.1, the Galilee Basin producer node is parameterized based on
Adani’s Carmichael project. In order to analyse the economic viability of the construction
and operation of the Galilee Basin, the initial production capacity (in 2015 and 2020) as
well as the initial transport capacity are set to 0 Mtpa. This means that investments are
required before starting any mining operations. Moreover, where data value ranges were
assessed in Section 4.4.1, we use lower end cost estimates and higher end available capacity
estimates in order to not underestimate the investment potential in the Galilee Basin.

4.4.3 Coal demand developments and scenarios with a focus on
Asia

As the world’s second largest steam coal exporter Australia plays a major role for the coal
supply in Asia. Japan, China, South Korea, Taiwan and India (in descending order) are
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the main destinations of Australian coal (Office of the Chief Economist 2021). In 2019,
almost 90 % of Australia’s steam coal exports were shipped to these countries (IEA 2021e,
2021f).

Table 4.2 gives an overview of steam coal consumption, production and imports from Aus-
tralia in 2019, as well as of coal and climate policies and targets of main consumers of
Australian steam coal. China and India alone account for two thirds of global steam coal
consumption, but can supply most of the coal they need through domestic production.
Japan, South Korea and Taiwan, in contrast, have no domestic coal reserves and are heav-
ily dependent on imports (IEA 2021f). Large parts of their coal imports have traditionally
come from Australia.

Table 4.2: Overview of main Australian coal importing countries and Australia
AUS CHN IND JPN KOR TWN

Steam coal consumption
2019 (Mtpa)a 55 3315 866 141 102 59

Steam coal production
2019 (Mtpa)a 271 2970 678 1 1 0

Steam coal imports
2019 (Mtpa)a 0 232 183 140 102 60

Imports from
Australia 2019 (%)b - 38% 2% 57% 31% 40%

Coal phase out/
down schedulec - peak in

2025 - -46%
(2019-2030)

phase out
by 2050

-33%
(2019-2025)

Carbon-neutrality
target dated 2050 2060 2070 2050 2050 2050

aIEA 2021f.
b Share of Australian coal in total imports of the respective country. Own calculations
with data from IEA 2021e and IEA 2021f.
cChina: Reuters 202112; Japan: own calculations with data from METI 2021, 12 and Argus
Media 202113; South Korea: Argus Media 202114; Taiwan: own calculations with data from
Bureau of Energy, MOEA 2018, 10.
dAustralia: Australian Government Department of Industry, Science, Energy and Re-
sources 2021a, 3; China: Chinese Government 2021, 2; India: BBC 202115; Japan: Japanese
Government 2021, 1; South Korea: The Government of the Republic of Korea 2020, 7–8;
Taiwan: Taiwan News 202116.

While coal continues to be a major energy source in many Asian countries, the coal sector
has come under increased pressure also in these countries due to cheaper alternative power
sources, as well as ratcheted up environmental and climate targets (cf. IEA 2021a; Littlecott
et al. 2021; Yanguas Parra, Hauenstein, and Oei 2021). Globally, the coal plant utilization
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(capacity factor) has declined between 2010 and 2019 from 60 to 51 %. In China, the
average capacity factor of coal plants has even fallen below 50 % since 2015. In India, it
is still higher but has dropped from 76 % in 2010 to 57 % in 2019 (Jones, Graham, and
Tunbridge 2020).

Since a record high number in 2015, commissioning of new coal capacity has recently
dropped to a low level not seen since 2005 (Global Energy Monitor et al. 2021, 6). Global
coal power capacity under development has declined by about 1,000 GW, or 66 %, between
2015 and 2020, while in the same time around 1,000 GW of planned coal capacity additions
were cancelled (Global Energy Monitor et al. 2021, 7). And this trend has continued
dynamically in 2021. Around COP26 in late 2021, China, the last major provider of
public finance for overseas coal projects, announced an end to this funding, following earlier
commitments of Japan and South Korea. This would leave only 22 GW of planned new
coal capacities in Asia outside of China and India by end 2021 (not considering projects
already under construction), if all formerly Chinese finance backed plans are cancelled. And
of these remaining planned 22 GW only a minority has secured financing (Suarez and Gray
2021).

With a slowdown of capacity additions, the coal plant fleet is ageing in most countries.
While in China and most South and South-East Asian countries, excluding India, the
average age of operating coal units is only around ten to twelve years (as of January 2021),
it is 16 years in India and South Korea, and 21-23 years in Japan and Taiwan. Thus, more
and more units reach the average retirement age, which is now as low as 22 years in China,
but 35 years in other East Asian countries, and 43 years in India (Global Energy Monitor
2021a).

Furthermore, Australia, Japan, South Korea and Taiwan have announced plans to achieve
greenhouse gas neutrality by 2050, while China aims for 2060, and India for 2070. However,
only South Korea has announced an explicit coal phase-out target (by 2050), while some of
the other countries have only set intermediate energy sector targets. Australia and India
have not announced any concrete plans to phase out coal combustion. Similarly, despite the
high gains in public health, water consumption and other indicators that China could expect
from a rapid coal phase-out (He et al. 2020), the largest coal consumer (and producer) so far
has only seen vague announcements of peaking coal use and emissions before 2030. A more
detailed description of the steam coal demand and the climate policies in these countries is
provided in Section B in the Supplementary Material (see Appendix C.1)
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Scenario design

Based on the above outlined developments, we design three plausible but diverging global
coal demand scenarios which are the aggregate of different national and regional trends
(Table 4.3). The High demand scenario, with a continued important role for coal in the
current policy environment, is contrasted with a 1.5°C scenario, where coal phase-out is
the result of ambitious emission reduction targets. Furthermore, we define the Moderate
decline scenario as an intermediate coal demand scenario, which is based on limited climate
ambitions and an understanding to reduce the role of coal in the long-term, in the spirit
of the 2021 Glasgow COP26 climate accord. All scenario input data files are available in
Hauenstein, Holz, Rathje, et al. (2022a).

Table 4.3: Scenario overview
High demand Moderate decline

Asian countries
- Assumed lifetime: 40 years
(South Korea: 30 years);
- Capacity factors: linear reduction to 50%
by 2050 (China: 40%), thereafter constant;

- Assumed lifetime: 25 years;

- Capacity factors: linear reduction to
40% by 2030, thereafter constant;

Australia
- Based on AEMO (2020)
ISP 2020 Central Scenario;

- Based on AEMO (2020)
ISP 2020 Fast Change Scenario;

Rest of the world
- Based on IEA (2020d) WEO 2020 STEPS; Based on IEA (2020d) WEO 2020 SDS;

1.5°C
Based on IPCC (2018a) 1.5°C mitigation scenarios analyzed by Yanguas Parra et al. (2019)
- Median unabated coal consumption of 1.5°C scenarios fulfilling additional sustainability
criteria (no/limited temperature overshoot; limited BECCS and carbon uptake from AFOLU);

We design coal demand pathways for each Asian market as part of the global coal demand
scenarios (High demand and Moderate decline) based on the national coal and energy
sector specifics, as well as energy and climate policies. Such “bottom-up” scenarios provide
more plausible ranges of coal demand developments by considering physical infrastructure
constraints and regional, sector specific developments than do aggregated energy system
and general equilibrium models (Hauenstein and Holz 2021). A 1.5°C mitigation scenario
requires unprecedented changes of the energy sector in many Asian countries (Vinichenko,
Cherp, and Jewell 2021), we therefore rely on IPCC (2018a) data for our 1.5°C scenario.
In all scenarios, consumption levels for the year 2020 are based on extrapolated 2015-2019
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regional coal demand trends.17 We, thereby, intend to smooth the short term COVID-19
effect on coal markets in 2020 (IEA 2020c, 2021c).

In the High demand and Moderate decline scenario we calculate future steam coal generation
capacity in Asian countries18 based on unit-level coal-fired power plant data from the Global
Coal Plant Tracker (Global Energy Monitor 2021a). We assume that coal-fired generation
units will retire in the announced year, if a shutdown date is available in the data. For all
other units that are operating or under construction we assume retirement after 40 years of
operation19 (High demand), the conservative benchmark used also by Clark, Zucker, and
Urpelainen (2020) and Global Energy Monitor et al. (2021), or after 25 years of operation
(Moderate decline), based on the low average retirement age of coal plants observed in
recent years, in particular in China. We exclude planned power plants that are not yet
under construction, assuming that the large majority of these projects will be scrapped
before starting production.

For capacity factors of coal power generation, we assume a further reduction based on
the falling trend of the last years and depending on climate policy ambitions. In the High
demand scenario, we use a linear reduction of the current capacity factors to 50 % by 205020,
remaining constant thereafter. For the Moderate decline scenario we assume a significantly
faster decline of the capacity factory, which is linearly reduced to 40% in 2030 and then
remains at this level until 2050.

Figure 4.7 shows the changes in steam coal demand until 2050 of major importers of Aus-
tralian steam coal in the different scenarios. The inevitable decline is delayed in China and
India due to capacities under construction coming online in the next years and a younger
coal plant fleet. In comparison to our High demand scenario, the Moderate decline and
1.5°C scenario show a much faster decline in steam coal demand.

17OECD iLibrary World Energy Statistics: https://www.oecd-ilibrary.org/energy/data/iea-world-energ
y-statistics-and-balances_enestats-data-en (visited on 03/26/2021).

18Asian countries represented in CMW: Bangladesh, China, Indonesia, India, Japan, Malaysia, Pakistan,
Philippines, South Korea, Taiwan, Thailand, Vietnam

19An exception is South Korea where an average retirement age of 30 years is assumed as this corresponds
to the planned operational lifetime in the government’s ’Basic Plan for Long-term Electricity Supply
and Demand’ Y. N. Agency. 2020. „S. Korea unveils draft plan to foster renewable energy.“ Yonhap
News Agency. Accessed January 17, 2022. https://en.yna.co.kr/view/AEN20200508002200320.

20Except for China where the capacity factor is already below 50 % today and where we assume a linear
reduction to 40 % in 2050. For those countries where no current capacity factor is available, a capacity
factor of 55% was assumed based on the “Rest of the world” factor from Jones, Graham, and Tunbridge
(2020, 11)
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Figure 4.7: Change in steam coal demand [%] in Japan, China, South Korea, Taiwan and
India in the High demand (a), Moderate decline (b) and 1.5°C scenario (c).

For Australian domestic coal demand we apply scenario data of the 2020 Integrated System
Plan (ISP) by AEMO (2020). For the High demand we use their “Central Scenario”,
which predicts a coal demand decrease determined by current policies. As the data in this
scenario only go to 2042, we have continued the trend linearly to 2050, whereby Australian
coal demand will fall to zero in 2050. For the Moderate decline scenario we use their
“Fast Change Scenario” which assumes a fast energy transition and both national and
international strategies to reduce future CO2 emissions (AEMO 2020, 32). It predicts an
almost linear decline of Australian steam coal demand beginning in 2020 and reaching zero
by 2045.

For all other countries, we use steam coal demand trend data of the IEA (2020d) “Stated
Policies Scenario” (STEPS) for our High demand, and of the “Sustainable Development
Scenario” (SDS) for our Moderate decline scenario. STEPS is based on current and stated
policies and does not aim at meeting climate targets. It anticipates a rapid recovery from
the COVID-19 pandemic and expects GDP after 2021 to be as high as before the pandemic.
The share of renewable energies is assumed to grow but coal will still account for about
30 % of global power supply in 2040 (IEA 2020d, 342). The SDS, in contrast, foresees a
more sustainable recovery from the pandemic. It projects a significant increase in renewable
energy investment over the next decade, with coal accounting for about 8 % of global power
supply in 2040 (IEA 2020d, 343).

We also design a climate policy scenario with an effective coal exit, the 1.5°C scenario. It is
based on the IPCC (2018a) special report on 1.5°C scenarios. Yanguas Parra et al. (2019)
selected those 1.5°C scenarios that also fulfil other sustainability criteria such as reasonably
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limited use of biomass with CCS (BECCS) and limited carbon uptake from afforestation
or land use. For each model year (i.e. 2025, 2030, 2035, and so on), we take the regional
growth rates of the median global coal consumption of these selected scenarios.
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Chapter 5

The Death Spiral of Coal in the U.S.: Will Changes in
U.S. Policy Turn the Tide?

This chapter is based on joint work with Roman Mendelevitch, and Franziska Holz published in Climate
Policy 19 (10): 1310–24 under the title: “The Death Spiral of Coal in the U.S.: Will Changes in U.S.
Policy Turn the Tide?”. DOI: 10.1080/14693062.2019.1641462; published open access under CC BY NC
ND 4.0.
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5.1 Introduction

The U.S. under former President Obama (2008-2016) showed great ambitions to take a lead-
ing role in climate policy, in particular, through the Climate Action Plan. Things changed
dramatically with the inauguration of President Trump in January 2017. He made clear
that climate change would no longer be an issue of high priority for the U.S. government
(The White House 2017). Trump’s executive orders revoked and rescinded a number of
’Energy and Climate-Related Presidential and Regulatory Actions’ and determine that ’All
[Environmental Protection] Agency Actions that Potentially Burden the Safe, Efficient
Development of Domestic Energy Resources [like coal]’ shall be reviewed (Trump 2017).
President Trump has indeed aggressively rolled back environmental regulation and com-
mitments, with a complete re-organisation of the environmental administration and, most
prominently, by announcing to leave the Paris Agreement and replacing the Clean Power
Plan with the Affordable Clean Energy rule (EPA 2018). One of his declared primary goals
during the election campaign, but also in his presidency, is to ’End the War on Coal!’ and
to revitalize the coal sector (Davenport 2016). This alludes to the strong role that the U.S.
coal sector used to play in the past and its enormous and fast decline in the last decade,
amounting to -35 % in only ten years between 2008 and 2018.

The Trump administration’s efforts to support coal are manifold and extend to a broad
range of policy areas. Under the Obama and other previous administrations, energy and
environmental policy were used as intermediaries to address climate change, given the lack
of consensus at a federal level on climate policy. However, Trump actually uses energy
and environmental policy to address his industrial policy targets–which may have strong
implications for climate policy. While supporting domestic coal-fired power generation
is the most obvious form of support, and was the first to be announced after Trump’s
election, another focus has been on relieving pressure on mining and, more recently, on
expanding access to the international market for U.S. coal. The drastic change in U.S.
climate policy under President Trump has sparked research on possible global effects on
emission reduction efforts. Jotzo, Depledge, and Winkler (2018) provide a first overview of
the emerging literature.

According to Höhne et al. (2017) changes of environmental regulations under the Trump
administration, without compensation by other actors, are likely to cause U.S. emissions to
flatten instead of continuing to decline, in the short term. However, they argue that, from
a 2030 perspective, the policy rollbacks are not likely to have a major impact. Similarly,
Urpelainen and Van de Graaf (2018) argue that Trump’s policy interventions will not reverse
trends in U.S. greenhouse gas emissions. Somewhat in contrast, Erickson and Lazarus
(2018) note that ending the Obama administration’s moratorium on fossil fuel extraction
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from U.S. federal land –as done by the Trump administration –may lead to foregoing
emission savings of up to 280 Mt CO2 annually by 2030. Undertaking a rough sector-by-
sector assessment, Galik, DeCarolis, and Fell (2017) conclude that the effect of Trump’s
policies will at most be a flattening of U.S. CO2 emissions at 2015 levels. Depending on
the number of his terms, they estimate a total increase in emissions of 12 GtCO2e to 20
GtCO2e until 2050. Taking a global perspective, Selby (2018) emphasises the negative
effect on the global energy transition.

While all these studies highlight the decisive role of coal in the energy mix to assess future
emission profiles, they lack a detailed analysis of the current and future drivers in the U.S.
energy sector. Moreover, they fail to analyse the role of the U.S. as a major coal producer
and supplier on the international steam coal market.1 In sum, it remains unclear from the
literature, if the policy rollback or newly introduced policies can slow down the decline of
the U.S. coal industry or even turn the tide.

Our paper tries to fill that gap. Thus our research addressed the question of whether
Trump’s policies can effectively reverse the death spiral (i.e. strong decline of U.S. coal
production since 2008) of the U.S. coal industry. For this, we take into account domestic and
global coal sector inter-relations. We assess the role of previously tightened environmental
regulation compared to cheap alternative electricity generation (gas, renewables) and the
age structure of the US coal-fired generation fleet. We then detail current policy measures
intended to support the U.S. coal sector. We develop several scenarios around the main
policy measures in order to quantify their effects on U.S. coal production and exports using
the COALMOD-World model.

5.2 Political support for the U.S. coal sector under
Trump

In this section, we give an overview of recent developments in coal consumption and produc-
tion in the U.S. Subsequently, we derive main domestic policy drivers that may influence
future U.S. coal production. Finally, we focus on three more concrete policy measures re-
garding coal, which are in place or proposed by the Trump administration as a basis for our
scenarios in the subsequent sections. In our scenario analysis, we aim at quantifying poten-
tial effects and interdependencies. Therefore, we deliberately abstract from the underlying

1The U.S. has been the second largest coal producer worldwide for a long time, accounting for approxi-
mately 10 % of global coal production (IEA 2018). India surpassed U.S. coal production for the first
time in 2016. The U.S. is a net exporter of coal, for both steam and metallurgical coal. Due to its rela-
tively high prices, the U.S. is considered a swing supplier for international met and steam coal markets
(IEA/OECD 2017a).

111



Chapter 5 The Death Spiral of Coal in the U.S.: Will Changes in U.S. Policy Turn the
Tide?

policy process and possible entry points to postpone or prevent policy implementation, as
this is not in the focus of the paper.

5.2.1 The Death Spiral: Development of the U.S. coal sector in
the last decade

In the past decades, the coal sector has been a central element of U.S. power generation
as well as of the U.S. mining sector. In this section, we want to highlight the recent
developments of the sector, both in terms of coal use (consumption) and in terms of coal
mining (production).

U.S. domestic coal consumption and production peaked in 2007 / 2008 at around 1.0–1.1
billion tons.2 Thereafter, a steep decline set in, with consumption dropping to 650 million
tons per year (Mtpa) in 2017, the lowest value since 1982. Production declined to 660
Mtpa in 2016, recovering slightly in 2017 to 700 Mtpa (see Figure S1 in the Supplementary
Material (AppendixD.1)).3 U.S. coal exports during this period were between 55 and 115
million tons per year, with a relatively stable share of metallurgical coal at around 60 %.4

Many studies have analysed the decline of the U.S. coal sector (e.g., Coglianese, T. Ger-
arden, and Stock 2017; Culver and Hong 2016; Houser, Bordoff, and Marsters 2017; Kok
2017; Schlissel, Sanzillo, and Feaster 2018; Sussams and Grant 2015; DoE 2017). Overall,
the explanations can be divided into two categories. The first focuses on domestic demand,
especially the demand for steam coal in the electricity sector. The second looks at U.S.
coal production, which largely depends on domestic demand, but is also subject to global
demand and other factors such as mining regulation.

5.2.1.1 Demand side: Coal-fired power generation in the U.S.

Approximately 93 % of domestic coal consumption, relatively constant over the last ten
years, goes to the U.S. electricity sector, while the remaining 7 % is used by industry,
mainly as metallurgical coal. Between 2007 and 2017, U.S. electricity generation from coal
declined by about 40 %.5 Total coal-fired electric generation capacity peaked in 2011 with
about 318 GW, and then declined to about 257 GW in 2017.6

2Figures in coal tonnage are given in metric tons. Short tons are converted using the EIA conversion
factor 0.907184.

3EIA energy data browser: https://www.eia.gov/totalenergy/data/browser/, last accessed January 26,
2019.

4EIA coal data browser: https://www.eia.gov/coal/data/browser/, last accessed: July 3rd, 2018.
5EIA coal data browser: https://www.eia.gov/coal/data/browser/, last accessed: July 3rd, 2018.
6EIA electricity data: https://www.eia.gov/electricity/, last accessed January 31, 2019.
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There is a broad consensus that the drop in U.S. natural gas prices is the main driver behind
this decline. The so-called shale gas revolution, which started around 2007, increased U.S.
natural gas production by about 45 % between 2007 and 2017 and led to a dramatic
decrease in the natural gas price.7 Thus, natural gas has outcompeted coal as a cheap fuel
source for electricity generation in many regions of the U.S.,8 with the share of electricity
generation from natural gas increasing from 22 % in 2007 to 32 % in 2017 (see Figure S1
in the Supplementary Material (AppendixD.1)).

In the same period, the share of electricity generation from renewables (without hydropower)
increased from 2.5 % to 10 %. Average levelized cost of electricity from (unsubsidized) wind
and solar PV declined by 67 % and 86 %, respectively, between 2009 and 2017 (Lazard
2017, 10). Additionally, federal tax incentives for renewables (the Production Tax Credit)
and state renewable portfolio standards supported the expansion of wind and solar power
generation in addition to improved efficiencies and capacity factors of wind turbines and
solar PV modules (Schlissel, Sanzillo, and Feaster 2018). At the same time, U.S. final
electricity demand has stayed flat since 2007.9 Thus, coal-fired electricity generation not
only lost relative market share, but also in absolute terms.

Besides competition from cheap natural gas and renewables, environmental regulations for
coal-fired power plants were tightened in the past decade (see Table S1 in the Supplemen-
tary Material (AppendixD.1) for an overview). The Obama administration promulgated
nine regulations directly addressing coal-fired power generation. Opinions diverge on the
actual effects of the environmental regulations on coal-fired power generation. Out of the
nine Obama-era regulations, only four took effect before 2016. Coglianese, T. Gerarden,
and Stock (2017, 2–3) and Houser, Bordoff, and Marsters (2017, 22) both estimate that
environmental regulations (mainly the Cross-State Air Pollution Rule (CSAPR) and the
new Mercury and Air Toxic Standards (MATS)) were responsible for approximately 10 %
of the decline in coal mining output between 2008 and 2016. In contrast, Culver and Hong
(2016) argue that the decline of U.S. coal between 2008 and 2015 had little to do with
environmental regulation due to relatively low costs of compliance, but was rather caused
by the fierce competition with natural gas noted above.

Another key factor for the decline is the composition of the U.S. coal-fired generation fleet.
With its high share of small and very old units, it has been particularly vulnerable to price

7EIA natural gas data: https://www.eia.gov/naturalgas/data.php, last accessed: January 26, 2019.
8EIA monthly data on U.S. natural gas electric power price: https://www.eia.gov/dnav/ng/hist/n3045
us3M.htm, last accessed July 5th, 2018. Prices of coal and gas for power plants differ by region. Coal
from Appalachian mines is the most expensive, followed by coal from the Interior Basin and the Rockies.
Coal from Powder River Basin has the lowest price and was competitive with natural gas most of the
time between 2012 and January 2016 with gas (Culver and Hong 2016).

9EIA energy data browser: https://www.eia.gov/totalenergy/data/browser/, last accessed January 26,
2019.
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and cost pressure (DoE 2017). As of April 2018, the capacity-weighted average age of
operating coal-fired units was 39.7 years and the average capacity of the operating units
was only 323 MW.10 About 88 % of coal-fired capacity was built before 1990 and 52 % of
currently operating capacity is older than 40 years, with 14 % even older than 50 years.
Figure 5.1 shows the average age and size of retired coal units. Until 2017, retired units were
on average significantly older and smaller than the units of the remaining fleet. Usually,
they were not equipped with significant sulfur dioxide (SO2) control installations (DoE
2017). However, since early 2018 larger and younger, more efficient and largely regulation-
compliant units have also been retired.

Figure 5.1: Average age and size of retired coal-fired power generation units since 2012
(net summer capacity; all sectors; utility scale); and average capacity factor of
the U.S. coal-fired power generation fleet 2006-2017 (all sectors, utility scale
facilities).

Source: own calculations based on EIA data (https://www.eia.gov/electricity/data/eia860M/ and
https://www.eia.gov/electricity/annual/, last accessed January 15, 2019).

10Based on net summer capacity. Includes coal-fired power plants in the sectors electric utilities, indepen-
dent power producers, commercial and industrial combined heat and power (CHP). Source: EIA 2018,
Preliminary Monthly Electric Generator Inventory. https://www.eia.gov/electricity/data/eia860m/,
last accessed December 20, 2018.
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According to Shearer et al. (2018, 14) there are no new coal-fired power plants planned
or currently under construction in the U.S., while the EIA lists two power plants that are
supposed to come online in 2020 and 2022, respectively. The currently applicable ’new
source performance’ emission standard of no more than 1,400 lb (�635 kg) CO2/MWh
would effectively require the use of carbon capture, transport, and storage (CCTS) at
these units.11 This also applies for major refurbishments or modifications of existing units
that trigger New Source Review (NSR)12, which are therefore not very likely to happen.
Rather, more coal-fired power plants are expected to retire over the next years. Feaster
(2018) estimates that (at least) 36.7 GW will be retired between 2018 and 2024. Rhodium
Group even expects the retirement of 60 to 86 GW of net summer coal capacity by 2025
compared to 2018 (John 2018).

This data clearly shows that the current U.S. coal-fired generation fleet will not sustain elec-
tricity production at current levels in the medium-term without substantial refurbishment
and investments. Tightened environmental regulation has only exacerbated a competitive
situation, which was gloomy before. Therefore, one must expect a further decrease of U.S.
coal consumption.

5.2.1.2 Supply side: U.S. coal production

U.S. coal is extracted primarily from three large regions: the Appalachian region near
the Atlantic Coast, the Interior Region, extending from Lake Michigan to Texas, and the
Western Region with the Powder River Basin (PRB) and the Rocky Mountains as main coal
basins (Figure 5.2).13 As coal extracted in the U.S. goes in large part to the domestic power
sector, the decrease in domestic coal use has also led to a decline in U.S. coal production.

Some U.S. steam and metallurgical coal is exported. The size of these exports has varied
in the past decades, mostly driven by global coal prices and demand. U.S. coal producers
generally act as swing suppliers for the international coal market, strongly following the
fluctuations in international coal prices with the size of their supplies to the market. Exports
were in the range of 4 % to 13 % of U.S. coal production (54 Mt–114 Mt) in the period
2006 to 2017.14 About 50 % to 70 % of U.S. coal exports are metallurgical coal. Due to
their geographic location, the coal regions are differently connected to export ports: While
11See Supplementary Material (AppendixD.1) for more details on this and other regulations.
12The New Source Review (NSR) is a permitting process under the Clean Air Act. It is triggered if

new polluting facilities are built or existing ones are modified in such a way that emissions increase.
These facilities have to fulfill state-of-the-art emission standards, even if the pre-modification facility
was exempt from those standards. See also EPA Permitting Under the Clean Air Act: https://www.ep
a.gov/caa-permitting, last accessed July 2, 2019.

13A large share of the coal production in the Northern Great Plains basin, is lignite (except for PRB),
which is locally consumed (“mine-mouth”) and therefore not in the focus of this analysis.

14EIA coal data browser: https://www.eia.gov/coal/data/browser/, last accessed: July 3rd, 2018.
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coal from the Appalachian region and the Interior Basin can be shipped to the export
terminals on the Atlantic Coast as well as the Gulf of Mexico, these terminals are too
expensive to be reached by the Western Region and PRB coal. Some PRB coal is exported
via the Canadian province of British Columbia and some small quantities via terminals in
California.

Figure 5.2: Main U.S. coal extraction regions and port locations.

Source: Own depiction based on U.S. Geological Survey data, available at https://pubs.usgs.gov/of/2012/
1205/, last accessed January 18, 2019.

After 2008, global coal prices were rising and Asian demand was expected to grow con-
tinuously. Between 2008 and 2011, U.S. coal companies invested heavily in coal assets
domestically and abroad to meet forecasted international coal demand. However, global
demand peaked in 2013/2014 and the situation of U.S. coal producers completely turned.
The combined market capitalization of the four leading coal companies in the U.S. (Alpha
Natural Resources, Arch Coal, Peabody Energy, and Walter Energy) dropped from $44.6
billion in 2011 to just $45 million in 2016.15 These companies had borrowed large sums
for the acquisition of assets to meet the expected Asian demand growth. By 2015, debts
exceeded their market capitalization by far. These four big–as well as many smaller–U.S.
coal producers therefore had to file for bankruptcy around 2015/16. These bankruptcies
and the market adjustments in the coal-mining sector of course had a sizeable impact on
15Statista (2018) Statista Dossier Coal. https://www.statista.com/study/11644/coal-statista-dossier/, p.

32, last accessed December 20, 2018.
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employment. The total number of coal mine employees in the U.S. dropped from 92,000
in 2011 to 52,000 in 2016.16 Jobs in the Appalachian region were especially affected, with
about 50 % of the 60,000 jobs in 2011 vanishing by 2016. During the same period, coal
mine productivity in the Appalachian region increased by on average 13 %, yet remaining
at about 10 % of levels in the PRB.17

In 2017, after large write-offs of liabilities, Peabody Energy, Arch Coal and Alpha Natu-
ral Resources, as well as several smaller-size coal companies, emerged from bankruptcy.
However, the situation for the U.S. coal sector remains difficult and expectations for a re-
covery of the coal sector have been low. Indeed, bankruptcies of U.S. coal companies have
continued in recent years, now mostly by companies that serve the domestic market.

5.2.2 Rescinding the Obama administration’s national coal policies

Promising relief, the Trump administration tries to support the U.S. coal sector both on the
demand (i.e. in the electricity sector) and supply sides (i.e. coal mining). Here, we briefly
discuss the individual measures. For a more detailed overview of the relevant policies and
their status under the Obama and the Trump administration and associated references, see
Supplementary Material (AppendixD.1).

For the U.S. electricity sector, the Environmental Protection Agency (EPA) was ordered to
review the Clean Power Plan (CPP). The CPP was enacted by the Obama Administration in
2015 and was originally scheduled to come into effect in 2022. It set limits on CO2 emissions
from (existing) power plants by defining nationwide emissions performance standards. To
replace the CPP, the EPA proposed the so-called Affordable Clean Energy rule (ACE)
(EPA 2018). On 19 June 2019, the final ACE was issued by the EPA and thereby the CPP
was finally repealed (EPA 2019a). In contrast to the CPP, the ACE only addresses coal-
fired power plants and leaves it to the states to set their individual standards. Moreover,
in the ACE proposal, the EPA proposed an update of the NSR, such that the requirement
to apply for approval for major modifications of power plants, and hence the requirement
to update emission control technologies, would be softened (EPA 2018). This reform of the
NSR is not part of the issued ACE but is supposed to be implemented with a separate final
action (EPA 2019b, 5).

16EIA Coal Data Browser: https://www.eia.gov/coal/data/browser/, last accessed January 31, 2019. Coal
mining employment has been on the decline for decades: from a peak of more than 800,000 in the 1920s
to 130,000 in 2011 (including contractors; Houser, Bordoff, and Marsters 2017, 5).

17EIA Coal Data Browser–Aggregate coal mine productivity: https://www.eia.gov/coal/data/browser/
#/topic/37, last accessed 04/26/2019.
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Moreover, conventional power generators continue to lobby for financial support from the
Trump administration, which has been very responsive. For example, in 2017, the De-
partment of Energy requested that the profits of new and existing coal-fired (and nuclear)
power plants should be guaranteed by the Federal Energy Regulatory Commission (FERC).
Moreover, the Trump administration is contemplating using emergency powers to subsidize
coal-fired power plants. Grid operators could be ordered to buy electricity from coal and
nuclear power plants to prevent these from shutting down. So far, the FERC has denied
these requests.

On the supply side, the Trump administration has enacted several law changes to support
coal. Most prominently, Trump lifted the moratorium on new coal mine leases on federal
land, which his predecessor had introduced in 2016, and reduced the size of two national
monuments in Utah. Further, the Valuation Rule (of exported coal) of the former Obama
administration was rescinded by the Department of Interior in August 2017. This rule
was supposed to close a loophole that allowed coal exports without paying royalties to the
federal government. Additionally, the Royalty Policy Committee, an Interior Department
advisory panel, proposed to reduce royalties to be paid by companies extracting coal, oil and
gas from federal lands and U.S. waters. The Obama-era environmental regulations Stream
Protection Rule and Resource Management Planning, both affecting mining activities, were
repealed in the first months of 2017.

5.2.3 CCTS: The Silver Bullet?

carbon capture, transport, and storage (CCTS; often also carbon capture and storage, CCS)
is seen by many as a necessary measure to keep global warming below 2°C (Haszeldine et
al. 2018). Many also see it as an opportunity to continue the use of coal for power generation
(IEA/OECD 2017a). However, the expected rate of technological and economic progress of
CCTS and the implementation of large-scale CCTS projects has not, so far, been achieved,
neither for coal-fired power plants with CCTS, nor for CCTS in other sectors (Hirschhausen,
Herold, and Oei 2012; Mendelevitch et al. 2018; Schlissel and Wamsted 2018). Costs of
new as well as retrofitted CCTS-equipped coal-fired power generation units are currently
prohibitively high compared to new gas-fired power plants and renewables, and expectations
for cost reductions of CCTS technology are low (Schlissel and Wamsted 2018; EIA 2018b).
In the U.S., CCTS is currently largely supported by the oil industry, which participates
in the CCTS value chain as CO2 user for Enhanced Oil Recovery (Doukas, Redman, and
Kretzmann 2017).
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President Trump is eager to support ’clean coal’.18 However, he has not distinguished
himself as a bold CCTS supporter so far. Still, with the Bipartisan Budget Act of 2018,
support for CCTS projects was increased by providing substantial tax credits for such
projects.19 This reformed tax incentive could spur further development and application of
CCTS, also in the power generation sector. However, the increase of support remains low
compared to current cost estimates and it is therefore questionable whether a significant
number of new or retrofitted coal-fired power plants with CCTS will be in place in the near
term (Bennett and Stanley 2018). Moreover, governmental funding for CCTS research and
development has been significantly reduced at the same time.

5.2.4 Exports via the U.S. West Coast

In the context of declining domestic demand and rising world market prices, U.S. coal
producers were eager to find new outlets on the international coal market, especially in
Asia (Cornot-Gandolphe 2015; IEA 2013; Houser, Bordoff, and Marsters 2017). However,
export infrastructure is key to this issue. Currently, the only way to export U.S. coal
from the West Coast is via small capacities in California (total of 6 Mtpa in three ports)
and Canadian ports in British Colombia. Exporting via British Columbia requires long
distance rail transport which is used at full capacity (Power and Power 2013). Thus, in
the wake of the strong increase in Asian and world coal demand in the 2000s, plans were
made to construct export terminals along the U.S. West Coast, in California, Oregon and
Washington. Table S2 in the Supplementary Material (AppendixD.1) details the existing
and proposed export terminals along the U.S. American and Canadian West Coast; more
recently, alternative options such as exporting via Mexico’s Pacific Coast are also being
discussed. The Trump administration has started to show some interest in the topic with
a request for ’a white paper assessing opportunities to advance U.S. coal exports’ by the
Secretary of Energy (NCC 2018, IX).

There have been extensive local concerns about public health, environmental impacts and
consequences for global CO2 emissions associated with new export infrastructure (Western
Interstate Energy Board 2012). With lower global coal prices after 2013, exporting PRB
coal via new West Coast ports somewhat lost its attractiveness. By 2017, all proposed ter-
minals except two were shelved and did not proceed further due to denied (environmental)
permits or because the proponents themselves abandoned the projects. The two remaining
planned terminals are the Millenium Bulk Terminal (40 Mtpa) and the Oakland Bulk and

18Bade, Gavin (31.01.2018), Trump touts end of ’war on beautiful, clean coal’ in State of the Union.
https://www.utilitydive.com/news/trump-touts-end-of-war-on-beautiful-clean-coal-in-state-of-the-u
nion/516000/, last accessed August 17, 2018.

19See Supplementary Material (AppendixD.1) for more details on this and other regulations.
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Oversized Terminal (4.5 Mtpa), which are still undergoing court challenges, but are equally
unlikely to be realized. Indeed, these terminal projects have not received explicit support
by the Trump administration (Volcovici 2018).

Given the effective opposition to commercial (’civilian’) export terminal projects, the Trump
administration, in particular the Secretary of the Interior, suggests using military bases for
coal exports instead, or at least consider the construction of such terminals on federal
lands.20 However, given modest global coal prices and ample supplies from other world
regions, in addition to large (idle) port capacities in other U.S. regions (coal ports at the
Atlantic Coast and the Gulf of Mexico were running at average utilization rates of only 24
% in 2016 (IEA/OECD 2017a, 129), it appears unlikely that these ideas will be realized.

5.3 Modelling U.S. and global coal markets with the
COALMOD-World model

We use the COALMOD-World model to assess the implications of the different scenarios
(detailed below) on U.S. and international steam coal markets (see Holz et al. (2016) for a
detailed description of the model). COALMOD-World is a comprehensive partial equilib-
rium model of the world steam coal market that features profit-maximizing producers and
exporters supplying to a competitive global market. It assesses effects on global steam coal
trade, prices, and investments in mines and infrastructure. The model has been used to
assess climate policy implications in various contexts (cf. Haftendorn, Kemfert, and Holz
2012; Holz et al. 2018; Mendelevitch 2018; Richter, Mendelevitch, and Jotzo 2018).

In the COALMOD-World model, we differentiate between different producing and con-
suming regions and take into account distance-related transportation costs, in addition to
region-specific production and investment costs of coal mining. For the U.S., we distinguish
the three main geographical mining regions as four separate model nodes (PRB, Rocky
Mountains, Appalachia, and Interior Basin). On the consumption side, we differentiate
between consumption nodes at the country and regional level depending on their individ-
ual levels of coal demand and their paces of coal demand adjustment. We divide the U.S.
coal market into five regional nodes: USA-West, USA-North-Central, USA-South-Central,
USA-Southeast, and USA-Northeast (Holz et al. 2016).

20https://apnews.com/573a19c3d43643e5b2d961b46cd99c67, last accessed August 3, 2018.
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5.3.1 Policy scenarios and data

In Section 5.2 above, we detail a number of current and potential future policy measures
supposedly targeted at revitalizing the U.S. coal sector. Focussing on the effects of the
CPP, possible West Coast exports, and support for CCTS, we develop six policy scenarios,
which we apply in either a moderate or an ambitious climate policy pathway (see Table
5.1).

The moderate climate policy pathway sees the global community taking some limited action
against climate change at the ambition level of the current nationally determined contribu-
tions (NDCs). However, this sets the world on course for a rise in global mean temperature
by some 3.2°C (2.6–4.0°C) above pre-industrial levels by the end of this century (Fekete
et al. 2017, 1). Global consumption of steam coal continues at a relatively high level and
decreases only little below current consumption levels by 2050. We do not assume any
large-scale application of CCTS under the moderate climate policy pathway, because the
motivation to deploy this costly technology is insufficient if no strong, binding climate
targets exist (Budinis et al. 2018; Haszeldine et al. 2018).

The ambitious climate policy pathway implies a drastic reduction of GHG emissions from
fossil fuel consumption to limit global warming to 2°C by 2100. The U.S., possibly under a
new administration, returns to an active mitigation strategy. Global steam coal consump-
tion is reduced significantly by 2050. We derive growth rates of steam coal consumption,
including in the U.S., from the 450ppm scenario of IEA’s WEO 2016, which is in line with
the 2°C target and includes a significant amount of coal-fired power generation capacity
equipped with CCTS technology by 2040 (260 GW, see IEA/OECD 2016b, 208). We use
this data to assess the effect of increased support and availability of CCTS on the coal
supply.

The first three scenarios (Rollback, CPP, Rollback_ports) fall under the moderate climate
policy pathway. For all scenarios in this pathway, we use U.S. coal consumption forecasts
from AEO 2018 (EIA 2018a) which are rather high given the power plant fleet’s vintage
structure and current energy economic trends (see Section 5.2). However, they provide a
good representation of the views of the Trump administration regarding future U.S. energy
sector developments, which are in the focus of our analysis.

The scenario Rollback represents U.S. domestic coal consumption induced by new, lax
environmental policy under Trump. More concretely, this scenario assumes that the CPP
is cancelled, resulting in retrofitting investments and live-time extensions for existing coal
power plants and consequently increasing domestic coal demand in the U.S. We contrast
this situation to the scenario CPP, where the CPP is assumed to remain in place. The
scenario Rollback_ports assumes that, in addition to measures from the scenario Rollback,
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Table 5.1: Scenario overview.
Pathway (global dimension) Scenario Clean Power Plan West Coast ports CCTS 2°C target
Moderate climate policy Rollback* - - - -

CPP** + - - -
Rollback_ports*** - + - -

Ambitious climate policy 2°C_CCTS**** + - + +
2°C_no-CCTS***** + - - +
2°C_CCTS_ports + + + +

*Rollback: assumes growth rate for coal consumption based on IEA WEO 2017 NPS (IEA/OECD 2017b);
for U.S.: reference consumption from AEO 2018 (EIA 2018a), this reflects the current legal situation as of
2017 without CPP measures.
**CPP: assumes growth rate for coal consumption based on IEA WEO 2017 NPS (IEA/OECD 2017b); for
U.S.: CPP consumption from AEO 2018 (EIA 2018a).
***ports: assumes possibility to expand western port export capacity by 50 Mt each 5 years from 2020
onwards.
****2°C_CCTS: assumes growth rate for coal consumption based on IEA WEO 2016 450 ppm scenario
(IEA/OECD 2016b).
*****2°C_no-CCTS: assumes growth rate for coal consumption based on IEA WEO 2016 450 ppm without
coal consumed by coal-fired power generation capacities equipped with CCTS. (see Box 1 in the Supple-
mentary Material (Appendix D.1) for details).

the Trump administration manages to extend support for the U.S. coal sector by pushing
through West Coast coal export ports against massive opposition.

The ambitious climate policy pathway includes the scenarios 2°C_CCTS, 2°C_no-CCTS,
and 2°C_CCTS_ports. The scenario 2°C_CCTS assumes that the increased support for
CCTS under Trump and possible further support make CCTS available as a mitigation
option for coal-fired power stations in the long run. Thus, steam coal consumption does
not have to be phased out entirely by 2050, while the 2°C climate target is still achieved.
The scenario 2°C_no-CCTS, in contrast, assumes that CCTS will not be an economically
viable option for coal-fired power plants until 2050. Hence, to achieve the 2°C target,
coal consumption has to decline even further. The scenario 2°C_CCTS_ports extends the
2°C_CCTS scenario by allowing additional West Coast exports.

5.3.2 Results on future coal consumption

Figure 5.3 shows global and U.S. steam coal consumption, and U.S. steam coal production
in all six scenarios. At the global scale, the three scenarios in the moderate climate policy
pathway differ only slightly (at max. 170 Mtpa or 3 % in 2050). As expected, average
global steam coal consumption in the ambitious climate policy pathway is significantly
lower, no matter whether CCTS is available or not. While consumption in all three scenar-
ios of the moderate climate policy pathway is around 5,600 Mtpa to 5,700 Mtpa in 2030
and around 5,300 Mtpa to 5,500 Mtpa in 2050, it drops to around 2,800 Mtpa (CPP) to
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3,100 Mtpa (Rollback & Rollback_ports) in 2030 and 200 Mtpa (2°C_no_CCTS) to 800
Mtpa (2°C_CCTS & 2°C_CCTS_ports) in 2050 in the ambitious climate policy pathway,
respectively. Even if available, CCTS can only decelerate the global phase-out of coal-fired
power generation, but not stop it entirely. Cumulative CO2 emissions from coal-fired power
generation between 2015 and 2050 amount to approximately 470-480 Gt (on average ca.
10 Gt per year) in all three scenarios in the moderate climate policy pathway (see Table S3
in the Supplementary Material (Appendix D.1)).In the ambitious climate policy pathway,
less than half the amount of CO2 is released into the atmosphere from coal-fired power
generation (210 Gt total emissions 2015-2050).

Figure 5.3: COALMOD-World results for global and U.S. steam coal consumption, and
U.S. steam coal production 2010–2050 in all scenarios.

Note: Scenarios 2°C_CCTS and 2°C_CCTS_Ports fully overlap.

U.S. steam coal consumption declines below 2015 levels in all scenarios in the following
years. In scenarios with a policy rollback (Rollback and Rollback_ports), consumption
declines rather slowly (-10 % and -16 %, respectively, in 2050 compared to 2015), while in
the CPP scenario, consumption declines by around 30 %. Cumulative CO2 emissions from
U.S. coal-fired power generation between 2015 and 2050 amount to approximately 43 to
44 Gt (on average ca. 1.2 Gt per year) in the Rollback and Rollback_Ports scenarios (see
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Table S3 in the Supplementary Material (AppendixD.1)). In the CPP scenario, cumulative
emissions from U.S. coal-fired power generation are about 13 % lower (38 Gt) than in the
Rollback scenario(s).

In the ambitious climate policy pathway, U.S. coal consumption drops within 15 years
by more than 80 % to around 100 Mtpa in 2030. Cumulative CO2 emissions from coal-
fired power generation between 2015 and 2050 amount to approximately 13 Gt in all three
scenarios of this pathway.21 Annual emissions drop from ca. 1.3 Gt in 2015 to less than
0.6 Gt in 2025, and ca. 0.2 Gt in 2030.

5.3.3 Trump’s effects on U.S. coal production in a moderate
climate policy world

Policy interventions of the Trump administration in favour of coal, represented in the
Rollback scenario, lead to a stabilization of steam coal production in the U.S. in the long-run
at about the production level of 2015 (see Figure 5.3). However, replacing the CPP with a
rather coal friendly rule does not lead to a return to former high, pre-2015 production levels.
Revoking the CPP changes U.S. coal production only slightly in the short run because the
CPP was scheduled to take effect only in 2022. Only after 2025, are production levels in the
Rollback scenario around 11 % higher than in the CPP scenario. Regionally disaggregated,
this additional production comes mainly from the PRB. Production in the Appalachia and
Interior regions remains at 2015 levels.

The scenario Rollback_ports shows the effect of additional export port capacities along the
U.S. West Coast. Total U.S. steam coal production rises slowly after 2020. The absolute
increase in production induced by these ports (compared to the Rollback scenario) amounts
to approximately 60 Mtpa by 2030 and 120 Mtpa by 2050. While this leads to slight pro-
duction increases in all regions compared to the Rollback scenario, this additional demand
is served mostly by an increase in production in the PRB. However, West Coast export
opportunities in combination with the policy rollbacks of the Trump administration still
do not lead to a return of U.S. coal production to the peak levels of the 2000s.

21For simplicity, the coal demand from CCTS-equipped coal-fired power stations is assumed not to cause
CO2 emissions. Given capture rates between 85 % and 95 %, the difference in total CO2 emissions is
small.

124



5.3 Modelling U.S. and global coal markets with the COALMOD-World model

Figure 5.4: COALMOD-World results for U.S. steam coal exports 2020–2050 in moderate
climate scenarios.

Under the moderate climate policy pathway, exports increase in all three scenarios compared
to 2015 (see Figure 5.4). Exports in the Rollback scenario are lower than in the CPP scenario
due to the higher domestic demand in the Rollback scenario. In the Rollback_ports scenario,
new West Coast export capacities facilitate additional exports of about 100 Mtpa by 2035,
and 150 Mtpa by 2050. In all scenarios, U.S. export destinations shift from Europe and the
Americas towards Asian countries. While in the scenarios Rollback and CPP, without new
West Coast export facilities, U.S. exports from 2030 onwards go mostly to India, Japan
and South Korea are the two main destinations under the scenario Rollback_ports.22 Here,
they replace mainly Colombia and Russia as coal suppliers.

Between 2020 and 2050, cumulative investments in the range of four billion US$ (in 2010
US$) in new U.S. transport and export infrastructure would be necessary to realize the
additional exports in the scenario Rollback_Ports. Furthermore, cumulative investments
in mining capacities between 2020 and 2050 would have to increase by about 80 % in the
Rollback_Ports scenario compared to the Rollback scenario, albeit at a relatively low level
22The underlying model does not consider specific coal quality requirements of different power plants. Oei

and Mendelevitch (2019) highlight this issue which hampers substitutability between different suppliers.
This could possibly constrain demand for low-energy content PRB coal.
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of 10.7 billion US$.23 For comparison, in 2012 alone, capital expenditure in the sector was
around 9 billion US$.24 In the CPP scenario, cumulative investments in coal production
capacities are halved compared to the Rollback scenario.

While many qualitative studies assess the possible effects of policy changes under the Trump
administration on U.S. coal supply and consumption, quantitative assessment is very lim-
ited. Assuming a full regulatory rollback and arguing for coal exports to remain at current
levels, Houser, Bordoff, and Marsters (2017, 38) find that total U.S. coal production, in-
cluding metallurgical coal and lignite, could rise to 820 Mt in 2030 compared to 610 Mt in
2030 under Obama administration policies. They stress, however, that depending on the
development of primary energy prices, U.S. coal consumption by 2022 could either further
decline to 550 Mt or rise to 800 Mt (720 Mt in reference case). Similarly, the EIA projects
in its reference case that U.S. coal production will remain relatively flat at around 680
Mt until 2050 (EIA 2018a, 92). With the CPP being implemented, coal production would
decrease to 570 Mt by 2030 and ca. 540 Mt by 2050 (EIA 2018a, 91–92).

5.3.4 U.S. coal production in an ambitious climate policy world

If the political frame to get on track for reaching the 2°C target is reset, prospects for U.S.
coal production look significantly different (see Figure 5.3). U.S. steam coal production
drops under all three scenarios in the ambitious climate policy pathway by around 85 %
between 2015 and 2030. Coal production vanishes in all regions between 2020 and 2030
except in the PRB.

CCTS cannot prevent this drastic decline even under optimistic assumptions regarding the
availability of CCTS technology (2°C_CCTS). The largest part of the decline in U.S. steam
coal production takes place before CCTS for coal-fired power plants is widely available. The
availability of CCTS only changes prospects for U.S. steam coal production starting in 2030.
Without CCTS (2°C_No_CCTS), U.S. steam coal production declines from around 90 Mt
in 2030 to only 10 Mt in 2040. A sensitivity model run with a 1.5°C target shows an even
more drastic decline, with a coal phase-out in the U.S. by 2030. With CCTS available,
coal production declines more slowly after 2030 and reaches ca. 40 Mtpa in 2050. This is
around 6 % of 2015 production levels.

23COALMOD-World includes a mine mortality mechanism by which production capacity depreciates over
time according to extraction. Investments are necessary to replace the depreciated capacities. However,
the new mines are assumed to have higher costs because typically easiest-to-access deposits are mined
first. Average mine maturity differs between regions.

24See U.S. Census Bureau, 2012 Economic Census. Capital expenditures (except land and mineral rights)
http://www2.census.gov/econ2012/EC/sector21/EC1221SG1.zip.
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The possibility of exporting steam coal via the West Coast does not change prospects for
U.S. steam coal production significantly in this pathway. Exports stay below 35 Mtpa in
all three scenarios and by 2040 no more steam coal is exported from the U.S. (see Figure
S2 in the Supplementary Material (AppendixD.1)). The U.S. retains its role as a swing
supplier. In the Asian market, U.S. coal competes on the margin with, e.g., low cost
Indonesian coal. U.S. coal loses its market shares rapidly towards 2035 to 2040 (depending
on the scenario), while other exporting countries continue to serve the Asian market. In
the Atlantic markets, U.S. coal has already disappeared by 2020. In other words, U.S. coal
exports are very vulnerable to climate policy in these markets.

No investments in coal supply infrastructure are made from 2020 onwards, except in scenario
2°C_CCTS_Ports, where some investments into additional export facilities are made (ca.
300 million US$).

5.4 Consclusions

At the latest by the time of the second presidential term of Barack Obama, prospects for
the U.S. coal sector were already fading fast. Many have blamed Obama’s Climate Action
Plan and other climate policy measures that targeted emission reduction from coal-fired
generation as a primary driver of this decline. Indeed, U.S. coal-fired power generation is
the primary destination of U.S. coal production. However, in the U.S. electricity sector, coal
suffers less from climate and other environmental regulation and more from lower compet-
itiveness compared to recently built gas-fired power plants and renewables. Our literature
survey shows that current and recent US environmental policies have had relatively little
effect on U.S. coal production and consumption. From this perspective, revoking environ-
mental policies will not change the fundamental economics in the energy market. Unless
new regulation disproportionately favours coal-fired generation over other energy technolo-
gies, lax rules will not turn the tide for coal. Notably, market support for renewables
and natural gas production is not under question by the current administration. Obama’s
climate policies worked to reinforce market forces and helped natural gas and renewables
to outcompete coal, while Trump’s policies and policy rollbacks try to pull in the opposite
direction. Using a comprehensive model of the international steam coal market, we assess
the effects of this policy change on U.S. steam coal production, exports, and investments.

We use rather high assumptions on U.S. coal consumption in the pro-coal scenarios provided
by the EIA which neglect current structural and economic trends. Moreover, we assume
prompt policy implementation, despite many potential entry points to postpone or prevent
policy implementation. Nevertheless, our results with the COALMOD-World model show
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that in no case does coal production return to the all-time high levels of the 2000s (about
20 % higher than 2015 levels). Compared to a case with environmental regulation (CPP),
U.S. coal production would increase by one-eighth in the next years but still stay far from
the levels of 2010 or before. Accordingly, the policy rollback would increase CO2 emissions
from the U.S. coal sector by 13 %, stabilizing U.S. coal consumption at approximately 2015
levels. However, if the Trump administrations takes its promise of reviving coal seriously,
it will need to take much bolder action. In this paper, we therefore look at two additional
scenarios, which potentially bring about a change to the current trend in the coal sector:
a hypothesised break of opposition against West Coast coal export ports or a widespread
application of CCTS technology.

Establishing coal exports via the U.S. West Coast requires overcoming the regulatory hur-
dles to expand terminal capacity. Moreover, investments to expand coal transport infras-
tructure would become necessary, in particular to allow exports from the low-cost PRB in
the Western United States These investments would be at high risk of becoming stranded,
given that U.S. coal exports vanish under an ambitious climate policy pathway and produc-
tion drops precipitously. While West Coast exports support PRB coal, there is no scenario
which allows the Eastern coal basins (Appalachia and Interior)–which Trump had in mind
when claiming to ’make coal great again’–to return to their pre-2015 production levels.
Assuming current labour productivity levels, which differ by an order of magnitude between
the PRB and Appalachian basins, a shift in production towards the PRB implies a further
reduction in jobs in the coal sector.

CCTS cannot save the U.S. coal sector either. The strong financial and policy support that
is required to realize private investments into this costly technology can only be justified if
climate change mitigation is accepted as the ultimate underlying objective. However, this
also means embarking on an ambitious climate policy pathway that leaves little space for
coal-fired power generation, even with CCTS in place. The availability of the technology
makes the difference between 100 Mtpa and 50 Mtpa of steam coal production by 2035,
thus it only mildly decelerates the rapid coal phase-out that is required to meet the 2°C
target.

In summary, new U.S. policies are not likely to turn the tide for U.S. coal. To the contrary,
the coal sector is under ever-increasing risk of asset stranding, because it is uncertain which
climate policy trajectory will be taken, both domestically and internationally. Coal mining
assets are particularly at the risk of stranding (while domestic coal-fired power plants
continue to be so, too). This is even more true from a global climate policy perspective,
as much of the difference between scenarios is driven by exports, even without West Coast
ports being available. Traditionally a supplier to Europe and the Americas, the U.S. will
take the role of a swing supplier between the Atlantic and the Pacific coal markets. Due to
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its higher supply costs to the import markets compared to other exporters (e.g. Indonesia,
South Africa), it can only be the marginal supplier to Asian markets such as India, Japan,
and South Korea. In other words, while exports can potentially contribute to the survival
of U.S. coal production for a few more years, they make the U.S. coal sector even more
vulnerable to sudden climate policy shifts in other world regions.
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Chapter 6

The U.S. coal sector between shale gas and renewables:
Last resort coal exports?

This chapter is based on joint work with Franziska Holz published in Energy Policy 149 (2021) 112097
under the title: “The U.S. coal sector between shale gas and renewables: Last resort coal exports?”.
DOI: 10.1016/j.enpol.2020.112097; published open access under CC BY 4.0.
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6.1 Introduction

In many countries around the world, governments and utility companies have started to
engage in coal-phase out processes (Jewell et al. 2019; Rentier, Lelieveldt, and Kramer
2019). Others hold out hope for more prosperous times in the coal sector (Mendelevitch,
Hauenstein, and Holz 2019). This paper explores the future of the coal sector in the United
States of America (U.S.), adding a detailed coal sector perspective to the Energy Modeling
Forum 34 (EMF34) results. We find that while the politics are different in the U.S. and
in Europe, future outcomes may be similar. However, these trends are not yet reflected in
many energy scenarios such as those of the U.S. Energy Information Administration (EIA)
and of the EMF34 models.

Round 34 of the Energy Modeling Forum (EMF) deals with “North American Energy Trade
and Integration” (Huntington et al. 2020). Our bottom-up analysis of the coal sector is
meant to complement its system-wide analyses. Coal still plays a major role in North
America, and especially in the U.S. power sector, yet its future is very uncertain. For the
U.S. example, our results show that numerical modeling of electricity, energy and energy-
economy relationships need to take into account the vintage structure of the coal-fired
power plant fleet as well as its reduced competitiveness compared to renewables and shale
gas. In addition, global coal demand trends need to be considered when assessing possible
futures for coal production in the USA.

Coal has long been a mainstay of U.S. baseload power generation as well as the U.S.
mining sector. However, U.S. domestic coal consumption and production was about halved
between 2008 and 2019, with consumption dropping to 520 million tons (Mt) in 2019, the
lowest value since 1978. Production declined to 640 Mtpa in 2019.1 Approximately 93 %
of domestic coal consumption, relatively constant over the last ten years, goes to the U.S.
electricity sector. U.S. coal-fired power generation are directly influencing coal production.
Power generation from coal lost large market shares, reaching less than 25 % in 2019 (966
TWh). This went along with an increasing number of coal-fired power plants retiring,
without new ones being constructed, leaving an aging fleet with a current average age of
41 years in 2020.

U.S. federal government support for continued use of coal remains strong, despite a global
trend to “powering past coal” and more and more coal phase-out decisions in developed
countries (Blondeel, Van de Graaf, and Haesebrouck 2020). In June 2019, the EPA issued
the so-called Affordable Clean Energy rule (ACE), which replaced the Clean Power Plan

1EIA energy data browser: https://www.eia.gov/totalenergy/data/browser/, last accessed March 30,
2020. Figures in coal tonnage are given in metric tons. Short tons are converted using the IEA conversion
factor 0.907184.
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(CPP) of the previous administration (EPA 2019a), despite the negative emission and health
effects that must be expected (Thomson, Huelsman, and Ong 2018). In contrast to the
CPP, the ACE allows for very soft emission control regulation of coal-fired power generation
by the states. On the supply side strict environmental regulations in the ’Stream Protection
Rule’ and the ’Resource Management Planning’ have been relaxed.

However, economic drivers have led to the continuous decline of U.S. coal mining and power
generation. Mendelevitch, Hauenstein, and Holz (2019), Feaster (2018), Houser, Bordoff,
and Marsters (2017), Wang, Li, and Li (2019) and others have documented and analyzed
the downward trend of U.S. coal production and consumption in the U.S. electricity sector.
They essentially come to four main reasons for this decline: 1) the shale gas boom; 2)
an increasing amount of renewable electricity generation; 3) the tightened environmental
regulations of the power sector (but with less effect than the previous two reasons); and
4) the very old fleet of coal-fired power plants. And this trend continues. More coal-fired
power plants are expected to retire over the next years,2 and new builds are very unlikely
in the context of low-price (shale) gas and increasingly cheap renewables.3 Yet, these U.S.
electricity and coal sector trends are not reflected in many U.S. energy forecast scenarios,
such as by the EIA. Also in the results of the EMF34 group (Huntington et al. 2020) this
downward trend of coal-fired electricity generation is only partially reflected. Figure 6.1
shows that many models in their reference scenarios project a stable amount of coal-fired
generation after 2020 (panel b), so that coal has a significant share in the electricity mix in
2040 of 20 to 30 % (panel a).4 Given the current average age of 41 years of coal-fired power
plants, new investments in coal-fired electricity generation would be necessary to achieve
this. However, such investments are very unlikely in the current economic circumstances
of low-cost competing renewables and gas and, indeed, the industry has no plans for new
coal power plants.5 Notwithstanding, the EIA forecasted for the year 2040 940 TWh from
coal in the Annual Energy Outlook 2019 (EIA 2019), i.e. approximately the level of 2019
(966 TWh).6

2EIA 860M January 20120, https://www.eia.gov/electricity/data/eia860m/, last accessed March 30,
2020.

3The Covid-19 crisis, starting in the first quarter of 2020, reinforces the downward trends and shows the
vulnerable economic situation of the coal sector (Oei, Yanguas-Parra, and Hauenstein 2020). While
power production from other sources, especially renewables, only decreased slightly or even increased,
power generation from coal fell drastically (IEA 2020c), increasing the strain on coal producers worldwide
markedly (Oei, Yanguas-Parra, and Hauenstein 2020).

4A notable exception is the MUSE model, which also finds lower total electricity generation and higher
renewables share in the U.S. (Huntington et al. 2020).

5See, for example, the power plant tracker at https://endcoal.org/global-coal-plant-tracker/.
6In the 2018 edition of its Annual Energy Outlook (EIA 2018a) it was even higher, with 1,160TWh of net
electricity generation from coal in 2040.
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Figure 6.1: Overview of EMF34 results for a: U.S. electricity generation mix in 2040 (left),
and b: U.S. electricity generation from coal (right) of various models (“EMF34
Reference Scenario” (Modelers’ Choice Scenario)).

Source: (Huntington et al. 2020).

In this paper, we investigate how U.S. coal production is affected by current and possible
future market and policy trends. Furthermore, we assess to what extent coal exports could
compensate for declining domestic demand. Exports have repeatedly been presented by
the industry as “savior” of the U.S. coal mining and mining jobs (Cornot-Gandolphe 2015;
NCC 2018). We use our results to discuss the prospects of coal mining employment in the
different U.S. coal basins.

Exports have been only a marginal market for U.S. coal producers of both steam (thermal)
and metallurgical (coking) coal. Due to their relatively high supply costs, U.S. coal produc-
ers generally act as marginal suppliers for the international coal market, strongly following
the fluctuations in international coal prices with the size of their supplies to the market.
With a shrinking domestic market, the question is whether U.S. coal producers can increase
their exports to secure future revenues.
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However, coal production in the U.S. is far from uniform. The four coal basins in the U.S.
- Appalachia in the East, the Interior region (Center), the Powder River Basin (PRB) in
the (North) West and the Rocky Mountains region - have very different characteristics.
Most importantly, PRB coal can be produced at much lower costs than in any other region
because it comes from large opencast mines. This has led to a continuous increase of the
share of PRB coal in total U.S. coal supply in the last decades.7 When prospecting the
future of the U.S. coal sector, it is a natural question whether this trend in favor of PRB
coal will continue and whether there are scenarios - notably those with higher or lower
exports - in which this trend is reinforced or attenuated. Due to their geographic location,
the coal regions are differently connected to export ports and PRB coal, in particular, can
hardly access export markets because of the de facto moratorium on West Coast export
terminals (Mendelevitch, Hauenstein, and Holz 2019).

We use the COALMOD-World model (Holz et al. 2016) to quantify our arguments and
provide numbers for future coal production, consumption, and exports. We draw on and
complement scenarios from EMF34 on “North American Energy Trade and Integration”
(Huntington et al. 2020).8 Some of the scenarios are parameterized with results of the
GCAM model’s EMF 34 scenarios. In other words, we soft-link the sectoral COALMOD-
World model with the Integrated Assessment Model GCAM (Calvin et al. 2019).

In the remainder of this paper, we describe our method by detailing the modelling approach
as well as the scenarios in Section 6.2. In Section 6.3, we present an overview of the global
and U.S. results of the scenarios. In Section 6.4, we discuss the impact of exports and
include scenario runs with the option of expanding U.S. West Coast export ports. We
extend the analysis to investigate the scenarios’ effects on the different U.S. coal regions
in the long run in Section 6.5, before concluding in Section 6.6. The Appendix E includes
more details, in particular on alternative U.S. coal power pathways as well as our results.

6.2 Method

Our approach is typical for an EMF exercise: a) we use a numerical model, here the sectoral
global coal market model COALMOD-World (Holz et al. 2016), and b) we run a variety
of scenarios with this model. In addition, to assess implications of EMF34 scenarios, we
soft-link the COALMOD-World with the Integrated Assessment Model GCAM (Global
Change Assessment Model; Calvin et al. 2019) for some of the scenarios. Even though

7EIA energy data browser: https://www.eia.gov/totalenergy/data/browser/, last accessed March 30,
2020.

8See https://emf.stanford.edu/projects/emf-34-north-american-energy-trade-and-integration, which also
provides detailed scenario results. Last accessed September 29, 2020.
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both COALMOD-World and GCAM are global models, we focus on the U.S. results, both
national and regional results.

6.2.1 COALMOD-World Model and Data

In the center of our quantitative analysis is a holistic model of the world steam coal market,
COALMOD-World. It calculates steam coal production, trade, and prices for the world’s
regions. It features a detailed representation of domestic and international steam coal sup-
ply until 2050 and includes endogenous investment decisions in production, land transport,
and export capacity, as well as an endogenous mechanism that updates production costs
due to resource depletion (Holz et al. 2016; Holz et al. 2015). For the analysis in this paper,
we have updated the model extensively, also compared to Mendelevitch, Hauenstein, and
Holz (2019), to include recent data from the International Energy Agency (IEA 2019a,
2019b) and other, mostly national sources, for the U.S.A., China, India, etc. For example,
the model is now calibrated for 2015 and we fix 2020 consumption levels to values extrap-
olated from the 2015 to 2018 trends in order to take into account the development trends
of the past years.

Mathematically, COALMOD-World is a perfect foresight equilibrium model that collects
the profit maximization problems of the major player types in the global steam coal mar-
ket, namely producers and exporters, and balances their supply with demand in the coal
consumption regions. The model specification has a focus on the supply side of coal (coal ex-
traction, coal transport) and includes extraction costs and extraction constraints, transport
costs and transport constraints, investments in mining and transport. Both the seaborne
and the overland international trade as well as the national markets are included, with
large countries split in regional nodes. We associate each player with one of these nodes.

The U.S. is represented with four supply nodes which represent the major steam coal basins:
Appalachia in the East, Interior, Rocky Mountains (Rockies) in the Western coal region,
and Powder River Basin (PRB) in the Northern Great Plains. On the demand side, we
split the entire U.S. (Lower 48 plus Alaska) in five consumption nodes: North Central,
North East, South Central, South East, West, see Figure 6.2).9

9Our definition of the U.S. nodes is based on the EIA disaggregation. The EIA electricity data disaggre-
gates the U.S. in ten regions (’New England’, ’Middle Atlantic’, etc.). In most cases, we aggregate two
EIA regions to obtain the COALMOD-World demand nodes shown in Figure 6.2.
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Figure 6.2: U.S. coal basins, consumption regions and reference export port locations in
the COALMOD-World model.

Demand is expressed in PJ (i.e. peta joules, a unit of energy), and for each coal producing
region its specific average energy content is used to convert from mass (million metric tons,
Mt) to energy (PJ). We include future demand trends by applying the regional growth
rates from various data sources (see Section 6.2.2) to our 2020 coal consumption values in
each demand node. 2020 values are obtained by extrapolating the trend between 2015 and
2018 from IEA (2019a) to 2020.

6.2.2 Two sets of scenarios, one cross-cutting policy shock

We develop two sets of scenarios in order to, on the one hand, assess the plausibility of
the EMF34 coal results shown in Figure 6.1, and on the other hand, show that alternative
futures with more stringent climate policy will have an even stronger effect on the U.S.
coal sector than the trends of the past decade. The first set of scenarios are “status quo”
scenarios which - generally speaking - assume a sustained, high average global coal demand
to 2050 and a continuation of the status quo policies in the U.S. with a substantial role for

137



Chapter 6 The U.S. coal sector between shale gas and renewables: Last resort coal exports?

coal in the power sector. Clearly, we do not assume any climate or coal phase-out policy
in any of these scenarios. Except for one, all EMF34 scenarios are status quo scenarios to
a smaller or larger extent (Huntington et al. 2020).

Our second set of scenarios are climate policy scenarios which assume climate policy mea-
sures in place that effectively reduce the role of coal in the global and the U.S. energy
system. Only one EMF34 scenario falls into this category, namely the “Carbon Policy”
scenario (Huntington et al. 2020) which we implement using GCAM’s coal results. Table
6.1 gives an overview of our five scenarios and their main assumptions.

Table 6.1: Our scenarios and their main characteristics.
Status quo scenarios Climate policy scenarios
EIA_reference 1.5°C

- U.S. coal demand growth rate from
EIA (2019) AEO Reference Scenario
- Global coal demand growth rate from
IEA (2019b) WEO Stated Policies Scenario

- Based on IPCC “1.5°C” scenarios
analyzed by Yanguas Parra et al. (2019),
here: median coal consumption without
CCS of scenarios fulfilling sustainability
criteria (limited BECCS & carbon uptake
from AFOLU)

GCAM_no_policy GCAM_carbon_policy

- Coal demand growth rates in the U.S.
and all other countries from GCAM
EMF34 reference scenario results
- “No policy” baseline scenario of GCAM

- Coal demand growth rates from the
GCAM results of the EMF34 Carbon
Policy scenario
- GCAM runs with global CO2 price of 35
USD in 2022, and then 5 % growth per
year to 137 USD in 2050 (EMF34 assumption)

US_bottom_up
- Future U.S. coal demand is calculated
from U.S. coal-fired power generation
unit data from EIA with an average life-time
assumption of 60 years and a
constant capacity factor of 0.5
- Global coal demand growth rate from
IEA (2019b) WEO Stated Policies Scenario

We distinguish three status quo scenarios, of which two can be considered EMF34 scenarios.
The first one of them, the scenario EIA_reference uses coal demand growth rates for the
U.S. regions from the Reference case of the EIA (2019) “Annual Energy Outlook”10 and
the coal demand growth rates from the IEA (2019b) Stated Policies Scenario (formerly
called New Policies Scenario) for the other world regions. EIA (2019, 107–108) assumes a
decline of coal-fired power generation by 18 % between 2018 and 2035 in the U.S. and a
stable level thereafter until 2050. Given the current vintage structure of the U.S. power
sector fleet, this implies investments in new coal-fired power plants (or plants of 80 years and
10For detailed data tables of the EIA (2019) Annual Energy Outlook see https://www.eia.gov/outlooks/a

rchive/aeo19/, last accessed September 23, 2020.
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more running) as well as an increasing capacity factor of these coal-fired power plants. Both
assumptions seem unrealistic in the current market environment of cheap shale gas and low-
cost renewables (Mendelevitch, Hauenstein, and Holz 2019), which is why we contrast the
EIA_reference scenario with the US_bottom_up scenario. Both these scenarios are defined
with the same international environment, IEA’s Stated Policies Scenario (IEA 2019b), which
is a conservative scenario assuming only the implementation of the currently committed
nationally determined contributions (NDCs) and no further climate action. It, therefore,
comes with stable global coal demand until 2050.

The second status quo scenario, “GCAM_no_policy”, is based on the results of the GCAM
model’s EMF34 Reference Scenario. GCAM’s Reference Scenario results are among the
highest coal use results of all EMF34 models and are the highest electricity generation levels
(Figure 6.1). For the “soft link” of COALMOD-World and GCAM, we take the GCAM
results for coal demand as input data for COALMOD-World. GCAM is a global integrated
assessment model which features a detailed multi-sector representation that explores both
human and earth system dynamics (Calvin et al. 2019). In particular, it includes a detailed
energy sector module which distinguishes the major fuels (including coal) and various energy
transformation technologies. In its recent update for EMF34, it takes into account the
vintage structure of the U.S. coal-fired power sector and restricts expansion of this (as well
as the European coal power) sector.11 The EMF34 runs go to 2050 and can therefore not
report on the temperature development to 2100. In GCAM, the U.S. is one separate node,
out of 32 nodes in total. To implement our GCAM scenarios, we map the GCAM nodes
to the CMW nodes and apply the regional growth rates of the GCAM results (2020-2050)
to our base year demand (2020). EMF34 did not prescribe assumptions for the models’
“reference scenarios” but describes them as “modelers’ choice”. GCAM’s reference scenario
for EMF34 is a no-policy baseline as is usual in integrated assessment modelling exercises.
It is, therefore, clearly a status quo scenario.

For the US_bottom_up scenario, we base future U.S. steam coal demand on bottom-up
information on observable trends regarding retirement age and capacity factor of U.S. coal-
fired power plants. We take include the geographic location, (net summer) capacity, age,
and announced retirement dates of all U.S. coal-fired generation units.12 In addition to

11There is also a U.S. version of the GCAM model (GCAM-USA). While the level of spatial disaggregation
of the USA differs significantly between the two model versions, the data is similar. GCAM-USA was
recently used in Feijoo et al. (2020) who also find stable U.S. coal consumption levels through to 2050
in a scenario of “National Policies Implemented” (similar assumptions than EIA_reference) and almost
a doubling of coal consumption in a “NoPolicy” scenario.

12Based on data provided in EIA’s Preliminary Monthly Electric Generator Inventory EIA860M as of
August 2019 (https://www.eia.gov/electricity/data/eia860M/). We include all generator units in the
sectors ’Electric Utility’, ’Industrial CHP’, ’Industrial Non-CHP’, ’IPP CHP’, and ’IPP Non-CHP’, in
all plant states, except Hawaii (HI), with nameplate capacities of equal to/greater than 50MW, for the
technologies ’Conventional Steam Coal’ and ’Coal Integrated Gasification Combined Cycle’, excluding
the energy source ’lignite’ (LIG).

139

https://www.eia.gov/electricity/data/eia860M/


Chapter 6 The U.S. coal sector between shale gas and renewables: Last resort coal exports?

the announced retirements listed by the EIA, we include those retirement announcements
reported in the weekly newsletter CoalWire, published by Global Energy Monitor, that
were not listed in form EIA860M yet.13 We assume that coal-fired generation units are
retired in the announced year. To all other units we apply the conservative - or, rather,
generous - assumption of a 60 years life-time.

While U.S. net electricity generation stayed rather constant around 4,100TWh between
2010 and 2019, the share covered by coal declined by about 48 % (from 45 %, 1,847TWh,
in 2010 to 23 %, 966TWh, in 2019). Total coal-fired electric generation capacity peaked
in 2011 with about 318 GW, and then declined to 229 GW in December 2019.14 Initially,
small and very old units retired. But in recent years, more and more plants that were
larger and/or younger than the average fleet age were shut down. As of January 2020, the
capacity weighted average age of the remaining fleet is 41 years. The capacity factor of
coal-fired power generation units dropped from 67.1 % in 2010 to 47.5 % in 2019.15

As of November 2019, the retirement of about 35GW between 2020 and 2030 had been
announced publicly, with a current average age of 48 years of the concerned units. Of the
remaining capacity, more than 20 % are older than 50 years. In other words, they will exit
the market (because they reach the assumed life-time end of 60 years) - and thereby stop
using coal - in the year 2030 at the latest. By 2050, only around 70 units (27GW) of the
currently existing units will be left in the market. Table 6.2 shows the regional development
of coal-fired power generation capacities. Different age structures of the regional coal-fired
power plant fleets lead to differing decline speeds (see Appendix E for alternative scenario
assumptions). While the capacity in the South Central region remains relatively constant
until 2035 due to a younger than average fleet, it is reduced by at least around 50 % in all
other regions by then. For comparison, the table shows the remaining capacity according to
the Reference case of the EIA (2019) “Annual Energy Outlook”, which remains relatively
constant at about 150GW after 2030.

We calculate the coal demand from the power sector by assuming a constant capacity
factor of 0.5 to all coal-fired power plants. This capacity factor assumption differs strongly
from the EIA assumptions. The EIA assumes that in a decade or a little more, when
most old power plants will have left the market, the average capacity factor will increase
again - because fewer but younger power plants are supposed to deliver the same amount
of electricity than today (EIA 2019). However, this assumption neglects at least that the

13Global Energy Monitor, CoalWire. https://endcoal.org/category/coalwire/, last accessed April 1, 2020.
14EIA electricity data: https://www.eia.gov/electricity/, last accessed March 30, 2020.
15EIA, Electric Power Monthly, Table 6.07.A. Capacity Factors for Utility Scale Generators Primarily Using

Fossil Fuels. https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_07_a,
last accessed April 1, 2020.
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Table 6.2: Coal-fired power generation capacities in GW in five U.S. consumption regions,
2020-2050, in US_bottom_up scenario.

2020 2025 2030 2035 2040 2045 2050
Consumption Region GW
West 25.8 22.1 13.9 12.6 9.7 3.9 3.1
North Central 83 68.4 56.8 42.1 21.8 11.8 9
South Central 24.4 23.1 23.1 23.1 17.4 7.2 3.9
South East 74.1 63.2 56.2 35 28.2 13.9 9.9
North East 11.8 9.9 6.7 2.9 2.3 1.6 1.5
U.S. total 219.1 186.7 156.7 115.7 79.4 38.4 27.4
AEO2019 U.S. total* 227.7 176.3 161.8 151.1 150 148.2 148.2

*EIA Annual Energy Outlook (AEO) 2019 Reference case values for comparison. Source: EIA (2019).

strong rise of renewables of the past decade is likely to continue given the international
efforts in further cost decrease in both renewables and flexibility options.

We chose conservative and “pro coal” assumptions for our US_bottom_up scenario con-
sistent with the status quo category. Recent trends indicate an even lower capacity factor
(47.5 % in 2019, 2015-2018 around 53-54 %)16, and earlier shut-down of coal-fired power
plants than after 60 years lifetime (average, capacity-weighted retirement age of considered
U.S. coal-fired generation units in 2019: 46.3 years).17

We apply the resulting growth (decline) rate of power generation from coal-fired units to
the 2020 base demand for steam coal to obtain each future period’s reference demand
assumption which we need as model input. Figure 6.3 shows the derived future steam coal
demand assumptions in all five U.S. consumption regions in our US_bottom_up scenario.
Figure E.1 in the Appendix E shows steam coal demand in U.S. consumption regions based
on a range of alternative retirement age and capacity factor assumptions. Even for very coal-
friendly assumptions (e.g., 70 years lifetime and 70 % capacity utilization), coal demand
will decline substantially and be reduced by half or more until 2050. In contrast, in the
Reference case of the EIA (2019) “Annual Energy Outlook” coal-fired power generation
falls only slightly below its 2020 level (1,024TWh) throughout the considered time horizon
(2050: 914TWh), due to the assumed capacity factor increase and the halted coal generation

16EIA, Electric Power Monthly, Table 6.07.A. Capacity Factors for Utility Scale Generators Primarily Using
Fossil Fuels. https://www.eia.gov/electricity/monthly/epm_table_grapher.php?t=epmt_6_07_a,
last accessed April 1, 2020

17EIA, Electricity, Preliminary Monthly Electric Generator Inventory. https://www.eia.gov/electricity/da
ta/eia860M/, last accessed April 1, 2020.
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capacity retirements. Thus, the EIA also projects steam coal demand to decrease only
slightly between 2020 and 2050 (-13 %) in this scenario.18

Figure 6.3: U.S. steam coal demand assumption in the US_bottom_up scenario in PJ (dis-
aggregation into five consumption regions), with the life-time assumption of 60
years and constant capacity factor of 0.5.

We contrast the three status quo scenarios with two climate policy scenarios, one of them
being an EMF34 scenario. The latter one, the “GCAM_carbon_policy” scenario, is based
on the GCAM results for the EMF34 scenario “Carbon Policy”. This scenario assumes a
uniform global CO2 price of 35 USD in 2022 which grows by 5 % growth per year until
2050.19 Global coal demand in GCAM reduces by only 42 % between 2020 and 2050,
with the strongest reduction late in the model horizon, after 2045. While U.S. electricity
generation from coal between 2020 and 2050 decreases by 70 % in GCAM, the 2050 level
is still five times the average of the other EMF34 models’ carbon policy scenario results.
In other words, GCAM_carbon_policy is a rather moderate climate policy scenario, both
globally and for the U.S.

We also design a climate policy scenario with an effective coal exit, the “1.5°C scenario”.
It is based on the IPCC (2018a) report on 1.5°C scenarios. Yanguas Parra et al. (2019)
selected those 1.5°C scenarios that also fulfil other sustainability criteria such as reasonably
limited use of biomass with CCS (BECCS) and limited carbon uptake from afforestation
or land use. For each model year (i.e. 2025, 2030, 2035, and so on), we take the regional
growth rates of the median global coal consumption of these scenarios.

18See AEO 2019 Reference Case Projection Table 15: https://www.eia.gov/outlooks/archive/aeo19/table
s_ref.php, last accessed September 23, 2020.

19These CO2 price assumptions are implemented by GCAM. COALMOD-World cannot implement a CO2
price because it only includes coal and no other energy vector (emission source).
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6.3 Five scenarios for U.S. and global coal demand trends

We consider the scenarios EIA_reference, GCAM_no_policy, and GCAM_carbon_policy
as EMF34 scenarios which are either based on common input used by the EMF34 group
or directly on results of EMF34 scenarios. In contrast, the scenarios US_bottom_up and
1.5°C are our “modelers’ choice” scenarios.

In all scenarios, the baseline assumption is that U.S. exports via the West Coast are only
possible via the existing - small - capacities (in total five Mtpa); no investments in U.S. West
Coast export terminals are allowed. There currently is a de facto ban on creating new coal
export capacity (new terminals or expansion of existing ones) in California, Oregon, and
Washington. A number of new projects were introduced in the past two decades but none
was granted permission, due to complex permitting and strong environmental concerns by
local policy makers (Cornot-Gandolphe 2015; Mendelevitch, Hauenstein, and Holz 2019).
More recently, constructing new terminals on federal land (e.g., former military ports) was
suggested. However, their realization is questionable because railroad transportation to the
ports is also a big issue of contention in the U.S. West Coast states. With this counter-
factual policy shock we analyze whether new export capacities would make a difference to
the export chances of U.S. coal suppliers, and if yes, to which extent.

We apply a policy shock that allows for endogenous investments in U.S. West Coast export
capacities in the scenarios “_ports” of up to 50 Mtpa per 5-year period.2021In other words,
we may then see an expansion of U.S. West Coast export capacities when it is economically
rational, for example because of strong demand in Asia and idle production capacities in
the U.S., in particular in the Powder River Basin and the Rockies. With this, we want to
analyze whether a coal phase-out by domestic power generation can be compensated by
the U.S. coal producers by exporting more to the world markets.

6.3 Five scenarios for U.S. and global coal demand
trends

In this section, we want to provide an overview of the global and U.S. results from the five
COALMOD scenarios introduced in Section 6.2.2, and to highlight three main lessons that
can be learnt from these results:

20Investments in all other export capacities, including U.S. Gulf Coast and East Coasts are equally allowed
in all scenarios. Costs, capacities, and maximum expansions are not varied between scenarios.

21Coal terminals vary in size. For example, each of the two coal terminals in the Baltimore ports has a size
of approx. 14 Mtpa. The unrealized projects Millenium Bulk Terminal (WA) and Gate Pacific Terminal
(WA) were approx. 44 Mtpa each (https://www.eia.gov/todayinenergy/detail.php?id=32092, last
accessed October 11, 2020). This means that 50 Mtpa can be expected to be one very large or more
smaller ports.
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1. There is significant uncertainty on the outlook for the U.S. coal sector, even in the
absence of explicit climate policies. It depends strongly on the assumptions for the
U.S. power sector development and, to a lesser extent, the access to global markets.

2. The current assumptions by the U.S. Energy Information Agency - which has been
the source for most EMF34 models and scenarios - are biased towards coal given the
vintage structure of the U.S. coal-fired power plant fleet and recent market trends.
These assumptions have a very strong influence on the future level of U.S. coal demand
and production and must be viewed critically. They can be called “pro-coal” scenarios
and implicitly rely on further support mechanisms for coal power in the U.S.

3. If the global success of renewables continues in combination with effective climate
policy, the U.S. loses its option to shift a share of its coal production to the world
markets. This option is already limited now and in the status quo future scenarios
because of the U.S. suppliers’ high relative supply costs which make them the marginal
suppliers in the import markets.

In Section 6.4, we delve deeper into the topic of exports of U.S. coal. There, we also include
scenarios with West coast ports. In Section 6.5 we analyze the details of these scenarios
for the different U.S. coal regions.

Looking first at the global coal use trends to 2050 (Figure 6.4), we can easily discern the
five scenarios. We see that GCAM_no_policy is an extreme no-policy scenario in which
“status quo” leads to a strong increase of global coal demand, about 37 % above 2020 levels
and well above 7000 Mtpa. This can well be interpreted as an upper bound of future coal
demand. The other status quo scenarios exhibit rather constant demand over time, with a
moderate increase until the 2030s when they peak below 6000 Mtpa and then a return to
approximately 2020 levels around 5400 Mtpa. GCAM_carbon_policy is a “middle-of-the-
road” scenario with only moderate climate policy assumed. The global demand reduction
between 2020 and 2050 is only 37 %, to about 3400 Mtpa. In contrast, the 1.5°C scenario
leads to a strong and early fall of global coal demand: by 2030 coal demand is already 73
% lower than in 2020, and 99 % lower by 2040

Main consumers in all scenarios are China (between 48 % and 52 % of cumulative global
consumption between 2020 and 2050) and India (between 18 % and 23 %), but the US
also is a major coal consumer (between 6 % and 9 % of cumulative coal consumption,
with the smallest share in the US_bottom_up scenario). These countries’ shares in global
coal demand stay rather constant over time in most scenarios, i.e. their demand evolves
similarly to the global trend. An exception, amongst others, is the U.S. demand in the
US_bottom_up scenario, which reaches a share of only 1 % of global demand in 2050.
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Figure 6.4: Global steam coal consumption in Mt per year in all scenarios.

India’s demand generally increases to around 30 % of global demand in most scenarios by
2050.

We see already in the global numbers of the status quo scenarios that adjusting the U.S.
consumption expectations has a notable effect on the total coal consumption: in our scenario
US_bottom_up, global coal consumption 2050 is almost 7 % lower than in the scenario
“EIA_reference”. Turning to the U.S. numbers (Figure 6.5a), this result is even more
obvious: while the scenario “GCAM_no_policy” contrarily forecasts an increase between
2020 and 2050 by 15 % and the scenario EIA_reference only a slight decrease by 12 %, the
scenario US_bottom_up comes with a strong decrease by 87 %. We need to keep in mind
that the observed decrease of U.S. coal use between 2015 and 2020 only was more than
20 %.22 The strong decrease in the US_bottom_up scenario reflects the exit of more and
more coal-fired power plants, either because of economic and other retirement decisions, or
that reach 60 years of age (our assumed maximum lifetime).

22EIA Coal Data Browser: https://www.eia.gov/coal/data/browser/, last accessed June 4, 2020.
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Figure 6.5: a: U.S. steam coal consumption (left), and b: production (right) 2015-2050 in
Mt per year in all scenarios.

The U.S. coal supply has traditionally served primarily the domestic demand and has ex-
ported only a small share of the U.S. coal production. In other words, U.S. production
levels are usually close to U.S. consumption levels. Figure 6.5b shows that the various
scenarios have somewhat diverging perspectives on this. The congruence of domestic pro-
duction and consumption continues to be largely the case in the EIA_reference,23 the
GCAM_carbon_policy and the 1.5°C scenarios. In contrast, the GCAM_no_policy sce-
nario forecasts such a strong growth in production that domestic consumption cannot keep
up the pace. Production levels well above 1000 Mtpa would exceed the all-time peak level
of U.S. production of 2008.24 Yet another picture is given by the US_bottom_up scenario

23Our method of applying the source data growth rate to our own base year data leads to a slight deviation
of the COALMOD-World results in the EIA_reference scenario with the EIA AEO 2019 numbers. EIA
AEO 2019 finds coal production in total (thermal coal + metallurgical coal) to decrease from 629 Mtpa
to 537 Mtpa from 2020 to 2050. In other words, applying EIA growth rates in COALMOD-World leads
to slightly slower decrease of U.S. production, of 12 % decrease between 2020 and 2050, compared to a
15 % decrease in the EIA AEO 2019 numbers. Approximately 50 Mtpa of the total U.S. coal volumes
have been metallurgical coal in the last years. Subtracting 50 Mtpa from the aforementioned numbers
brings us to the same range of thermal coal volumes as in the COALMOD-World results in Figure 6.5.

24In 2008, U.S. production of bituminous and sub-bituminous, the two coal categories included in our
analysis, was 1063 million short tons, which is equivalent to 993 Mtpa (https://www.eia.gov/coal/ann
ual/pdf/tableES1.pdf, last accessed April 26, 2020).
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6.4 Increasing U.S. coal exports - A realistic option?

in which the bleak outlook for coal-fired power generation leads to the consumption fall
outpacing the - slow - production decline. In both scenarios, U.S. production net of domes-
tic consumption leaves considerable volumes of 120 Mtpa and more for exports (also see
Section 6.4).

6.4 Increasing U.S. coal exports - A realistic option?

In this section, we investigate whether a coal phase-down by domestic power generation
can be compensated by the U.S. coal suppliers exporting more to the world markets as
suggested by Knittel, Metaxoglou, and Trindade (2016). We do this by analyzing the
export volumes in the different scenarios, including the scenarios with the policy shock of
West coast terminals being allowed (scenarios named “_ports”). Clearly, such a shock is
very unlikely because of the strong and effective local opposition to coal ports, but it is still
helpful to analyze their potential effects (see Section 6.2.2).

Exports were in the range of 4 % to 15 % of U.S. coal production (54 Mt - 114 Mt) in the
period 2006 to 2018.25 About 50 % to 70 % of U.S. coal exports are metallurgical coal. U.S.
steam coal has relatively high supply costs - production and transport costs summed up -
and is the marginal supplier in most international markets.26 Therefore, the possibility for
U.S. coal suppliers to deliver to other markets is very price-sensitive and varies considerably
over time and between scenarios (Figure 6.6).27 Generally, U.S. exports are higher when
global demand is higher (status quo scenarios) and when domestic demand is lower, such as
in the US_bottom_up scenario.28 The 1.5°C scenario shows the fundamental importance
of sufficiently high global demand for U.S. exports to realize: the generalized global coal
phase-out brings the import demand down to zero despite a lot of U.S. supply capacity
being idle and able to export. In contrast, in the US_bottom_up scenario, a scenario with
both sustained global demand and idle U.S. coal supply capacities, exports are multiplied
by more than three between 2020 and 2050.

25EIA coal data browser: https://www.eia.gov/coal/data/browser/, last accessed March 26, 2020.
26In the COALMOD-World model structure, we assume a different demand (function) in each model node

(country). Hence, an exporter addresses different nodal demands for (imported and/or domestically
produced) coal. In other words, there is not a single “world market” and prices differ between demand
nodes.

27In some years in the past, the U.S. even were net importer of coal. In some of the future scenarios, too,
we see some imports, mostly small volumes from Columbia.

28Also see Table E.1 in the Appendix E for the share of exports of U.S. production in each scenario.
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Figure 6.6: U.S. coal exports 2020-2050 and their destination in Mt per year.

Note: Countries represented in importing regions: CAN = Canada; MEX = Mexico; LAC = Brazil,
Chile; EUR = Belgium, Denmark, Finland, France, Germany, Italy, Netherlands, Portugal, Spain, United
Kingdom; MENA = Israel, Morocco, Turkey; E-Asia = China, Japan, South Korea, Taiwan; SE-Asia =
Malaysia, Philippines, Thailand, Vietnam; S-Asia = Bangladesh, India, Pakistan.

The role of the U.S. as marginal supplier to the world’s import markets is also reflected
in its diversified importer portfolio (Figure 6.6). At first, the large number of importers
may be puzzling given the (perfectly) competitive nature of the global steam coal market.
However, it is due to the marginal position of the U.S. in the importers’ supply curve,29 and
to the fact that the graphs show an aggregation of several U.S. exporters. While Europe has
traditionally been a major market for U.S. coal, the importance shifts to the Asian-Pacific
market (even in scenarios without West Coast ports, assuming Panama Canal utilization),
reflecting the general strong demand push in Asia and the shrinking coal demand in Europe.
U.S. exports will benefit from limited Indonesian reserves and can increase the volumes sent
to South Asia and Eastern Asia over time. These demand regions are in the Pacific basin,
so opening new terminals on the Pacific Coast of the U.S. would potentially have a further
increasing effect.

We indeed observe a - relatively strong - effect of increasing exports when U.S. West Coast
ports are allowed (Figure 6.6). The effect is almost the same in the US_bottom_up and
EIA_reference scenarios, with exports more than 150 Mtpa higher in the ports scenarios
than in the baseline scenarios. This is the effect of the global demand assumptions, which
29In other words, as formulated by an analyst, the U.S. “come in when there are problems in the market”

(https://foreignpolicy.com/2018/04/04/trump-makes-american-coal-great-again-overseas/, last
accessed April 28, 2020).
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in these two scenarios are based on the “Stated Policies Scenario” (IEA 2019b) coal demand
trends - which include a stable coal demand over time. In contrast, even a moderate global
climate policy scenario such as the GCAM_carbon_policy scenario forecasts only a low
level of U.S. exports, even when West Coast ports are allowed (about 50 Mtpa in 2050). In
the ambitious climate policy scenario 1.5°C, the U.S. also cease exporting after 2020 when
West Coast terminal investments are allowed.

For a marginal supplier as the U.S., prudence on investments in the coal value chain is a good
idea in times of high uncertainty. The breadth of our scenarios - which are all more or less
realistic and plausible (except probably for the “no-policy” scenarios GCAM_no_policy
and GCAM_no_policy_ports) - gives an indication of the wide range of possible outcomes
for the U.S. coal sector. Between an extensive phase-out of coal in the 1.5°C scenario
which complies with the commitments in the Paris Agreement and a stability of U.S. coal
production at 2018 levels above 600 Mtpa with high domestic consumption and exports in
the EIA_reference_ports scenario, there is a spread of more than 300 Mtpa in exports and
600 Mtpa in production. However, the strong spread in outcomes between the different
scenarios shows that assets in the U.S. coal value chain continue to be at risk of becoming
stranded if a lower demand scenario realizes than envisaged at the moment of the investment
decision.

Export dependency on world regions with uncertain demand development is only reinforcing
the uncertainty on domestic demand (Shearer et al. 2020). As marginal suppliers, the U.S.
exporters do not have much of a choice where to export to. However, markets such as
India, Vietnam, or Pakistan that only recently still counted an impressive pipeline of coal
power plant projects have recently considerably reduced their project numbers, mostly
under the influence of lower renewable costs.30 Moreover, the Corona pandemic - and the
accompanying energy demand reduction - is likely to reinforce the trends of increasing
renewable use and phase-down of coal use (Oei, Yanguas-Parra, and Hauenstein 2020).
This means that coal import requirements may well be considerably lower than the status
quo demand that we model, and closer to demand in the climate policy scenarios, which
eventually come with a phase-out of coal before 2050.

6.5 Competition between U.S. coal regions?

In the last two decades, the U.S. coal sector has seen a shift of importance away from
Appalachian coal to a dominance of PRB coal. While both regions had an equal share
of U.S. coal production in 2002 (36 %), the Powder River Basin now supplies almost half
30Also see a recent short analysis by Feaster and Cates in https://ieefa.org/ieefa-u-s-why-exports-wont-s

ave-american-coal/, last accessed October 11, 2020, and Wamsted, Feaster, and Cates (2020).
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of the U.S. coal (43 % in 2018) and Appalachia only a quarter (26 %). Appalachia has
also suffered from the rise of coal from the Interior region (from 13 % in 2002 to 20 % in
2016 and 18 % in 2018). The shift was due to a multitude of factors such as the location of
demand, the low sulfur content of PRB and Interior (Illinois) coal, but importantly also the
low costs of production in very large opencast mines in the PRB compared to smaller mines
and many (inherently expensive) underground mines in the Appalachia region. This long-
run trend was reinforced by a pronounced relative production cost increase in Appalachia
which was mainly due to declining labor productivity (Jordan, Lange, and Linn 2018).

However, there starts to be an understanding that PRB will not be safe from the mine
closure trend that started in Appalachia - which comes hand in hand with job losses, which
mean not only wage losses but also health and pension benefit losses.31

Total U.S. coal production varies over different scenarios as shown above. However, the
scenarios’ trends do not unfold evenly in all four U.S. steam coal production regions. Figure
6.7 shows exemplarily the production in the four production regions for the EIA_reference,
the US_bottom_up, and the 1.5°C scenarios. Furthermore, it shows where the produced
coal goes to, i.e. the five U.S. consumption regions and exports.

In the EIA_reference scenario, coal production in the Interior and the Rockies remains
relatively constant between 2020 and 2050, while it declines steadily in Appalachia and
PRB. PRB coal goes mainly to the North and South Central demand regions where demand
declines somewhat over time. However, PRB still produces as much as all the other regions
together by 2050. Appalachia loses more and more of its domestic customers and depends
largely on coal exports to the international market.

The US_bottom_up scenario shows a drastically different picture, especially for PRB.
Production declines in all basins due to significant domestic demand reductions, but PRB
cannot compensate the immense decline of demand in North and South Central by similar
amounts of exports due to its landlocked location. For Appalachia, the Rockies, and the
Interior exports play a significant role to prevent larger production cuts. Already by 2030,
Appalachia produces almost solely for the international market. This shows the importance
of taking the vintage structure of the power plants into account, as in the US_bottom_up
scenario. Figure E.3 in the Appendix E shows the differences in regional U.S. coal con-
sumption for the years 2020-2050 between the scenarios.

In the US_bottom_up_ports scenario with West Coast export expansion possibilities,
additional U.S. production comes from PRB (compared to scenario US_bottom_up). Pro-
duction levels in Appalachia, Interior and the Rockies are similar to the baseline scenario.

31See, for example, https://www.vox.com/energy-and-environment/2019/7/9/20684815/coal-wyoming-b
ankruptcy-blackjewel-appalachia, last accessed October 11, 2020.
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Figure 6.7: Disaggregation of supplies by U.S. coal regions (x-axis) to domestic consumption
regions and exports (E_USA) 2020-2050 in Mtpa (in scenarios EIA_reference,
1.5°C, US_bottom_up, and US_bottom_up_ports).

PRB even reduces its domestic sales (to North Central) to export more, while Interior and
Rockies shift some of their domestic sales to North Central and South Central.

In case of stringent global climate policies (1.5°C scenario), reducing coal demand in the U.S.
and globally, coal production ceases in Appalachia and PRB as early as 2030. International
demand will not compensate for domestic decline in this case. Thus, betting on increasing
exports in the future might be a risky game for U.S. coal producers, in particular in the
Appalachia region which is highly export-dependent.

Altogether, we find three drivers of regional production trends:

1. Differences in regional U.S. demand (due to differing assumptions on coal power plant
fleet development) lead to substantially different regional supply mixes.

2. Allowing for new West Coast ports leads to a different regional allocation of supplies
and, generally, comes with a higher production by PRB.
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3. The development of demand in the export destinations, determined i.a. by climate
policy, leads to a different regional supply structure in the U.S. because the regions
do not have equal access to export capacities (different costs and capacities).

Overall, we see a continued decline of production in Appalachia across the different scenar-
ios. The future of PRB production could be bleak if domestic demand continues to decline,
especially in U.S. North Central and South Central consumption regions. Additional export
terminals along the U.S. West Coast could ease production cuts in PRB, provided global
demand is sustained. However, they are very unlikely in the regional context of strong op-
position by the population, the regulators, and policy makers (Mendelevitch, Hauenstein,
and Holz 2019).

This will also affect further development of employment in the coal sector. According to
the EIA, around 50,000 direct employees worked in coal mining in the years 2016-2018,
down from 92,000 in 2011.32 Large regional differences exist in numbers of jobs per region,
as well as the productivity (output of coal per working hour). More than 50 % of the U.S.
coal mining jobs are in Appalachia, around 20 % in Interior, and around 10 % each in
the Rockies and PRB. Labor productivity in Appalachia, where coal is mostly produced in
underground mines, is only about half of the value in the Interior basin and the Rockies. It
is only 10 % of the productivity in PRB where very large opencast mines operate (see Table
E.1 in the Appendix E for details).33 Thus, comparatively small reductions of Appalachian
coal production could lead to a larger decrease of overall coal mining employment than
major production cuts in PRB. On the other hand, increased PRB production in case of
improved access to Asian markets might only slightly alleviate U.S. coal mining employment
issues.

Considering our results for future U.S. coal production, coal mining employment is likely to
decrease in all U.S. coal regions. However, this does not necessarily have to induce negative
long-run consequences for these regions. Much in contrast, other authors found that U.S.
coal regions, in particular but not exclusively Appalachia, have suffered from a resource
curse with lower education levels and lower long-run economic growth than comparable
regions without coal (Douglas and Walker 2017).34 In any case, the prospect of job losses

32EIA coal data browser, „Aggregate coal mine average employees”; https://www.eia.gov/coal/data/brow
ser/, last accessed May 10, 2020. This includes jobs in lignite and coking coal mining, which we estimate
to account for about 10-15 % of all coal mining jobs, based on shares of production and productivity in
different mine types. There is no data on subcontractor employment from this source, and data from
other sources is incomplete.

33However, labor productivity in PRB was 64 % higher in 2001 than 2014-2018. A generalized labor
productivity decrease was observed in all U.S. coal mining basins in that period: by 49 % in Appalachia,
17 % in Interior, and 35 % in the Rockies. This is somewhat surprising given the global trend to
improvements in labor productivity due to increased automation.

34Betz et al. (2015) do not find a negative effect on per capita income of coal mining regions, but a
significant negative on entrepreneurship which is a factor of long-term economic growth.
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6.6 Conclusion and Policy Implications

in the next decades could be mitigated if economic policies helped mine workers compensate
for losses of income, and health and pension benefits on the one hand, and convert to other
jobs on the other hand. The experience in Appalachia has shown that without compensation
policies, income losses and political radicalization may be lasting (Weber 2020).

6.6 Conclusion and Policy Implications

While in many countries around the world, governments and utility companies have started
to engage in coal-phase out processes, the U.S. still mourn the heydays of its coal sector.
In this paper, we take a closer look at the U.S. coal sector and put into perspective the
coal sector numbers of EMF34 and the U.S. Energy Information Administration. We use a
coal-sector model to show the implications of various EMF34 scenarios and contrast them
with our own scenarios that take into account the current downward trend of coal. We
argue that the “downward spiral” of U.S. coal is triggered by drivers that lie outside the
coal sector - mostly competition from cheap shale gas and renewables - and will, therefore,
not be stopped. Our scenario results show that it can, at most, be delayed. Moreover, the
coronavirus pandemic may well lead to speeding up the downward trend in the U.S., too.

We show that a status quo scenario that takes realistic - and even conservative - assumptions
on lifetime and capacity factor, as well as investments of U.S. coal power plants, leads to
a considerably lower U.S. coal production and consumption than a scenario based on EIA
assumptions. Moreover, scenarios with U.S. and global climate policy efforts, lead to even
lower U.S. coal production and consumption. However, there is a noticeable difference in
the exact levels depending on the climate policy stringency. Among our scenarios, only the
ambitious 1.5°C climate policy scenario would lead to a phase-out of U.S. coal by 2050. A
moderate climate policy, such as the one suggested by GCAM in EMF34, could still see
around 300 Mtpa coal production in the U.S. by 2050.

We soft-link with the GCAM model as the one example of the EMF34 model suite with
relatively high coal consumption levels in its reference and carbon policy scenario. Yet,
also most other models project relatively high coal shares in 2040 in their reference cases
(Figure 6.1). We argue that a more detailed consideration of the coal sector could enhance
robustness of model results. Our detailed coal-sector model results for the U.S. suggest
that the EMF34 results for U.S. coal are rather high-end estimates while current markets
trends push coal’s share in the U.S. energy mix most likely significantly lower.

The decline of U.S. coal production can be delayed by increasing exports, and most promi-
nently if exports to the energy-hungry Asian economies via the U.S. West Coast were
possible. In the - unlikely - case of U.S. exports via the West Coast, U.S. coal production

153



Chapter 6 The U.S. coal sector between shale gas and renewables: Last resort coal exports?

can increase in the long run by up to 150 Mt per year. However, betting on exports is a risky
strategy for U.S. producers because they are the marginal suppliers to the world’s import
markets due to their comparatively high costs. Asian coal expansion plans are becoming
more and more uncertain because these countries can benefit from cheap renewables, too.
“The myth of export-market expansion” (Wamsted, Feaster, and Cates 2020) has given
hope and artificial respiration to parts of the U.S. coal sector for more than a decade but
it is becoming ever more unlikely.

Yet, the breadth of our scenarios gives an indication of the wide range of possible outcomes
for the U.S. coal sector. Between a Paris-compatible 1.5°C scenario and a scenario with
stable U.S. coal production at 2018 levels with high domestic consumption and exports
in the EIA_reference_ports scenario, there is a spread of more than 300 Mtpa in exports
and 600 Mtpa in production. However, the strong spread in outcomes between the different
scenarios shows that assets in the U.S. coal value chain are at a substantial risk of becoming
stranded if a lower demand scenario realizes than envisaged at the moment of the investment
decision. In fact, such stranding - and subsequently mothballing - of mines has been seen
across the USA in the past decade, as the upstream effect of shutting down more and more
domestic coal-fired power plants. The loss of value of previously high priced assets such as
coal mines has caused multiple bankruptcies in the U.S. coal sector - and our results, in
addition to the increasing funding problems, suggest that the series of bankruptcies may
well continue.

Recent political attention focused on the Appalachian coal region. This region lost most
coal jobs, both in relative and in absolute numbers in the last decades due to the hard
mining conditions in small and underground mines. Our numerical results show that the
Powder River Basin region - where large opencast mines allow for much higher productivity
- similarly will be strongly affected by the decline of U.S. coal consumption in the next
decades. This is due to the regional supply structure within the country: PRB delivers to
regions where coal power plants are nearing the end of the lifetime. The two other basins,
Interior and Rockies, are more resilient because they supply regions with a younger coal
power plant fleet.

Our results are a warning for policy makers in the U.S. to start action. The decline of U.S.
coal is inevitable and actions must be taken to guarantee a fair and just transition out of
coal to the mining communities. The experience of the last decades was that coal mine
bankruptcies led to income and pension losses for miners, while company owners could
escape from their entrepreneurial responsibilities.

The Energy Modeling Forum and the U.S. Energy Information Agency provide important
input to U.S. energy policy-making. Credible and realistic scenarios are necessary to guide
policy decisions that can be sustaining in the long-run. The EIA therefore needs to put an
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increased effort in updating its own scenario assumptions to the reality of the U.S. power
sector. It is not helpful for the affected communities to provide the illusion of hope for a
recovery of the U.S. coal sector when adaptation to the new reality is needed instead. The
EIA has made small steps in adjusting its AEO scenario assumptions in the last few years,
however, it now needs to be more ambitious.

155





Chapter 7

Overcoming political stalemates: The collaborative
governance experience of the German Coal Commission

This chapter is based on joint work with Isabell Braunger, Alexandra Krumm, Hanna Brauers and Pao-Yu
Oei currently under review in Climate Policy.
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7.1 Introduction

To meet the international 1.5°C (or well-below 2°C) climate target, a substantial decline in
global coal consumption is needed by 2030 (IPCC 2018a, 2022). However, despite the re-
duction of coal consumption in some countries, global consumption has remained relatively
flat over the last decade (IEA 2020a). At the UN Climate Change Conference in Glasgow
(2021) the international community has agreed to phase down global coal (UNFCCC 2021),
renewing impetus to address a timely transition away from coal. In individual countries,
societal and political pressure to deliver on climate mitigation and to phase out coal is grow-
ing (Blondeel, Van de Graaf, and Haesebrouck 2020; Rinscheid and Wüstenhagen 2019).
However, in other countries, the future of coal remains highly contested, due to economic
dependencies on coal, fear of job losses, and incumbent actors profiting from the status
quo (Diluiso et al. 2021; Jakob et al. 2020; Newell 2018; Jewell et al. 2019). This can
lead to stalemate situations between opposing stakeholders, with the incumbent system
increasingly becoming under pressure, however, still able to prevent or delay a transition
away from fossil fuels, such as coal (Brisbois and Loë 2016; Leach, Scoones, and Stirling
2010; Sabatier and Weible 2007; Seto et al. 2016). A few countries, such as Canada, Chile,
and several European countries, have announced a coal phase-out in recent years (Europe
Beyond Coal; Ritchie 2021). However, in most of these countries, coal only played a sub-
ordinate role in the energy system and in terms of employment at the time of the decision
(Blondeel, Van de Graaf, and Haesebrouck 2020; Jewell et al. 2019; IEA 2019a).

A notable difference is Germany, the world’s largest lignite producer and consumer, with
high economic and social dependence on coal in some of its coal mining regions (Jewell
et al. 2019; Oei, Brauers, and Herpich 2020). Based on the recommendations of a stake-
holder commission, the “Commission on Growth, Structural Change and Employment”,
hereinafter referred to as the (Coal) Commission, Germany determined to phase out coal
consumption and production the latest by 2038, and to implement structural change mea-
sures for affected regions (Gürtler, Löw Beer, and Herberg 2021). The agreement of the
Coal Commission received wide attention and was celebrated by many as a milestone to
phase out coal, after several political attempts to reduce Germany’s use of coal in previ-
ous years had failed due to overwhelming resistance by supporters of a continued use of
coal, within and outside of governing parties (Furnaro 2022; Hermwille and Kiyar 2022).
Particularly, the coal industry and related unions, energy-intensive industries, as well as
politicians in coal mining regions tried to stall any policy to reduce coal use in Germany
(Hermwille and Kiyar 2022; Kalt 2021; Leipprand and Flachsland 2018).

Collaborative (or participatory) governance CG approaches, such as the Coal Commis-
sion, are considered to offer possibilities to overcome stalemate situations and promote
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consensus-oriented decisions that exceed lowest common denominator compromises in pre-
viously highly contested issues (e.g., Emerson and Nabatchi 2015; Sabatier and Weible
2007). However, lack of win-win scenarios, strong belief heterogeneity, or power imbal-
ances among participants can limit the success of CG (Brisbois and Loë 2016; Dutterer
and Margerum 2015). Considering conflicts over the future of coal, scholars argue that
just transition objectives and stakeholder involvement could contribute to achieve timely
and equitable coal phase-outs (Diluiso et al. 2021; Jakob et al. 2020; Muttitt and Kartha
2020).

In the Coal Commission, representatives of different interest groups were supposed to de-
velop recommendations for a phase-out pathway and closing date for coal, and measures to
support structural change in affected regions (BMWi 2019). Due to a history of intensive
conflicts and highly diverging objectives among stakeholders, many questioned beforehand
if the Coal Commission could resolve the issues at hand, while others criticized it for being
not ambitious enough in its climate objectives (Grothus and Setton 2020; Gürtler, Löw
Beer, and Herberg 2021; Hermwille and Kiyar 2022). However, in the end the Commission
achieved to develop and pass recommendations supported by all influential actors in the
related German context, achieving a high level of legitimacy for these recommendations
and overcoming the previous stalemate situation (Gürtler, Löw Beer, and Herberg 2021;
Praetorius et al. 2019).

In this paper, we assess how the stalemate situation in the German conflict over the future
of coal was overcome, enabling the agreement on a coal phase-out in Germany. We focus
on the process of the “Commission on Growth, Structural Change and Employment” and
the question, how this Commission achieved to breach the previous stalemate situation and
how the final recommendations were formed.

To assess this stakeholder commission process and the formation of its final recommenda-
tions, we apply the integrative framework for collaborative governance (IFCG), introduced
by Emerson, Nabatchi, and Balogh (2012). This framework enables the systematic and
empirical assessment of CG processes. For the empirical analysis, we use semi-structured
interviews conducted with 18 participants of the Coal Commission and qualitative content
analysis (Gläser and Laudel 2010). Our findings may help to further the debate on politics
of phasing out coal and achieving just transitions, and contested sustainability transitions
in general. In particular, our findings may inform similar stakeholder commission processes
in other countries or of other unresolved issues, such as the future of fossil fuel consuming
industries.

This paper is structured as follows: Section 7.2 presents the IFCG and methods applied.
Section 7.3 presents the analysis of the Commission’s system context, drivers, and regime
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formation. In Section 7.4, we present the findings on the dynamics of the Commission. We
discuss our findings in Section 7.5 and in Section 7.6 follows our conclusion.

7.2 Theoretical approach and methodology

In Germany, so-called expert commissions1 have a long tradition in the political system,
providing advice on a specific topic on an ad hoc basis, or as institutionalized permanent
councils (Krick 2013; Siefken 2016). The German Coal Commission is a typical example
of such an expert commission with its mandate for policy formulation and its participants
fulfilling the dual role of representatives or stakeholders, and at the same time of experts
to their specific fields (cf., Krick 2015). In the literature on CG this corresponds to an
externally directed collaborative governance regime (CGR) (cf., Emerson and Nabatchi
2015, Chapter 8).

The integrative framework for collaborative governance by Emerson, Nabatchi, and Balogh
(2012) builds on a wide range of literature for the analysis of different forms of collaboration
and collaborative processes (e.g., Ansell and Gash 2007; Innes and Booher 1999), and has
been widely used to assess collaborative (governance) processes (Emerson and Nabatchi
2015). We use the IFCG to structure our analysis of the Coal Commission and the decision-
making process of its members.

7.2.1 Integrative framework for collaborative governance

Figure 7.1 depicts the IFCG as three nested layers comprising the outer system context
and the collaborative governance regime (CGR), which contains the collaboration dynamics
and actions.

The system context includes the “political, legal, socioeconomic, environmental and other
influences that affect and are affected by the CGR” (Emerson, Nabatchi, and Balogh 2012,
5). Drivers from the system context form and influence the direction of a CGR. This can
include, in the case of externally directed CGRs (cf., Emerson and Nabatchi 2015, Chapter
8), the formulation of a mandate and the selection of participants. Emerson and Nabatchi
(2015, 44) posit that the following four drivers are necessary to initiate a CGR and motivate
relevant stakeholders to engage: “(1) uncertainty, (2) interdependence, (3) consequential

1Siefken (2016, 3) defines expert commissions in the German political system as „temporary appointed
bodies (…) [whose members] for the most part come from the science community and interest groups
–but not predominantly come from the parliament, government, and administration. They are tasked
with providing subject-specific sound advice for policy plans, programs and measures”(own translation).
Krick (2015) speaks of hybrid advisory committees, yet addressing the same bodies.
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Figure 7.1: The integrative framework for collaborative governance. Reproduced with per-
mission from Emerson, Nabatchi, and Balogh (2012).

Source: Emerson, Nabatchi, and Balogh (2012, 6).

incentives, and (4) initiating leadership”. We lay out the system context, drivers, and
regime formation of the Coal Commission in Section 7.3.

The CGR encompasses the process of collaboration among the participants, as well as
possible actions resulting from this collaboration, which can influence both, the ongoing
collaboration, or the outer system. At the heart of the CGR are the collaboration dynam-
ics, which can lead to collaborative actions or outputs, such as a piece of policy advice.
They consist of principled engagement, shared motivation, and capacity for joint
action, which are in iterative interaction with each other (as depicted in Figure 7.1). Each
collaboration dynamic comprises further elements (see Section F.1 in the Appendix F for
details):

• Principled engagement relates to an effective engagement of all participants, enabling
fair and inclusive discussions and decision-making among participants, which seeks
“to solve problems, resolve conflicts, or create value together” (Emerson and Nabatchi
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2015, 58–59). It comprises the four elements discovery, definition, deliberation, and
determination.

• Shared motivation, with the four elements trust, mutual understanding, internal legit-
imacy, and commitment, fosters the participants’ engagement with each other and in
the CG process.

• Capacity for joint action “is the functional dimension of collaboration dynamics that
enables participants to accomplish their collective purpose …[and] is conceptualized
as the combination of four elements: procedural and institutional arrangements, lead-
ership, knowledge, and resources” (Emerson and Nabatchi 2015, 68–69).

7.2.2 Data collection and analysis

We conducted 18 semi-structured expert interviews with members of the Coal Commis-
sion or their personal assistants, and the administrative office between November 2020 and
March 2021 (chairs and administrative office (4); affected regions and communities (3);
environmental associations (4); science (1); trade unions (2); business/industry (3); other
(1)). Interviews with participants of the Commission process served to provide information
on the inner working procedures, events, and interactions among participants. The inter-
views lasted between approx. 60 and 90 minutes and were conducted in German. Due to
the COVID-19 pandemic, only one interview was conducted in person, all others via the
video-conference tool Zoom.2 The interviews were recorded and transcribed, resulting in
469 pages of interview data.

We used a qualitative content analysis approach (Gläser and Laudel 2010) to process the
interview data. We coded for 18 categories using the coding tool provided by Gläser and
Laudel (2010). Twelve categories were deducted from the twelve elements of collaboration
dynamics of the IFCG (see Section 7.2.1). We added inductively six categories on: 1) stake-
holder networks within the Commission; 2) external influences on the Commission’s work;
3) represented interests; 4) covered topics; 5) suggestions for improvements of Commission
work; 6) other.

Additional information which we use in particular to describe the system context, the drivers
and the formation of the Coal Commission is knowledge that was acquired during a research
project from 2017-2022 on the German coal phase-out process, including numerous visits
to all coal regions and regular meetings with all involved stakeholders, as well as through
the insights of published reports, research articles, and documents from the Commission
process.

2To ensure data protection, a university version of the software was used.
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7.3 The Coal Commission: System context, drivers,
and regime formation

As the IFCG describes, processes and developments within the studied CGR need to be
seen in the historical and surrounding system context, and depend on drivers enabling
and forming the CGR. In this section, we commence with the historical developments and
situation in Germany that led to the initiation of the Coal Commission and composes the
system context in which the Commission was situated. This is followed by the drivers and
incentives for participation, and the initial formation of the Commission.

Germany began to manage the reduction of hard coal (Oei, Brauers, and Herpich 2020) and
lignite mining (Stognief et al. 2019) back in the 1960s. Reasons for the decline in mining
were globalization (as imported coal was cheaper) and the later unification of Germany
(since industries in the East were less cost effective than those in the West). Overall
employment in the coal sector decreased from approximately 600,000 in the 1950s to less
than 20,000 direct jobs in 2020. About 40% of German power production in 2017 was based
on coal, down from more than 50% up to 2002.3 In the late 2000s, however, incumbent
utilities were still planning to expand coal-fired power generation capacities, and expecting
only a slow growth of renewables (Kungl and Geels 2018). Even in the early 2010s, a
phase-out of coal power in Germany, parallel to the phase-out of nuclear power, was barely
considered in the political debate (Furnaro 2022).

Towards the mid-2010s, pressure on the coal sector increased. Germany was expected to
fall short of its 2020 climate targets, and, furthermore, the Paris Agreement made it seem
inevitable that coal use would have to be reduced (Leipprand and Flachsland 2018). Several
attempts to regulate the phase-out of coal failed due to resistance by the utilities and mining
companies, which saw their business model threatened, and industry actors, which were
worried about rising energy prices (Furnaro 2022). In 2016 the so-called ‘safety standby’
was implemented, which compensates a few selected lignite power plants for shutting down,
but failed to initiate the complete phase-out of coal (DIW Berlin, Wuppertal Institut,
and Ecologic Institut 2019). Decisions on the future of coal by the governing coalition of
CDU/CSU and SPD was further complicated because “(…) the conflict lines did not seem to
fall between but within the major political parties, at least the SPD and CDU” (Hermwille
and Kiyar 2022, 29). Within the Federal Government, the Ministry for Economic Affairs
had tended to argue in favor of the continued use of coal prior to the establishment of
the Coal Commission, while the Ministry for the Environment had continuously argued
in favor of a phase-out (Markard, Rinscheid, and Widdel 2021). In general, however, the

3Energy-Charts: Annual net electricity generation in Germany. Available online: https://www.energy-c
harts.info, accessed on November 19, 2021.
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government had been in favor of moderate rather than radical change (Leipprand and
Flachsland 2018).

After being strictly against any measures for an early phase-out, a number of unions in-
cluding Verdi started to consider options for a policy-induced coal phase-out. However,
other trade unions, such as the IGBCE,4 continued to lobby for continued coal mining
(Kalt 2021). Mining regions feared that they would face negative economic and social con-
sequences due to job and tax revenue losses, and demanded financial support to manage the
upcoming transition (Oei, Hermann, et al. 2020). On the other hand, local residents feared
losing their homes due to the destruction of villages in the event of continued coal mining,
and environmental NGOs called for a coal phase-out between 2025 and 2035 (Löw Beer
et al. 2021).

Overall, this created a situation of high uncertainty over the future of coal in Germany, with
none of the interest groups powerful enough to enforce a decision (Hermwille and Kiyar
2022; Leipprand and Flachsland 2018). The positions around the debate of coal were so
divergent that a top-down decision from the government would have been very vulnerable
to criticism from all sides, offering little to gain for political parties (Löw Beer et al. 2021).
As early as 2016, the Federal Government announced the establishment of some kind of
commission in their Climate Protection Plan 2050.

In 2018, the then newly appointed Federal Government implemented the Coal Commission
(Grothus and Setton 2020). The appointment resolution, or mandate, of the Commission
set out the task to develop an “action program” by the end of 2018 (BMWi 2019, 109).
This action program was to ensure the achievement of the Climate Action Plan 2030 target
for the energy sector (-61 to -62 % emission reduction compared with 1990 levels), while
supporting structural change and economic development in affected regions, including the
establishment of a fund from primarily federal resources for structural change. Furthermore,
it was to include a pathway and a final date for the phase-out of coal-fired power generation.
All these aspects were to be combined in a manner to achieve social acceptability and social
cohesion (BMWi 2019, 109).

The literature highlights the importance of incentives for cooperation and as a starting
point for participation, which played a crucial role in relation to the Commission (Emerson
and Nabatchi 2015). Considering the stalemate situation, highly contentious environment,
and uncertainty in the debate about the coal-phase out over the years (Hermwille and
Kiyar 2022; Leipprand and Flachsland 2018), the Commission presented the opportunity
to get negotiating power and influence over the future of coal in Germany, as well as
the distribution of funds for structural change. Furthermore, the Commission provided

4Industriegewerkschaft Bergbau, Chemie, Energie–Trade union for mining, chemicals and energy indus-
tries.
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a starting point to collaborate across boundaries (Gürtler, Löw Beer, and Herberg 2021;
Hermwille and Kiyar 2022).

The selection of members and the initial formation of the Commission also played a role
in stakeholders deciding to join the Commission (Emerson and Nabatchi 2015; Gürtler,
Löw Beer, and Herberg 2021). The Commission comprised four chairs and 24 stakeholder
representatives with voting rights (hereinafter referred to as (Commission) members). In
the run-up to the Commission, established actors were asked for advice, as well as lobbied
for the inclusion of certain stakeholder groups (Grothus and Setton 2020). In the end, the
Commission represented the major interest groups involved in discourse on coal in Germany
at that time (cf., Leipprand and Flachsland 2018; Markard, Rinscheid, and Widdel 2021).5

Figure 7.2 shows the different general stakeholder groups represented by the Commission
members. However, interests within those stakeholder groups were anything but homoge-
neous. For example, out of the seven regional representatives, two were against continued
mining, representing communities at risk of destruction, while four were in favor of con-
tinued mining, for example, due to the impact on jobs. Considering the members’ general
positions regarding an early coal phase-out, around one third each of the 28 members were
considered as being inclined towards an early coal phase-out, against it, or undecided, based
on their institutional affiliations. All 28 members were allowed to bring along with them
personal assistants without voting rights, who were referred to as ‘sherpas’. In addition,
three members of the German parliament (from all governing parties), 8 representatives
from related ministries and 6 members from federal states were appointed as participants
without voting right–resulting in plenary sessions being held with around 100 participants.
An administrative office was formed to support the Commission’s work.

7.4 Coal Commission CGR: Developing joint
recommendations for the German coal phase-out

In this section, we present our findings for the collaborative governance regime of the
German Coal Commission. Based on the information collected in the interviews and doc-
uments, we assess how the Commission’s members managed to find and agree on joint
recommendations for a coal phase-out in Germany. In Table F.2 and Section F.2 in the
Appendix F we present the results for the full list of elements of the CGR.

5Some people, however, criticized that no young persons and limited female representation was present in
the commission (Gürtler, Löw Beer, and Herberg 2021).
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Figure 7.2: The German Coal Commission: set-up and results.

Authors’depiction based on BMWi (2019).

The Commission convened for the first time on June 26, 2018. Nine further plenary meetings
and visits to the three lignite regions of Germany were held over the next few months,
culminating in a final report agreed upon by 27 (out of 28) members on January 25, 2019.6

During its process, 67 additional external experts were invited to provide input so as to
pave the way for a sufficiently fact-based decision-making process. Figure 7.2 shows the

6One person representing the Lusatian coal region voted against the outcome as her demands to guarantee
the safeguarding of villages in Lusatia from potential destruction was not included in the final report.
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Commission’s central recommendations, which include a phase-out pathway for German
coal-fired power generation, measures to support structural change in the affected regions,
and financial support and compensation.

Establishing basics for collaboration and working structures

The challenge of the Coal Commission was to find compromises among the in part each
other opposing objectives of the high number of involved stakeholders. Furthermore, many
of the Commission’s members and participants had been involved personally in the long
lasting conflict over the future of coal production and power generation in Germany, and
animosities among different members existed at the start [int_5; int_11]. However, as
detailed in Section 7.3 above, the mandate offered a strong incentive for stakeholders to
engage in the process of the Commission and thereby potentially be able to influence
German energy and structural change policies.

The expert hearings during the first meetings in the Coal Commission, the site visits, and
one joint dinner offered the opportunity to get to know the other participants without
having to engage in (public) fierce discussions and bargaining [int_1; int_5; int_6; int_11;
int_13]. Furthermore, these exchanges, as well as the later work in small and confidential
rounds, contributed to improve the mutual understanding of positions and objectives, and to
build up trust between members [int_1; int_5; int_8; int_10; int_13; int_16]. Confidence
in the process and its effectiveness to find common solutions and recommendations was high
among most members [int_1; int_8; int_10; int_16]. Over time, the majority of members
became seriously engaged and were motivated to contribute to a successful outcome of the
Commission [int_1; int_8; int_10; int_15]. Several interviewees pointed out that this
built up mutual trust and understanding among members across divides of interest groups,
and their shared commitment to the process were key enabling factors for constructive and
enduring negotiations [int_5; int_11; int_16].

“[…] it was also a very important point in this Commission’s work that Com-
mission members from different camps trusted each other, trusted each other’s
professionalism, trusted each other’s values, trusted each other to get through
things.” Interview_11.

Several interviewees mentioned that arranging more meetings of an informal nature, such
as the one joint dinner, and earlier during the Commission’s working period, would have
been means of increasing trust and understanding among members even further [int_1;
int_3; int_5; int_11]. In contrast, leaks of information from plenary assembly meetings to
the press challenged the trust in others and the process itself [int_2; int_5; int_7; int_8;
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int_17], yet, other experienced negotiators were not surprised by leaks in such a political
process [int_6; int_9].

The leaks, and the large size of the plenary assembly meetings, often with 100 or more
participants, did not allow for a constructive working atmosphere in these meetings [int_10].
Members therefore rarely departed from their initial positions and little progress was made
in these meetings, and the large size made it impracticable for drafting texts [int_5; int_12;
int_14; int_16].

“[…]it became clear that a lot of time could pass in such a large group, but in
the end there would be no coal compromise. And then there were considerations
to convene a group of people who had been in the Coal Commission, who more
or less represented all groups and were accepted by all. The group was then
supposed to try to discuss and negotiate all the central issues in some form in
as protected a space as possible.” Interview_9.

Topical split: energy vs. structural change

The commission in one of their first meetings decided to split the group in two working
groups, one for “Energy Industry and Climate Targets”, and one for “Economic Develop-
ment and Jobs in the Regions” (BMWi 2019, 111) to separate and ease the discussions
and deliberations [int_8]. However, commission members did not want to be absent in
either of the groups as the topics were closely linked and interest groups needed cohesion
funds as well as phase-out dates as bargaining power. Besides agreeing on such funds, the
environmental interest group had little to bargain within the discussions, except the threat
of leaving the Commission [int_3; int_8]. Thus, after having met in these subgroups only
once, it was decided to convene instead in the plenary assembly only [int_7].

The writing of the draft for a first report of the Commission in October 2018 was delegated
to the administrative office. However, several members perceived this draft as politically
influenced7 and requested changes in the organizational and working structures of the
Commission [int_5; int_11; int_14]. As a result, one of the chairs set up the first so-called
Friends of Chair (FoC) group and selected six Commission members for it [int_11]

7The administrative office of the Coal Commission, tasked with providing administrative assistance in
the form of organizing expert hearings and site visits, or drafting texts, was criticized for not working
transparently, as well as for reaching politically influenced decisions [int_5; int_8; int_10; int_12]. This
criticism was nourished by the staffing of the administrative office, which was thought to be politically
motivated. For example, some staff had been posted from administrations of affected federal states
[int_5; int_8].
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The Friends of Chair groups

In this first FoC group on “energy and climate”, two out of six members represented envi-
ronmental interests, while the others represented the energy sector, industry, and unions.8

Members representing locally affected people were not part of this FoC [int_5; int_6;
int_9]. The second FoC group on “structural development and employment” was only
implemented in November, after several federal state prime ministers had intervened and
demanded greater support for affected coal regions. This second FoC group mainly included
members that represented local and regional economic interests, as well as employees’ and
employers’ interests. Several interviewees stressed that the adequate choice of their mem-
bers, which needed to represent sufficiently all interest groups, be accepted by their con-
stituency to negotiate in their name, and be willing to engage in finding compromises, was
an important factor for the successful work of the FoC groups was [int_5; int_9; int_11;
int_13].

These FoC groups, although not provided with an official mandate by the Commission’s
plenary assembly, became central institutions of the further deliberation process on the way
to the joint recommendations. In these groups, the critical details were discussed and texts
for the interim and final reports prepared [int_5; int_6; int_8; int_9]. Their intimate
and high-level character contributed to foster trust and shared commitment among the
involved members, and a goal-oriented working atmosphere [int_5; int_9; int_11; int_13].
The confidential nature of the FoC groups allowed their members to depart from their
public demands, or temporarily surpass their constituency’s “red lines” (which would not
have been possible in public or in the plenary), to explore possible compromises [int_5;
int_9]. From their initiation on until mid of December, the FoC groups convened very
frequently, often multiple times per week [int_5]. In this process, the sherpas of the FoC
members played an important role, meeting in FoC sherpa rounds, and preparing text drafts
that then were further discussed and refined by the FoC members to be then introduced
in the plenary assembly [int_5; int_10; int_11]. The plenary assembly remained the
institution, where decisions had to be passed by a two-thirds majority to be included in
the Commission’s recommendations.9

8Members of the FoC energy & climate: Stefan Kapferer (BDEW), Stefan Körzell (DGB), Holger Lösch
(BDI, Dieter Kempf’s sherpas), Felix Matthes (Öko-Institut), Kai Niebert (DNR), and Katharina Re-
iche (VKU). Members of the FoC structural development & employment: Christine Herntier (Mayor
of Spremberg), Steffen Kampeter (BDA), Michael Kreuzberg (Head of the District Authority of Rhein-
Erft-Kreis), Matthias Platzeck (Commission Chair), Reiner Priggen (Landesverband Erneuerbare En-
ergien NRW), Gunda Röstel (Stadtentwässerung Dresden), Christiane Schönefeld (Federal Employment
Agency), Stanislaw Tillich (Commission Chair), and Michael Vassiliadis (IGBCE). Source Löw Beer
et al. (2021).

9While the mandate for the Coal Commission included the objectives and the list of appointed chairs and
members, it did not specify the working procedures of the Commission. Thus, one of the first tasks of
the Commission was to agree on and pass procedural rules for its work, which happened during the first
plenary assembly meeting of the Commission [int_3; int_10]. It was determined that decisions would
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The night of the final negotiations

The general parts of the final report were prepared by the FoC groups and the administrative
office, and decided upon in the plenary assembly. However, key issues, like the concrete
phase-out pathway and end date, and the size of the structural change fond, remained open
questions and were not talked about in the plenary until the last day of the Commission
[int_5; int_7; int_10]. After convening in the plenary assembly during the last day without
resolving these issues, members of the FoC and the chairpersons met separately to negotiate
compromises for these points [int_5; int_11].

First, a decision on the part on structural change was made, before starting the final
negotiations on the coal phase-out pathway and date. Thus, compromises concerning the
latter issues had to be reached within this same field, excluding compromises including
structural change questions [int_3]. Furthermore, members of the environmental group
generally supported demands for a just transition for workers and structural change in the
affected regions, which members of the unions did not rejoin by an equivalent support vice
versa. This eventually weakened the negotiating position of the environmental side towards
the unions regarding an early phase-out [int_1].

These negotiations were led rigorously among the participants, including the utilization of
the short-term absence of individual members to change previously reached formulation
decisions with these members [int_11]. The members participating in these discussions
then met during several pauses with the other members of their interest groups to consider
possible compromises and red lines, and continue the negotiations based on these interest
group positions [int_5; int_11]. Despite continuously large conflicts of interest and the
tough style of the negotiations, members finally reached compromises for all remaining
issues [int_11]. This was also driven by the fear of an overall failure of the Commission, if
no solution would have been found during that night; the continuation of talks on the next
day was no option due to the risk of leaks and resulting external pressure in case of any
interruption of the negotiation talks [int_6; int_11].

The Commission’s chairs

The role of the chairpersons was described as very ambiguously. Many of the interviewees
perceived the chairs as advocates for certain interests,10 and counterpart for the associated

have to be passed by the members with a two-thirds majority in the plenary assembly, which should
guarantee that no decision could be passed without the consent of one of the major interest groups
[int_3].

10Two chairs were associated with the structural and economic interests of coal regions, one was perceived
as also representing Federal Government interests and one was associated with environmental interests.
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interest groups only, rather than as neutral moderators [int_3; int_9, int_12]. Several
interviewees also criticized missing concepts and moderation by the chairs to facilitate
more inclusive exchange and communication within the Commission, and effective problem-
solving approaches [int_5; int_11; int_13]. In the beginning, it remained unclear how the
Commission would arrive at joint decisions or who would write the Commission’s reports
[int_3; int_7].

“[…] I don’t think anyone [of the chairpersons] really had a concept of how a
Commission has to go through different phases and then also come to results,
which to some extent sees the different interests and then creates a balance of
interests instead of the smallest common compromise.” Interview_3.

On the other hand, several interviewees mentioned that the leadership by the chairs, and
particularly by one of the chairs, who was perceived by many as the unofficial leader of
the Commission (due to being most partisan and well connected to the government), was
very important for the successful deliberations and decision-making in difficult situations
[int_6; int_7; int_13; int_15; int_16]. It was also this chair who had chosen the members
of the first FoC group, which was perceived as an important decision for the successful
deliberations in this group [int_5; int_9; int_11; int_13].

Role of federal state representatives and national government

The federal states had representatives in the Commission in the form of two former federal
states prime ministers, serving as chairs. In addition, each affected federal state could
appoint an additional representative, sometimes being the active federal (prime) ministers
having no voting rights but still very active participation during all sessions [int_3; int_5;
int_11].

“[…] the prime ministers […] not unskillfully maneuvered in such a way that the
federal states had the right to intervene and speak in the Commission at any time.
They made extensive use of this […] so that the federal states were very, very
strongly represented in the Commission with their statements.” Interview_16.

It was considered important to address the interests of the federal states, as it was clear to
the Commission members that they could potentially block the implementation of measures
at a later stage [int_5; int_8; int_11]. The federal state governments involved had been
strong supporters of continued coal mining in the past (cf., Hermwille and Kiyar 2022).
Furthermore, the (former) prime ministers of Eastern federal states continuously expressed
the fear of an early coal phase-out driving voters into the arms of the party of the extreme
right, the Alternative für Deutschland (AfD), at the then upcoming federal elections [int_1;
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int_7]. In November 2018, the Commission was about to agree on the first part of the final
report on measures for structural change. However, the prime ministers considered the
foreseen funds for affected regions as too low. Subsequently, Chancellor Merkel ordered
the Commission to resume its work and revise its recommendations, effectively delaying
the Commission and potentially increasing total funds for the coal regions [int_5; int_6;
int_14].

The possibility to make relatively unrestricted recommendations for the size of the fund for
structural change, the establishment of which was provided for in the mandate, comprising
primarily federal resources (BMWi 2019), provided an important leverage for compromises.
Federal state governments were willing to give up their opposition to the coal phase-out to
some extent in turn for financial compensation [int_5; int_6; int_12; int_15].

“[...] because whether they get another billion or not for structural measures -
that’s decisive for a prime minister when he says I’m also getting the railway
line. For the environmental side, which is fighting for the climate, it doesn’t
matter.” Interview_16.

The Federal Government was furthermore indirectly involved in the Commission’s work
through its close contact to one of the chairs [int_9; int_14]. The ministries’ representatives
were not publicly active within the plenary sessions, but in the background, had continuous
close consultations to check whether the discussed proposals could actually be implemented
[int_11; int_16].

Members’ participation possibilities and influence

Most interviewees stressed the different roles and participation possibilities of the indi-
vidual Commission members. Depending on their negotiation experience, connectedness,
expertise, and available resources (e.g., time, staff), members had higher or lower chances
to influence the Commission’s work [int_7; int_9; int_11] (also see Table F.2 in Appendix
F). As described above, key deliberation processes took place outside of the plenary assem-
bly, for example, in the FoC groups or bilateral talks in between sessions. Even though
several interviewees stated that, the composition of FoC groups represented all interest
groups [int_5; int_6; int_9; int_13], access to these groups remained exclusive [int_11].
This limited the possibility for many members to participate in deliberating the core con-
tents, because they were constrained to introduce their opinion into these groups via other
members of their interest groups [int_3; int_4; int_13; int_15]. For the coordination and
consultation within interest groups, these met separately from the other Commission meet-
ings throughout the process of the Commission [int_5; int_11]. Many decisions, like who
would belong to the FoC groups, were not discussed nor decided by the plenary assembly,
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but by the chairs after consulting with individual members [int_3; int_5; int_11; int_12].
Members without experience in such processes found it hard to know how to introduce
and enforce their demands in the right way, at the right place and the right time [int_4;
int_12]. For example, while all members were able to make demands and suggest topics
for debate in the plenary assembly, topics usually had to be supported by other influential
members or FoC groups to be considered for debate within the FoC groups where the first
drafts of documents were written [int_16].

7.5 Discussion

In the above analysis, we show how the German Coal Commission reached an agreement
on the future of coal supported by all major interest groups (Hermwille and Kiyar 2022).
Stakeholder commissions as such provide opportunities to resolve stalemate situations and
to trigger off a ratcheting up of climate ambitions in the aftermath. Yet, it was also
criticized for delivering a late and expensive coal phase-out within their recommendations.
In the following, we discuss our findings on how the Commission achieved to breach the
stalemate situation and how its final recommendations were formed.

The Commission created and fostered a collaborative environment, enabling the coopera-
tive work on finding joint solutions. It provided a space for individuals representing the
various interest groups to get to know each other on a personal level and engage in a direct
exchange. This contributed to increase the level of mutual understanding and trust, and the
willingness to find an agreement. This can be considered a major achievement of the Com-
mission compared to the previous situation, in which pro- and contra-coal interest groups
formed “enemy camps” (Grothus and Setton 2020, 283). Despite some drawbacks (e.g.,
limited opportunities for informal exchange among participants; insufficient confidentiality
of Commission meetings), the Commission’s members developed a shared commitment to
engage intensively to achieve the Commission’s objectives, a precondition for successful
collaborative policy formulation processes (Ansell and Gash 2007; Emerson, Nabatchi, and
Balogh 2012).

However, the willingness of the different interest groups to participate and engage in such
a collaborative approach, working on compromise-based policy recommendations, depends
on the lack of alternatives to enforce a unilateral policy formulation (Emerson and Nabatchi
2015; Sabatier and Weible 2007). The context of the German Coal Commission was charac-
terized by the highly contested and uncertain future of coal, the lack of sufficient power for
one interest group or coalition to enforce their interests (cf., Hermwille and Kiyar 2022),
and political parties with more to lose than to gain from taking the responsibility for a
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decision (Löw Beer et al. 2021). In this situation, leaving the decision to a stakeholder com-
mission offered policymakers the possibility to dilute responsibility and gain legitimacy for
a derived policy (Gürtler, Löw Beer, and Herberg 2021), and interest groups the possibility
to actively shape a possible policy formulation. On the other hand, the participants knew
that it would be very difficult to enforce their interests outside of the Commission, and
leaving the Commission would have born the risk of leaving the decision up to others.

Yet, aligning the objective of an early coal phase-out with (local) economic and political
interests remained challenging. In the Coal Commission, this dilemma was eased by public
funds at hand of the Commission to distribute among affected stakeholders–substantially
burdening the taxpayers, without having them explicitly represented. This was possible to
do so in Germany, given the economic capacities of Germany, and may not be possible in
countries with less economic capacities or in times of crisis. In historic comparison, costs
implied by these recommendations amount to only about one-fifth to one-third of the sum of
subsidies paid to hard coal production in Germany between 1950 and 2008 (Hermwille and
Kiyar 2022). Nevertheless, high costs and payments to individual stakeholders, if perceived
as not serving the common good, bear the risk of reducing an agreement’s legitimacy
(Gürtler, Löw Beer, and Herberg 2021). Regarding gender aspects the Commission was
less balanced: Although jobs in the affected regions are likely to be created in the service
sector, in which women make up the majority of employees (Walk et al. 2021), discussions
focused heavily on male dominated industrial jobs.

Gürtler, Löw Beer, and Herberg (2021) find that the German Coal Commission partly de-
rived its legitimacy from its bottom-up rhetoric of including regional stakeholders’ interests,
yet ultimately led to recommendations for top-down policies. One reason for the limited
bottom-up character of the recommendations might have been, apart from the comprehen-
sive mandate (cf., Gürtler, Löw Beer, and Herberg 2021), the difficulties of stakeholders
representing local interests to participate effectively in the Commission process, due to
limited negotiation experience and other resources. Few influential members of the Com-
mission drafted and decided largely upon key contents of the final recommendations, a
regular issue of such participatory processes (cf., Brisbois and Loë 2016). A leadership
more sensitive to such power imbalances as well as additional resources to level the play-
ing field might be able to remove some of these barriers (Newig et al. 2018). In addition,
younger generations and perspectives from countries most affected by the climate crisis
were barely represented.

Overall, the Commission facilitated the members to decide on joint recommendations and
with this overcoming the stalemate in the contentious environment. While the collaborative
setting contributed to reconciling previously heated and emotional debates, it was also the
very specific contextual situation at that moment in time in Germany that all veto players
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considered participating in the Commission and passing a joint agreement as best option
to pursue their political interests.11 Furthermore, the relatively costly approach with large
public funds for structural change and other measures raises the question to what extent
the German Coal Commission case could be an example for other phase-out decisions
(cf., Hermwille and Kiyar 2022). Considering economic possibilities and functioning of
government, similar processes to promote a just and timely coal phase-out might also be
an option for some other major coal producing and consuming countries like Australia or
the USA (cf., Jewell et al. 2019).

Limits to our study include, that it cannot be determined for sure whether a counterfactual
policy formulation process, for example, a citizen forum, or simply a decision by the Federal
Government would also have achieved a coal phase-out agreed upon by the diverse interest
groups. Furthermore, our study is based on a single case in a wealthy country. Another
advantage for the German coal commission was the existence of numerous studies that had
investigated potential techno- and socio-economic effects of different coal phase-out scenar-
ios in Germany. Since energy transitions in general are very context-specific processes, it
is rather difficult to generalize our results. A comparative study, possibly including other
forms of collaborative institutions such as citizen assemblies, could nevertheless help to
improve our understanding of the possibilities of collaborative governance approaches to
manage phase-out processes in line with ambitious climate targets.

7.6 Conclusions

The recommendations of the German “Commission on Growth, Structural Change and Em-
ployment” on a coal phase-out pathway and structural change measures were a major step
to ending the use of coal in one of the world’s major coal consuming countries, easing the
following decision by Europe to target climate neutrality by 2050. Prior to the Commission,
the situation was “highly contentious” with counteracting objectives and heated debates
between different interest groups leading to a stalemate situation in the debate about the
necessary coal phase-out.

This paper explores the role of the Coal Commission to reach joint recommendations in
the debate on the coal phase-out in Germany and how they were formed. We find that

11Not considered here due to the scope of the study, but relevant for further considerations are the later
differences in the two laws that were passed to implement the coal phase-out and structural change
processes compared to the Commission’s recommendations. Therefore, key members of the Coal
Commission publicly withdrew their support (https://www.dnr.de/presse/pressemitteilungen/mitglie
der-der-kohlekommission-zur-aufkuendigung-des-kohle-kompromisses?L=928, last accessed March 31,
2022).
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the Commission helped to find joint recommendations and overcome long standing stale-
mate situation by providing a safe space to build up trust and understanding which was
important considering the highly contentious situation. The broadly defined mandate and
the provision of public funds by the Federal Government largely defined the possible solu-
tion space for the Commission. It provided the mandate and significantly influenced the
willingness of incumbent actors to participate and agree on a phase-out by offering high
compensation payments to affected regions and companies. The political and economic
pressure and absence of other alternatives contributed to actors willingness to engage in
the Commission and find joint recommendations. Having shifted discussions in Germany
from if to how to do a coal phase-out, enabled the next government to move the agreed-on
phase-out date from 2038 to 2030.

Critical aspects concerning the work within the Commission are the fact that existing power
imbalances influenced the way members could participate resulting in a domination of the
decision-making process by certain members. Nevertheless, the Commission managed to
overcome a decade-long stalemate that several other attempts by the government had failed
to resolve. Its findings, are highly context specific, but provides valuable insights for other
coal phase-out debated and participatory governance approaches. Further research can
examine similar processes in other countries to draw overarching conclusions.
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Appendix A

Appendix to Chapter 2: Stranded assets and early
closures in global coal mining under 1.5°C

A.1 COALMOD-World version 2.0

CMW covers about 90 % of global steam coal production and consumption, represented by
22 coal producing nodes (geographically distinguishing the major coal producing regions),
and 45 coal consuming nodes (major consuming countries and regions) (Holz et al. 2016).
It is a dynamic partial equilibrium model formulated as mixed complementarity problem.
The model features two stylized types of players, namely producers and exporters, which
are represented by profit maximizing behavior under specific operational and technical
constraints (compare Figure A.1). Players have perfect foresight and optimize profits over
the entire model horizon. In line with empirical findings the steam coal market is modeled
as being perfectly competitive (cf. Haftendorn and Holz 2010; Trüby and Paulus 2012;
IEA 2013). Consumers are represented by inverse demand functions. Regional prices
are endogenously determined in accordance with market clearing conditions. Hence, the
decision to rely on imports or on domestic production of steam coal is an endogenous
outcome of the model. Quality differences of steam coal across production regions are
taken into account.

Figure A.1: Basic features of COALMOD-World v2.0 model structure. Reproduced with
permission from Haftendorn, Holz, and Hirschhausen (2010).

Source: Adapted from Haftendorn, Holz, and Hirschhausen (2010).
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Furthermore, the model features endogenous investment into production, transportation,
and export capacities.1 Once an expansion is profitable over the model horizon, an invest-
ment decision is made. The new capacity becomes operational in the subsequent period.
Marginal production costs are assumed to increase with cumulative extraction. The model
is calibrated for the year 2015, and 2020 consumption levels are fixed to values extrapo-
lated from the 2015 to 2019 trends (IEA, n.d.) in order to take into account the market
development trends of the past years instead of the COVID-19 induced short term effect
on coal markets (IEA 2020c, 2021c).

The newly added retirement mechanism is explained in detail in the following sections. An
additional new feature of the new model is a Chinese coal import quota that restricts the
amount of annual imports into China, which is explained in section A.1.3. The complete
mathematical description of the here introduced model version is provided in the Appendix
A.4. For the model code see Hauenstein (2022b).

A.1.1 Retirement mechanism in CMW v2.0

CMW production nodes represent coal mining regions or countries, which in turn generally
depict numerous coal mines. To approximate the retirement of individual mines the model is
adjusted to take into account node-specific average remaining lifetime of existing production
capacities, as well as an average lifetime for new mines. The time-dependent physical
retirement of mining capacities is integrated in the production capacity constraint of the
producer’s profit optimization problem (see Eq. A.7 in the Suppl. Material A.4.2.1). Eq.
A.1 shows the new production capacity constraint.

capPf ·REP
af

+
∑
a′<a

(
invP

a′f
·RNP

af

)

−

(∑
c

κf · xafc +
∑
e

κf · yafe

)
≥ 0,

(
αP
af

)
(A.1)

Line one in Eq. A.1 defines the remaining capacity in time period a as the product of the
initial capacity of producer f (capPf ) and the retirement factor for existing mines REP

af .
The second line defines the remaining capacity in time period a of all investments (invPaf )

1Maintenance investments, which are necessary to keep mines and other infrastructure functioning at their
initial production capacity (for example, investments in equipment maintenance and replacement), are
not considered separately in the model; rather, they are included in production and transportation costs.
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made in previous periods and the respective retirement factor for new capacities RNP
af . The

sum of lines one and two need to be greater or equal to the total production of producer
f in the period a (total production of producer f is the sum of coal delivered to domestic
consumers c (xafc) and to exporters e (yafe); κf is the producer dependent energy-content
factor converting from energy to mass units). αP

af is the dual variable (shadow price) of
the production capacity constraint.2

In order to implement the time dependent retirement, existing capacity and new invest-
ments are multiplied with inverse logistic functions (retirement factors) which determine
the time specific remaining share of the these capacities, respectively. REP

af and RNP
af

represent the retirement factors for existing and new capacities, respectively:

REP
af =

1

1 + (depePf )
−(ord(a)−(mlexistPf /5+1))

(A.2)

RNP
af =

1

1 + (depnP
f )

−(ord(a)−(mlnewP
f /5+1)−ord(a′))

(A.3)

The newly introduced parameters mlexistPf and mlnewP
f are the average (remaining) life-

time of a producer’s initial capacity and of new capacities, respectively, both with the unit
’years’ (not model periods).3 The parameter depePf is the base in the retirement factor for
existing mines (Eq. A.2). It is defined for each producer, depending on the remaining life-
time of its initial production capacities.4 In case mlexistPf is small, a rather steep retirement
curve is assumed, thus a small depePf . In case mlexistPf is larger, depePf is increased, which
translates into a flatter retirement curve with increasing tails around the average lifetime
(partial retirement of the node’s mining capacity starts earlier and continues further into
the future relative to mlexist, respectively, than in the case of a smaller mlexist). ord(a)

returns the relative position of a in the set of model years (e.g., ord(2015) would return
1).

2For a full list of sets, parameters and variables used in CMW v2.0, see Tables A.7 to A.9 in the Suppl.
Material A.4.1.

3Mine lifetimes (given in years in the input file) need to be transformed to model time periods and increased
by one for the retirement functions (e.g, 10 years need to enter as 3 etc.): mlexistPf /5 + 1

4depePf is set to the following values:

depePf = 0.2 ∀mlexistPf < 10

depePf = 0.2 + (mlexistPf − 10)/5 · 0.1 ∀10 ≤ mlexistPf ≤ 25

depePf = 0.5 ∀mlexistPf > 25
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For new mines the base in the retirement factor (Eq. A.3) is denoted by the parameter
depnP

f . For new mines an average lifetime (mlnew) of 25 years is assumed (see Section
A.1.2 below), with a depnP

f of 0.2. This rather small value for depnP
f is chosen based on

the assumption that new mines will be able to produce in the first periods almost at their
full initial capacity, with few mines producing much shorter or longer, respectively, than
the average lifetime mlnew.

The new formulation of the capacity constraint (Eq. A.1) does not include the mine mortal-
ity term of previous model versions anymore,5 assuming that also idle production capacities
will need new investments if idle for some time. Retirement of capacities therefore is imple-
mented as independent of production in previous years.6 CMW includes also a constraint
on maximum production capacity additions per period a, which is adjusted to allow for
additional investments to replace capacities retired in previous periods (see Eq. A.8 in the
Suppl. Material A.4.2.1).

A.1.2 Estimating coal mines’ lifetimes based on GCMT data

The newly added retirement mechanism is based on the mines’ age. It differentiates between
newly added capacities (endogenous investment decisions by model) and in the model’s
base-year (2015) existing capacities. For the former, a global applicable average lifetime
is assumed, while for the latter coal basin specific remaining average lifetimes are applied.
The lifetimes are based on the ’Global Coal Mine Tracker’ (GCMT; version of June 2021),
an open access database on coal mines (Global Energy Monitor 2021b).

Approximating the remaining average lifetime of existing capacities in each represented
production node is more difficult. Information on remaining lifetimes is available only for
a minority of the reported operating mines in the GCMT. More generally available is the
reserve to production ratio (R/P) of mines, which represents the possible remaining years
of production at full capacity if all reserves are exploited. However, while R/P values

5In previous model versions, the mine mortality mechanism represented the process of how fast the cheapest
mines in a coal basin are mined out (Holz et al. 2016). The induced loss of production capacity was
implemented as a function of cumulative extraction. The average mine mortality rate amounted to
about 1 % p.a. (Holz et al. 2016, 52). Hence, for a node producing at full capacity and with continuous
capacity replacement investments, the full initial capacity would have to be replaced only every 100
years.
The removal of the mine mortality term from the capacity constraint is considered to be acceptable, as
the reduction of mining capacity due to mine mortality is only a minor share of removal compared to the
new retirement mechanism. Furthermore, considering remaining mine lifetime and reserve/production
ratios in the retirement of existing mines also considers the basin specifics to some degree.

6The model is run in 5-year time steps, thus, it seems reasonable, that mines also “degrade”even if not
producing.
Personal communication with coal industry experts: Idle mines are very expensive to keep in operational
conditions (more so for underground mines). In case of an expected return to production idle mines are
kept in operational conditions for possibly one to one and a half years.
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provide information on available physical resources, the technical lifetime of a mine also
depends, i.a., on available infrastructure, physical accessibility of reserves, governmental
permits, etc. To approximate the remaining lifetime of mines with R/P reported only, the
relationship of remaining mine lifetime to R/P for operational steam coal mines with both
values reported is estimated here with a logarithmic regression function (see Figure A.2).
For this regression analysis, data for mines from the GCMT data is filtered to include only
steam coal mines (excl. lignite and pure met coal mines)7 with both, remaining lifetime
and R/P, included. From this set, all Chinese mines are excluded (see Section 2.1 in the
parent article). Additionally, mines with an R/P of less than ten or more than 45 years,
respectively, are excluded due to the limited number of data points for those categories.
Furthermore, mines with reported remaining lifetime larger than their reported R/P were
excluded, as the R/P ratio implies a physical limit to the maximum lifetime (considering
production at full capacity).

From this regression analysis, the following relationship of remaining lifetime of existing
mines (mlexist) to R/P is derived for all mines with 10 ≤ R/P ≤ 45. For mines with
0 ≤ R/P < 10 a simple linear correlation is considered, and for all mines with 45 < R/P

the lifetime is set to the lifetime of new mines of 25 years:

mlexist = 0.7 ·R/P ∀R/P < 10

mlexist = 12.297 · ln(R/P )− 21.522 ∀10 ≤ R/P ≤ 45

mlexist = 25 ∀R/P > 45 (A.4)

These approximations are then applied to the reported R/P of mines in order to obtain
remaining lifetime estimates for a larger number of mines. Then, for each node the weighted
average of the respective approximated remaining lifetimes is taken, weighted by each mine’s
share of the total represented nodal capacity. In order to account for the difference in
the model’s starting year (2015) and the data in the GCMT, representing the year 2020,
resulting remaining lifetimes for all nodes are extended by five years.

The results of the regression analysis were then verified by triangulation with literature
information and expert judgements. For the following nodes, mlexist was adjusted there-
upon to better represent local conditions: P_KAZ reduced by ten years (relatively old
mines with limited remaining lifetime according to coal sector experts); P_IND_Orissa
reduced by eight years (very limited coverage of mines in GCMT; similar mine structure
as in P_IND_North); all Chinese production nodes minus ten years, except P_CHN_SIS,
for which it is reduced by eight years (according to industry experts, reserve data for Chi-

7Applying the following filters to the GCMT database categories: ’Status’ = ’Operating’, AND ’Coal
Type’ = ’Anthracite’ & ’Bituminous’ & ’Subbituminous’, AND ’Coal Grade’ = ’Thermal’ & ’Thermal
& Met’ & ’(Blanks)’.

181



Appendix A Appendix to Chapter 2: Stranded assets and early closures in global coal
mining under 1.5°C

nese coal mines should be considered only as rough estimates, and not as actually explored
reserves, which leads to overestimation of remaining mineable reserves (Personal commu-
nication with coal industry experts, March to May 2021); according to Auger et al. (2021,
13) most existing Chinese coal mines will reach their end-of-life within the next 20 years).
Table A.1 shows the resulting remaining lifetime values for all CMW v2.0 producer nodes.

Figure A.2: Relationship of remaining mine lifetime to R/P ratio of thermal coal mines
(excl. Chinese mines). Source: Own calculation based on data from (Global
Energy Monitor 2021b).

The implemented retirement for nodal coal production capacities is illustrated in Figure
A.3. It shows the decline of the cumulative global steam coal production capacity available
in 2015 (excluding capacity additions). Nodal production capacities are retired following
an inverse logistic curve, with 50 % of the capacities retired when the node-specific average
retirement age is reached. About half of the operating coal production capacities operating
in 2015 will be retired by 2035, and by 2050 almost all capacities will be out of service.
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Table A.1: Average remaining lifetimes of coal production capacities for all CMW producer
nodes in years (for start year 2015).

CMW producer node Average remaining lifetime (mlexist)
P_USA_PRB 21
P_USA_Rocky 20
P_USA_ILL 23
P_USA_APP 17
P_COL 23
P_POL 17
P_KAZ 15
P_RUS 24
P_ZAF 19
P_IND_North 22
P_IND_Orissa 22
P_IND_West 13
P_IND_Soutth 19
P_IDN 18
P_CHN_SIS 20
P_CHN_Northeast 18
P_CHN_HSA 15
P_CHN_YG 10
P_AUS_QLD 21
P_AUS_NSW 19
P_MNG 30
P_MOZ 30

Source: Own approximations, based on (Global Energy Monitor 2021b).
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Figure A.3: Retirement of initial (2015) coal mine capacities in COALMOD-World v2.0:
decline of cumulative production capacity (grouped by countries) in case of
zero new capacities from 2015 on.
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Assumptions on lifetimes are a critical factor for the assessment of investments in new
production capacities. Particularly, as there is only limited data available and generalization
for coal mine lifetimes is difficult. Therefore, effects of lifetime assumption variations on
investment results were assessed. Results of this sensitivity analysis are presented in Figure
A.4. Results for investments react as expected to an increase/decrease of the lifetime of
existing and new mines. Shorter lifetimes require significant additional capacity additions
in the considered period in a high demand scenario, while longer lifetimes significantly
decrease capacity additions. In contrast, results for (regional) production volumes are
relatively robust.
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Figure A.4: Sensitivity of CMW results (WEO19-STEPS scenario) to changes in coal mine-
lifetime assumptions.
(a) and (b) show the sensitivity of global 5-year and cumulative (2020-2049)
coal mine capacity investments to an increased/decreased remaining lifetime
of existing production capacities (mlexist) by +/- 20 % (a), as well as in-
creased/decreased lifetime of new capacities (mlnew) by +/- 20 % (b), respec-
tively. Reducing mlexist leads to preponed investments in the first periods.
Vice versa, increasing mlexist leads to a slightly less pronounced postpone-
ment of investments. Decreasing mlnew increases required investments from
2030 on, and vice versa, required investments decrease from 2030 on for in-
creased mlnew, respectively.
(c) and (d) show the sensitivity of selected countries’ and global cumulative pro-
duction (2020-2049) results to changes in mlexist ((c), +/- 20 %) and mlnew
((d), +/- 20 %). Cumulative global production is not significantly influenced
by changes in mlexist and mlnew, respectively. Regional production, however,
can be affected significantly. In case of increased (decreased) mlexist, for ex-
ample, the USA produce more (less). The USA have a large fleet of existing
mines, but only few new investments are made in the USA in a WEO19-STEPS
scenario. Additional (reduced) U.S. production is compensated by slightly re-
duced (increased) production in other countries in this scenario. Sensitivity of
regional production volumes to changes in mlnew is less pronounced.

Note: In (a) and (b) investments in model years represent total investments per period,
e.g., 2020-2024.
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A.1.3 China’s import quota

An additional new feature of the new model is a Chinese coal import quota that restricts
the amount of annual imports into China. Although the model generally focuses on op-
erational and technical constraints, this politically defined restriction of the largest global
coal consumer is included because of its potentially significant impact on the international
coal market. China officially has no import quota, but de facto annual coal imports are
restricted (IEA 2021a; Gosens, Turnbull, and Jotzo 2022). Here, the annual quota for all
international seaborne imports into China is set to 300 million tons (Mt) from 2020 on,
representing the maximum imports in the past few years (IEA 2021a). This is a rather
conservative estimate given that China might further restrict imports in the future, as a
recent study on current developments in the Chinese coal sector (Gosens, Turnbull, and
Jotzo 2022) has shown.

To include the de facto Chinese import restriction, equation A.5 is added as constraint for
all non-Chinese exporters in CMW v2.0 and imposes a limit on the sum of annual seaborn
coal imports to China.8 The sum of all coal shipped from non-Chinese exporters to Chinese
sea ports in period a need to be less or equal to the annual import quota China_IQa (in
million tons per year). ρCHN

a is the dual variable of the constraint.

China_IQa −
∑

NoChina_exp(e)

∑
China_sea(c)

zaec · κe ≥ 0
(
ρCHN
a

)
(A.5)

A.2 Coal demand scenarios

CMW runs are based on exogenous coal demand scenarios. Coal demand growth data
is derived from the applicable sources, such as IPCC (2022), and these growth rates are
applied to CMW demand node specific historic steam coal demand data. Real-world coal
demand in 2020 was influenced significantly by the COVID-19 pandemic (-4.5 % compared
to 2019 (IEA 2021g, 322)), yet long-term effects of the pandemic on coal demand are less
clear (IEA 2021c; Yanguas Parra, Hauenstein, and Oei 2021). Thus, CMW node-specific
coal demand for the model year 2020 is based on an extrapolation of 2015-2019 nodal
trends, in order to avoid an overestimation of the pandemic induced demand reduction.

Table A.2 summarizes the scenarios included in this study and their data sources. Only
1.5°C coal demand scenarios are considered that do not imply high temperature overshoots.

8Chinese steam coal imports via land make up a very small share of its total imports only and are not
considered here.
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Temperature overshoot pathways, as well as BECCS and other land-use based approaches
to withdraw carbon dioxide from the atmosphere are debated intensively regarding their
potentials and risks (cf. Braunger and Hauenstein 2020; Creutzig et al. 2021; Minx et
al. 2018; Rogelj et al. 2019). Regarding CCS, many have argued that its adoption could
enable an extended use of coal (cf. Budinis et al. 2018). However, so far CCS is not deployed
on large-scale and it is highly questionable if CCS-(retro)fitted coal-fired power plants will
play a significant role in the future power sector (cf. Martin-Roberts et al. 2021; Grant
et al. 2021; Yanguas Parra et al. 2019). Thus, 1.5°C coal demand scenarios are considered
once without CCS, and once with CCS (for results see Section A.3)

Table A.2: Summary of scenarios and underlying data.
Name Description
1.5°C (lower
bound, cen-
tral, upper
bound)

Set of three coal phase-out scenarios based on the growth rates
of results for “Secondary Energy|Electricity|Coal|w/o CCS” (region-
ally disaggregated; region category R5) of IPCC (2022) scenarios
that limit warming to 1.5°C (>50 %) with no or limited overshoot
(n=80)(data available in Byers et al. (AR6 Scenarios Database). Out
of these 80 scenarios, annual 0.25-0.75 percentile values for coal con-
sumption are used to build the 1.5°C scenario set. Growth rates
of 0.25, 0.75, and 0.5 (median) percentile values were taken for the
lower bound, upper bound, and central 1.5°C scenarios, respectively.

WEO19-
STEPS

Coal demand growth rates are derived from IEA’s ’World Energy
Outlook 2019’ ’Stated Policies Scenario’ data for ’Coal’ in ’Power
sector’ in ’Energy demand’ (IEA 2019b, 682–742).

9ote: For 1.5°C w/ CCS (lower bound, central, upper bound) growth rates of the sum
of the results for “Secondary Energy|Electricity|Coal|w/o CCS” AND “Secondary En-
ergy|Electricity|Coal|w/ CCS” of IPCC (2022) scenarios that limit warming to 1.5°C (>50
%) with no or limited overshoot are used (n=80) (data available in Byers et al. (AR6 Sce-
narios Database).

The three 1.5°C scenarios represent the annual 0.25-0.75 percentile range for coal consump-
tion in the power sector of IPCC (2022) 1.5°C scenarios with no or limited overshoot. The
power sector accounts for about 70 % of total steam coal demand (IEA 2019a, II.17). Other
major steam coal users include the iron and steel (besides metallurgical coal), cement, and
chemical industry. With the switch to less fossil fuel dependent production processes (IEA
2020e, cf.), coal demand in these sectors is considered to develop similarly to the power
sector. Values of “Secondary Energy|Electricity|Coal|w/o CCS (|w/ CCS)” are most widely
available in the IPCC (2022) scenarios for five world regions, Asian countries except Japan
(R5ASIA), Countries from the Reforming Ecomonies of the Former Soviet Union (R5REF),
Countries of the Middle East and Africa (R5MAF), Latin American countries (R5LAM),
and OECD90 and EU (and EU candidate) countries (R5OECD90+EU), to which CMW
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demand nodes are mapped to according to the respective country (Byers et al., AR6 Sce-
narios Database). The regional growth rates are then applied to the respective nodal 2020
steam coal demand values.

Some IPCC (2022) scenarios do not provide results in five-year steps (Byers et al., AR6
Scenarios Database). In case of missing five-year results, ten-year results are interpolated
linearly, if ten-year values of adjacent time steps are > 0.

IEA (2019b) provides projections only until 2040. For 2045-2060 values are forecasted
linearly based on the values for 2030-2040. For regions with positive 2030-2040 growth,
demand is kept flat at 2040 demand.

A.3 Additional results

A.3.1 Annual steam coal exports
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Figure A.5: Results for annual steam coal exports (Mtpa) of major exporting countries in
all scenarios.
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Table A.3: Nodal annual steam coal production (selected years) in 1.5°C, WEO19-STEPS,
and 1.5°C w/ CCS scenarios in Mtpa.
1.5°C (lower bound) 1.5°C (central) 1.5°C (upper bound) WEO19-STEPS 1.5°C /w CCS (low. b.) 1.5°C /w CCS (cent.) 1.5°C /w CCS (up. b.)

Node\Year 2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050 2020 2030 2050
P_AUS_NSW 178 1 0 178 9 0 178 30 0 178 190 194 178 5 0 178 13 0 178 42 1
P_AUS_QLD 94 1 0 94 4 0 94 15 0 94 104 104 94 2 0 94 6 0 94 21 3
P_CHN_HSA 248 0 0 248 32 0 248 135 0 248 200 355 248 9 0 248 49 0 248 135 0
P_CHN_Northeast 103 4 0 103 8 0 103 28 0 103 71 54 103 7 0 103 11 0 103 38 0
P_CHN_SIS 1962 118 0 1962 198 0 1962 415 0 1962 2203 1773 1962 156 0 1962 234 3 1962 534 34
P_CHN_YG 258 17 0 258 37 0 258 52 0 258 243 274 258 28 0 258 45 0 258 52 0
P_COL 84 6 0 84 12 0 84 22 0 84 84 84 84 8 0 84 16 1 84 28 7
P_IDN 597 143 0 597 189 0 597 295 0 597 796 915 597 169 0 597 204 5 597 352 37
P_IND_North 406 44 0 406 65 0 406 125 0 406 508 567 406 54 0 406 73 1 406 150 12
P_IND_Orissa 150 14 0 150 34 0 150 81 0 150 178 248 150 24 0 150 41 0 150 98 0
P_IND_South 66 0 0 66 0 0 66 0 0 66 75 91 66 0 0 66 0 0 66 0 0
P_IND_West 59 0 0 59 0 0 59 0 0 59 89 149 59 0 0 59 0 0 59 0 0
P_KAZ 83 0 0 83 9 0 83 10 0 83 108 88 83 3 0 83 10 0 83 10 4
P_MNG 7 0 0 7 0 0 7 0 0 7 17 19 7 0 0 7 0 0 7 0 0
P_MOZ 2 0 0 2 0 0 2 0 0 2 6 10 2 0 0 2 0 0 2 0 0
P_POL 65 1 0 65 3 0 65 5 0 56 42 2 65 2 0 65 5 0 65 9 3
P_RUS 207 0 0 207 6 0 207 19 0 207 187 200 207 2 0 207 11 0 207 22 9
P_USA_APP 112 0 0 112 1 0 111 2 0 106 67 8 112 1 0 112 2 0 112 5 1
P_USA_ILL 103 5 0 103 7 0 104 15 0 106 78 40 102 6 0 102 15 1 103 23 9
P_USA_PRB 263 0 0 265 3 0 266 6 0 269 228 171 264 0 0 265 6 0 266 10 4
P_USA_Rocky 69 1 0 69 3 0 68 6 0 64 44 6 69 2 0 68 6 0 67 10 4
P_ZAF 263 14 0 263 37 0 263 66 0 263 218 156 263 19 0 263 42 2 263 84 10

Note: Geographical representation of production nodes (P_ ...): AUS_NSW=New SouthWales, Australia;
AUS_QLD = Queensland, AUS; CHN_HSA = Henan & Shandong & Anhui & Jiangxi & Jiangsu, China;
CHN_Northeast = Liaoning & Heilongjiang & Jilin, China; CHN_SIS = Shanxi & Inner Mongolia &
Shaanxi & Hebei & Ningxia & Gansu, China; CHN_YG = Yunnan & Guizhou & Sichuan & Hunan &
Chongqing & Hubei, China; COL = Colombia; IDN = Indonesia; IND_North = Arunachal & Assam
& Chhattisgarh & Jammu Kashmir & Jharkhand & Madhya Pradesh & Meghalaya & Uttar Pradesh &
West Bengal, India; IND_Orissa = Odisha; IND_South = Telangana; IND_West = Maharashtra; KAZ
= Kazakhstan; MNG = Mongolia; MOZ = Mozambique; POL = Poland; RUS = Russia; USA_APP =
Alabama & Kentucky (East) & Maryland & Ohio & Pennsylvania & Tennessee & Virginia & West Virginia,
USA; USA_ILL = Arkansas & Illinois & Indiana & Kansas & Kentucky (West) & Louisiana & Mississippi
& Missouri & Oklahoma & Texas, USA; USA_PRB = Wyoming; USA_Rocky = Alaska & Arizona &
Colorado & Montana & New Mexico & North Dakota & Utah & Washington, USA; ZAF = South Africa.

Table A.4: Cumulative nodal excess capacities (2020-2050) in 1.5°C, WEO19-STEPS, and
1.5°C w/ CCS scenarios in Mtpa and %.

1.5°C (lower bound) 1.5°C (central) 1.5°C upper bound) WEO19-STEPS 1.5°C /w CCS (low. b.) 1.5°C w/ CCS (cent.) 1.5°C /w CCS (up. b.)
Node Mtpa % Mtpa % Mtpa % Mtpa % Mtpa % Mtpa % Mtpa %
P_AUS_NSW 1940 72 1790 67 1607 60 0 0 1909 71 1768 66 1506 56
P_AUS_QLD 1196 75 1120 71 1021 64 0 0 1184 75 1090 69 939 59
P_CHN_HSA 1139 41 981 35 466 17 0 0 1093 39 895 32 464 17
P_CHN_Northeast 891 61 696 48 597 41 0 0 865 60 679 47 543 37
P_CHN_SIS 23220 73 20790 65 18428 58 0 0 22865 71 20324 64 17237 54
P_CHN_YG 298 17 148 8 28 2 0 0 225 13 110 6 15 1
P_COL 1079 69 976 62 861 55 1 0 1058 67 897 57 683 44
P_IDN 5366 55 4597 47 3495 36 0 0 5109 52 4062 42 2504 26
P_IND_North 5395 72 4870 65 4297 57 0 0 5304 71 4698 63 3984 53
P_IND_Orissa 1609 59 1467 54 1191 44 0 0 1545 57 1430 53 1073 40
P_IND_South 816 83 762 77 720 73 0 0 811 82 760 77 717 73
P_IND_West 538 65 433 52 433 52 0 0 519 63 433 52 433 52
P_KAZ 558 60 380 41 367 39 0 0 543 58 377 40 284 30
P_MNG 150 90 131 78 125 75 0 0 150 90 131 78 124 74
P_MOZ 40 90 40 90 30 67 0 0 40 90 40 90 30 67
P_POL 629 73 587 68 530 62 36 4 626 73 553 64 446 51
P_RUS 3318 83 3133 78 2905 73 0 0 3307 83 3088 77 2669 67
P_USA_APP 1728 83 1659 80 1602 77 593 28 1722 83 1646 79 1557 75
P_USA_ILL 1824 80 1716 76 1662 73 291 12 1813 80 1634 72 1429 63
P_USA_PRB 5300 88 5240 87 4974 83 1009 14 5298 88 5194 86 4852 81
P_USA_Rocky 1255 84 1212 81 1157 77 398 27 1251 83 1179 79 1063 71
P_ZAF 2644 67 2364 60 2030 51 0 0 2597 66 2289 58 1752 44
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Table A.5: Premature coal mine capacity retirements in 2030 in 1.5°C and 1.5°C w/ CCS
scenarios in Mtpa and %.

1.5°C (lower bound) 1.5°C (central) 1.5°C (upper bound) 1.5°C /w CCS (low. b.) 1.5°C /w CCS (cent.) 1.5°C /w CCS (up. b.)
Node Mtpa % Mtpa % Mtpa % Mtpa % Mtpa % Mtpa %
P_AUS_NSW 129 99 121 93 100 77 125 96 117 90 88 68
P_AUS_QLD 73 98 70 94 59 80 72 97 68 92 53 72
P_CHN_HSA 135 100 103 77 0 0 126 93 86 64 0 0
P_CHN_Northeast 68 95 64 89 44 61 65 90 60 85 33 46
P_CHN_SIS 1392 92 1312 87 1095 73 1354 90 1275 84 975 65
P_CHN_YG 35 67 15 28 0 0 24 46 7 14 0 0
P_COL 64 92 58 83 47 68 62 88 54 77 42 60
P_IDN 310 68 265 58 158 35 284 63 249 55 101 22
P_IND_North 292 87 271 81 211 63 281 84 263 78 186 55
P_IND_Orissa 109 89 89 73 42 34 99 81 82 67 25 20
P_IND_South 48 100 48 100 48 100 48 100 48 100 48 100
P_IND_West 35 100 35 100 35 100 35 100 35 100 35 100
P_KAZ 45 99 36 79 35 78 42 94 35 78 35 78
P_MNG 7 100 7 100 7 100 7 100 7 100 7 100
P_MOZ 2 100 2 100 2 100 2 100 2 100 2 100
P_POL 41 97 40 94 37 87 41 96 37 87 34 79
P_RUS 174 100 168 97 155 89 172 99 163 94 152 87
P_USA_APP 103 100 102 99 101 98 102 99 101 98 98 95
P_USA_ILL 96 95 94 93 86 85 95 94 86 85 78 77
P_USA_PRB 281 100 278 99 275 98 281 100 275 98 271 96
P_USA_Rocky 70 98 69 96 66 92 70 98 66 92 62 87
P_ZAF 178 93 155 81 125 65 172 90 149 78 108 56

Table A.6: Nodal coal mine stranded assets (2020-2050) in 1.5°C and 1.5°C w/ CCS sce-
narios in billion USD2015.

Node 1.5°C (lower bound) 1.5°C (central) 1.5°C (upper bound) 1.5°C /w CCS (low. b.) 1.5°C /w CCS (cent.) 1.5°C w/ CCS (up. b.)
P_AUS_NSW 5 5 4 5 5 4
P_AUS_QLD 3 3 3 3 3 3
P_CHN_HSA 4 5 2 4 5 2
P_CHN_Northeast 3 4 2 3 3 2
P_CHN_SIS 53 60 47 52 59 44
P_CHN_YG 0 1 0 0 1 0
P_COL 3 3 2 2 3 2
P_IDN 9 10 7 8 10 5
P_IND_North 8 9 7 8 9 7
P_IND_Orissa 3 3 3 3 3 2
P_IND_South 1 2 1 1 2 1
P_IND_West 1 1 1 1 1 1
P_KAZ 1 1 1 1 1 1
P_MNG 1 1 0 1 1 0
P_MOZ 0 0 0 0 0 0
P_POL 2 3 2 2 3 2
P_RUS 8 8 7 7 8 6
P_USA_APP 6 6 6 6 6 6
P_USA_ILL 5 5 5 5 5 4
P_USA_PRB 11 11 11 11 11 10
P_USA_Rocky 4 4 4 4 4 3
P_ZAF 6 7 5 6 7 5
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A.3.2 Nodal results and results for 1.5°C scenarios with CCS
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Figure A.6: Global annual steam coal consumption (Mtpa) in all scenarios (1.5°C scenarios
with and without CCS) (top panel) and annual steam coal production (Mtpa)
in major producing countries.

Note: Shaded orange area shows range of 1.5°C w/ CCS scenarios.
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Figure A.7: Stranded coal capacity: Countries’ annual steam coal production capacity (red)
vs. production in 1.5°C w/ CCS scenarios (blue, with shaded area representing
the range of the 1.5°C w/ CCS scenarios).

A.3.3 Sensitivity analysis
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Figure A.8: Sensitivity of cumulative investments (2020-2049) in new coal mine capacities
in 1.5°C scenarios to changes in lifetime of existing mines (mlexist). mlexist
increased (+20mlex)/decreased (-20mlex) by 20 % compared to applied mlexist
values in CMW v2.0. Capacity additions in Mtpa, as well as related overnight
capital costs (OCC) in billion USD2015.
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Figure A.9: Sensitivity of selected countries’ and global cumulative production (2020-2049)
in central 1.5°C scenario to changes in lifetime of existing mines (mlexist).
mlexist decreased (-20mlex)/increased (+20mlex) by 20 % compared to ap-
plied mlexist values in CMW v2.0. Relative change of resulting cumulative
production compared to base case of central 1.5°C scenario. Generally increas-
ing/decreasing mlexist leads to marginal changes in results for countries’ and
global cumulative production only.
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Figure A.10: Sensitivity of countries’ cumulative excess capacity (2020-2049) in central
1.5°C scenario to changes in lifetime of existing mines (mlexist). mlexist de-
creased (-20mlex)/increased (+20mlex) by 20 % compared to applied mlexist
values in CMW v2.0. Shorter remaining lifetimes for existing mines lead as
expected to reduced cumulative excess capacities. The order of magnitude re-
mains the same for a country’s excess capacity. However, the effect of changes
in mlexist to excess capacity results differ among countries.
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Figure A.11: Sensitivity of stranded assets’ volume (2020-2049) in central 1.5°C scenario
to changes in lifetime of existing mines (mlexist). mlexist decreased (-
20mlex)/increased (+20mlex) by 20 % compared to applied mlexist values
in CMW v2.0. The volume of stranded assets is highly dependent on assump-
tions regarding the remaining lifetime, and thus the already recovered share
of overnight capital cost, of existing mines.

A.4 Mathematical formulation of CMW v2.0, its sets,
parameters, and variables

A.4.1 CMW v2.0: Sets, parameters, variables

Table A.8: List of parameters in the COALMOD-World model version 2.0.
Parameter
name

Description Unit

bac demand curve slope of demand node c in period a [USD/GJ2]
capEe initial export capacity of exporter e [Mt/a]
capPf initial production capacity of producer f [Mt/a]
capTC

fc initial transport capacity from producer f to consumer
c

[Mt/a]

Continued on next page
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Table A.8: (continued) List of parameters in the COALMOD-World model version 2.0.
Parameter
name

Description Unit

capTE
fe initial transport capacity from producer f to exporter

e

[Mt/a]

China_IQa import quota for maximum annual imports via sea into
China in period a

[Mt/a]

China_lica Chinese export licence restricting maximum annual
Chinese exports in period a

[Mt/a]

CinvEe investment cost for export capacity expansion for ex-
porter e

[USD/t]

CinvPf investment cost for producer capacity expansion for
producer f

[USD/t]

CinvTC
fc investment cost for transport capacity expansion from

producer f to consumer c

[USD/t]

CinvTE
fe investment cost for transport capacity expansion from

producer f to exporter e

[USD/t]

DemInterac demand curve intercept of demand node c in period a [USD/GJ]
depePf base of inverse logistic function determining retirement

of capPf
[ ]

depnP
f base of inverse logistic function determining retirement

of invPaf
[ ]

epsiac price elasticity of demand node c in period a [ ]
feee port handling fee for exporter e [USD/t]
inv

E
e maximum export capacity expansion of exporter e [Mt/a per 5

year period]
inv

P
f maximum production capacity expansion of producer

f

[Mt/a per 5
year period]

ιec binary parameter for Chinese import quota; 0 for
all e and c, except for e = NoChina_expe and c =
China_seac

[ ]

κe energy content of coal shipped by exporter e [t/GJ]
κf energy content of coal produced by producer f [t/GJ]
mc_int_startf starting value of intercept of marginal cost curve for

producer f

[USD/t]

mc_int_varf intercept variation factor [ ]
Continued on next page
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Table A.8: (continued) List of parameters in the COALMOD-World model version 2.0.
Parameter
name

Description Unit

mc_slpf slope of marginal cost curve for producer f [USD/t2]
mlexistPf average remaining lifetime of capPf [years]
mlnewP

f average lifetime of new capacity investments invPaf [years]
prefac reference steam coal price in demand node c in period

a

[USD/GJ]

plength period length (5) years
re discount factor applied by exporter e [ ]
rf discount factor applied by producer f [ ]
resf resource endowment (coal reserve) of producer f [Mt]
searateec freight rate for transport from exporter e to consumer

c

[USD/t]

t_iae sea Import tax for import from port e to port sea in period
a

[USD/t]

θec binary parameter for Chinese export restriction; 0
for all e and c, except for e = CHNE and c =
NoChina_seac

[ ]

transCfc transportation cost from producer f to consumer c [USD/t]
transEfe transportation cost from producer f to exporter e [USD/t]
yrefac reference steam coal consumption of demand node c in

period a

[PJ]

A.4.2 Mathematical formulation of CMW v2.0

A.4.2.1 CMW v2.0: producer’s problem

The producers maximize their profit ΠP
f (xafc; yafe; inv

P
af ; inv

TC
afc; inv

TE
afe) over the total

model horizon A for all model years a ∈ A. The producers extract and treat (produce) the
coal and can sell it either to local demand nodes (xafc) or to the exporters (yafe). They
bear the production (CP

af ) and the inland transport costs (transCfc, transEfe). Further, they
can invest in additional production capacities (invPaf ) and in transport capacities to local
demand (invTC

afc) or to the exporter (invTE
afe). These investments are subject to constraints.
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Table A.7: List of sets in the COALMOD-World model version 2.0.
Set name Description Range
a model year [2015, 2020, 2025, 2030, 2035,

2040, 2050, 2055, 2060]
c consumer nodes see Holz et al. (2016); node re-

moved for Ukraine; nodes added
for Bangladesh, Pakistan, and
Vietnam

China_seac subset of c, all Chinese consumers
with port

e exporter nodes see Holz et al. (2016); nodes
removed for Ukraine and
Venezuela; node added for
Russia West

f producer nodes see Holz et al. (2016), nodes
removed for Canada, Ukraine,
Venezuela, and Vietnam

landc subset of c, all consumers only reach-
able by land

NoChina_expe subset of e, all exporters except Chi-
nese exporters

NoChina_seac subset of c, all consumers with port
except Chinese consumers

seac subset of c, all consumers with port

198



A.4 Mathematical formulation of CMW v2.0, its sets, parameters, and variables

Table A.9: List of variables in the COALMOD-World model version 2.0.
Variable
name

Description Unit

αcapTC

afc shadow price of transport capacity constraint from pro-
ducer f to consumer c in period a

[USD/t]

αcapTE

afe shadow price of transport capacity constraint from pro-
ducer f to exporter e in period a

[USD/t]

αinvP

af shadow price for maximal production capacity expan-
sion constraint for producer f in period a

[USD/t]

αP
af shadow price of production capacity constraint for pro-

ducer f in period a
[USD/t]

αres
f shadow price of resource constraint for producer f over

entire model time horizon
[USD/t]

invEae investment in export capacity by exporter e in period
a

[Mt/a]

invPaf investment in production capacity by producer f in
period a

[Mt/a]

invTC
afc investment in transport capacity from producer f to

consumer c in period a
[Mt/a]

invTE
afe investment in transport capacity from producer f to

exporter e in period a
[Mt/a]

µE
ae shadow price of exporter capacity constraint for ex-

porter e in period a
[USD/t]

µinvE

ae shadow price of maximal exporter capacity expansion
constraint for exporter e in period a

[USD/t]

pCac price paid by consumer to exporter or producer in pe-
riod a

[USD/GJ]

pEae price paid by exporter or producer in period a [USD/GJ]
πCHN
a shadow price of Chinese export restriction constraint

in period a
[USD/t]

ρCHN
a shadow price of Chinese import quota constraint in

period a
[USD/t]

xafc sales from producer f to consumer c in period a [PJ]
yafe sales from producer f to exporter e in period a [PJ]
zaec sales from exporter e to consumer c in period a [PJ]
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max
xafc; yafe; invP

af ; inv
TC
afc; inv

TE
afe

ΠP
f (xafc; yafe; inv

P
af ; inv

TC
afc; inv

TE
afe)

=
∑
a∈A

(
1

1 + rf

)a

·
[∑

c

pCac · xafc +
∑
e

pEae · yafe

− CP
af [xafc, yafe]

−
∑
c

transCfc · xafc · κf −
∑
e

transEfe · yafe · κf

− invPaf · CinvPf

−
∑
c

invTC
afc · CinvTC

fc −
∑
e

invTE
afe · CinvTE

fe

]
(A.6)

s.t.

Production capacity constraint:

capPf ·REP
af +

∑
a′<a

(
invP

a′f
·RNP

af

)

−

(∑
c

κf · xafc +
∑
e

κf · yafe

)
≥ 0,

(
αP
af

)
(A.7)

Maximum production capacity additions constraint:

inv_start
P
f + (REP

af −REP
′

af ) · capPf +
∑
a′<a

(
invP

a′f
· (RNP

af −RNP
′

af )
)

− invPaf ≥ 0
(
αinvP

af

)
(A.8)

Resource endowment (reserve) constraint:10

resf −
∑
a∈A

(∑
c

xafc · κf +
∑
e

yafe · κf

)
· plength ≥ 0

(
αres
f

)
(A.9)

Transport capacity from producer f to consumer c constraint:

capTC
fc +

∑
a′<a

invTC
afc − xafc · κf ≥ 0

(
αcapTC

afc

)
(A.10)

10This constraint was slightly updated compared to previous model versions. So far, the last period a
(2050) was considered to be only a period of one year, yet there is no reason why plength = 5 should
not apply to a$ord(a) = card(a) (the last period). Thanks to Ruud Egging for pointing that out!
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Transport capacity from producer f to exporter e constraint:

capTE
fe +

∑
a′<a

invTE
efc − yafe · κf ≥ 0

(
αcapTE

afe

)
(A.11)

Non-negativity constraints:

xafc ≥ 0; yafe ≥ 0; invPaf ≥ 0; invTC
afc ≥ 0; invTE

afe ≥ 0 (A.12)

Production cost function:

CP
af =

(
mc_intaf +

1

2
·mc_slpf ·

(∑
c

xafc · κf +
∑
e

yafe · κf

))

·

(∑
c

xafc · κf +
∑
e

yafe · κf

)
(A.13)

Endogenous cost mechanism:

mc_intaf = mc_int_startf

+mc_slpf ·mc_int_varf ·
∑
a′<a

(∑
c

xa′fc · κf +
∑
e

ya′fe · κf

)
,

mc_intaf (free) (A.14)

Retirement factors for existing REP
af and new mines RNP

af , as well as the respective factors
(REP

′

af and RNP
′

af ) with a shift by one unit in the exponent of the inverse logistic function
(used in Eq. A.8 to depict the difference between model periods of available capacity capPf
and cumulative investments invP

a′f
, respectively):

REP
af =

1

1 + (depePf )
−(ord(a)−(mlexistPf /5+1))

(A.15)

REP
′

af =
1

1 + (depePf )
−(ord(a)−(mlexistPf /5+1−1))

(A.16)

RNP
af =

1

1 + (depnP
f )

−(ord(a)−(mlnewP
f /5+1)−ord(a′))

(A.17)

RNP
′

af =
1

1 + (depnP
f )

−(ord(a)−(mlnewP
f /5+1−1)−ord(a′))

(A.18)
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A.4.2.2 CMW v2.0: exporter’s problem

The exporters maximize their profit ΠE
e (zaec; inv

E
ae) over the total model horizon A for all

model years a ∈ A. The exporters buy the coal from the producers for the price pEae and
sell it to the consumers at price pCac. They bear the harbor fee (feee), the sea transport
costs (searateec), as well as potential import taxes (t_iec). They can invest in additional
harbor capacities (invEae). These investments are subject to constraints.

max
zaec; invE

ae

ΠE
e (zaec; inv

E
ae)

=
∑
a∈A

(
1

1 + re

)a

·
[∑

c

pCac · zaec

−
∑
c

pEae · zaec

−
∑
c

zaec · feee · κe

−
∑
c

zaec · searateec · κe

−
∑
c

zaec · t_iec · κe

− invEae · CinvEae

]
(A.19)

s.t.

capEe +
∑
a′<a

invEae −
∑
c

zaec · κe ≥ 0
(
µE
ae

)
(A.20)

inv
E
ae − invEae ≥ 0

(
µinvE

ae

)
(A.21)

zec ≥ 0; invEae ≥ 0 (A.22)

Furthermore, Chinese imports and exports are restricted. Equation A.23 imposes a limit
on the sum of annual seaborn coal imports to China.
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China_IQa −
∑

NoChina_exp(e)

∑
China_sea(c)

zaec · κe ≥ 0
(
ρCHN
a

)
(A.23)

The model includes also the option to restrict Chinese coal exports, which has been a
political intervention in the past. This constraint, if enabled, is applied on the one Chinese
exporter E_CHN and its exports to all consumption nodes with a non-Chinese import
port (i.e., countries NoChina(c)) using equation (A.24). China_lica represents the level of
Chinese export licenses for a given year in million tons.

China_lica −
∑

NoChina(c)

zaCHN_E c · κe ≥ 0
(
πCHN
a

)
(A.24)

A.4.2.3 Final demand and market clearing

Demand is defined via a linear inverse demand function of the type pac = DemInterac+bac ·
yac with bac =

pref
ac

yref
ac

· 1
εac

and DemInterac = prefac − bac · yrefac , following the demand elasticity

definition εac =
yac−yref

ac

pac−pref
ac

· pac

yac
. This gives the following inverse demand function depending

on the consumed quantity yac =
∑
f

xafc +
∑
e
zaec:

pac = prefac +
1

εac
prefac

(
yac

yrefac

− 1

)
(A.25)

The following market clearing condition determines the price given the demand function
pac (xafc, zaec) at the demand node c:

pCac − pac

∑
f

xafc,
∑
e

zaec

 = 0 , pCac (free) (A.26)

A second market clearing condition determines the the price pEae at the exporting node e:

0 = yafe −
∑
c

zaec , pEae (free) (A.27)
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A.4.2.4 CMW v2.0: KKTs

• Karush-Kuhn-Tucker conditions (KKTs) of producer’s problem

Need to consider “endogenous cost mechanism” (Eq. A.14) when taking derivative - sub-
stitute A.14 in A.6 before taking derivative.

0 ≤
(

1

1 + rf

)a

·
[
− pCac

+mc_int_startf · κf +mc_slpf · κf ·

(∑
c

xafc · κf +
∑
e

yafe · κf

)

+mc_slpf ·mc_int_varf · κf ·
∑
a′<a

(∑
c

xa′fc · κf +
∑
e

ya′fe · κf

)

+ transCfc · κf

]
+mc_slpf ·mc_int_varf · κf ·

∑
a′>a

(
1

1 + rf

)a′

·

(∑
c

xa′fc · κf +
∑
e

ya′fe · κf

)
+ αP

af · κf

+ plength · αres
f · κf

+ αcapTC

afc · κf

⊥ xafc ≥ 0 (A.28)

KKT for yafe, accordingly to xafc:

0 ≤
(

1

1 + rf

)a

·
[
− pEae

...

+ transEfe · κf

]
... ⊥ yafe ≥ 0 (A.29)
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0 ≤
(

1

1 + rf

)a

· CinvPaf −
∑
a′>a

(
αP
a′f

·RNRP
af

)
−
∑
a′>a

(
αinvP

a′f · (RNRP
af −RNRP

′

af )
)

+ αinvP

af ⊥ invPaf ≥ 0 (A.30)

0 ≤
(

1

1 + rf

)a

· CinvTC
fc −

∑
a′>a

αcapTC

afc ⊥ invTC
afc ≥ 0 (A.31)

0 ≤
(

1

1 + rf

)a

· CinvTE
fe −

∑
a′>a

αcapTE

afe + αinvTE

afe ⊥ invTE
afe ≥ 0 (A.32)

0 ≤ capPf ·REP
af +

∑
a′<a

(
invP

a′f
·RNP

af

)

−

(∑
c

κf · xafc +
∑
e

κf · yafe

)
⊥ αP

af ≥ 0 (A.33)

0 ≤ inv
P
f + (REP

af −REP
′

af ) · capPf +
∑
a′<a

(
invP

a′f
· (RNP

af −RNP
′

af )
)

− invPaf ⊥ αinvP

af ≥ 0 (A.34)

0 ≤ resf −
∑
a∈A

(∑
c

xafc · κf +
∑
e

yafe · κf

)
· plength ⊥ αres

f ≥ 0 (A.35)

0 ≤ capTC
fc +

∑
a′<a

invTC
afc − xafc · κf ⊥ αcapTC

afc ≥ 0 (A.36)
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0 ≤ capTE
fe +

∑
a′<a

invTE
afe − yafe · κf ⊥ αcapTE

afe ≥ 0 (A.37)

Retirement factor for new mines with reversed order of a and a
′ in exponent RNRP

af (needed
in Eq. A.30), as well as the respective factor RNRP

′

af with a shift by one unit in the exponent
of the inverse logistic function:

RNRP
af =

1

1 + (depnP
f )

−(ord(a′)−(mlnewP
f /5+1)−ord(a))

(A.38)

RNRP
′

af =
1

1 + (depnP
f )

−(ord(a′)−(mlnewP
f /5+1−1)−ord(a))

(A.39)

• KKTs of exporter’s problem

0 ≤
(

1

1 + re

)a

·
[
− pCa sea

+ pEae + feee · κe + searatee sea · κe + t_iae sea · κe

]
+ µE

ae · κe + θe sea · πCHN
a · κe + ιe sea · ρCHN

a · κe ⊥ zaec ≥ 0 (A.40)

0 ≤
(

1

1 + re

)a

· CinvEae −
∑
a′>a

µE
ae + µinvE

ae ⊥ invEae ≥ 0 (A.41)

0 ≤ capEe +
∑
a′<a

invEae −
∑
c

zaec · κe ⊥ µE
ae ≥ 0 (A.42)

0 ≤ inv
E
ae − invEae ⊥ µinvE

ae ≥ 0 (A.43)
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China’s import restriction:

0 ≤ China_IQa −
∑

NoChina_exp(e)

∑
China_sea(c)

zaec · κe ⊥ ρCHN
a ≥ 0 (A.44)

China’s export restriction:

0 ≤ China_lica −
∑

NoChina(c)

zaE_CHN c · κe ⊥ πCHN
a ≥ 0 (A.45)

• Final demand and market clearing

pCac − pac

∑
f

xafc,
∑
e

zaec

 = 0 , pac (free) (A.46)

0 = yafe −
∑
c

zaec , pEae (free) (A.47)
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A.4.2.5 Previous CMW capacity and maximum investment constraint

The production capacity constraint in its previous form (Eq. A.48) as represented in Holz
et al. (2016) and used in recent applications of the model (i.a., Mendelevitch, Hauenstein,
and Holz 2019; Hauenstein and Holz 2021; Yanguas Parra, Hauenstein, and Oei 2021)],
including the mine mortality mechanism (second line):

capPf +
∑
a′<a

invPaf −

(∑
c

κf · xafc +
∑
e

κf · yafe

)

−
∑
a′<a

(∑
c

κf · xafc +
∑
e

κf · yafe

)
·mc_int_varf ≥ 0 (A.48)

As well as the previous formulation of the maximum investment constraint A.49:

inv
P
f − invPaf ≥ 0

(
αinvP

af

)
(A.49)
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Appendix B

Appendix to Chapter 3: The Death Valley of coal -
Modelling COVID-19 recovery scenarios for steam coal
markets

B.1 Mapping the Impact of COVID-19 on the steam
coal market

The following figure maps various (in-)direct impacts of COVID-19 on the international
steam coal market which are the basis for the developed scenarios.

Figure B.1: Summary of impacts of COVID-19 on steam coal markets.

Source: Own depiction.
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B.2 Disaggregation of sources for scenario building and
possible shortcomings

Table B.1: Overview relevant consulted sources per region/country.

Region/Country

Number
of
relevant
news
articles

Articles
with
mentions
green
recovery
measures

Articles
with
mentions
brown
recovery
measures

Articles
with
mentions
neutral/not
relevant
recovery
measures

United States of America 17 2 6 9
Mexico 5 0 3 2
Canada 7 2 2 3
Brazil 6 0 3 3
Other Central and South America 19 4 1 14
European Union - general 15 14 0 1
UK 16 9 1 6
EU–Individual Member States 67 38 8 21
South Africa 6 3 1 2
Other Africa 25 5 1 19
Russia 5 1 1 3
Other Eurasia 5 1 1 3
China 16 5 4 7
India 13 4 2 7
Japan 11 2 0 9
South East Asia 22 5 7 10
South Korea 7 5 1 1
Other Asia Pacific 6 2 0 4
Australia 9 3 6 0

Note: individual references for reviewed news articles can be provided upon request

The shortcomings of this methodology include potential biases towards OECD countries;
considering the level of detail and amount of information available is bigger than for non-
OECD countries; potential omission of important information in local languages given that
the team only reviewed materials in English, Spanish, Portuguese, and German; the lack
of academic literature on the topic available at the moment of information collection; and
a quantitative bias towards the International Energy Agency demand outlooks given that
at the moment of the study, no other relevant global energy outlook had provided COVID-
19-adjusted projections. We have tried to mitigate these shortcomings by 1) including
the largest number of possible sources with relevant information (e.g. news articles and
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B.3 Comparison of WEO 2019 and WEO 2020

Table B.2: Summary results sources triangulation for short and medium-term coal demand
scenarios per region.

Coal electricity
generation (TWh) 2020 shock

Compounded
green recovery
factor 1= STEPS
/ 0=SDS

Other
climate
policy
environment

References
to Green
Recovery

Region small big Min Max
USA -25% -50% 0 0.5 low low
Other North America -15% -30% 0.2 0.6 medium low
Brazil -15% -30% 0.3 0.8 low low
Other Central and South America -15% -30% 0.2 0.6 medium medium
Europe -20% -40% 0 0.5 high high
South Africa -15% -30% 0.2 0.7 medium medium
Other Africa -15% -30% 0.2 0.5 medium medium
Middle East -10% -20% 0.1 0.9 low low
Russia -10% -20% 0.5 1 low low
Other Eurasia -10% -20% 0.4 0.9 low low
China -4% -8% 0.2 0.8 high medium
India -5% -10% 0.1 0.6 high medium
Japan -5% -10% 0.4 0.9 low low
South East Asia -5% -10% 0.3 0.8 medium medium
Other Asia Pacific -5% -10% 0.3 0.6 medium low

grey literature); 2) actively searching for opposing narratives on the future developments
of individual countries (e.g. environmental groups vs coal industry); 3) contrasting the
underlying assumptions of the IEA projections at the country level with i) the judgment
of the national expert consulted, and ii) bottom-up estimates of current and planned coal
power generation capacity, based on global database of coal power plant fleet.

B.3 Comparison of WEO 2019 and WEO 2020

At the moment of the analysis, the latest version of the IEA World Energy Outlook (WEO)
available was the WEO 2019. During the process of peer-review and publication of this
paper, the WEO 2020 became available. This version is supposed to have corrected for
the COVID-19 shock in their energy sector projections, and reduced both short-term and
long-term projections for coal generation. Table B.3 shows a comparison of total coal power
generation, as well as cumulative coal generation capacity net additions between the two
STEPS scenarios.

The WEO 2020 has –as in all previous years –reduced its coal projection in its annual
outlook, showcasing the need for more accurate forecasts. As a general trend, the IEA
projects a lower coal pipeline in its updated 2020 STEPS scenario showing for the first
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Table B.3: Comparison coal power generation and coal power generation capacity for
STEPS scenario in WEO 2019-2020.

WEO 2019
cumulative net

additions (GW),
2019-2040

WEO 2020
cumulative net

additions (GW),
2020-2040

Diff between
WEO 2020-
WEO 2019

North America -121.9 -209.5 -87.6
Central and South America -0.8 -3.6 -2.8
Europe -137.2 -141.2 -4
Africa 0.2 -9.3 -9.5
Middle East 6.2 5.2 -1
Eurasia -22.2 -21.2 1
Asia Pacific 368.7 174.9 -193.8
China 71.9 59.1 -12.8
India 187 24.7 -162.3
World 92.8 -204.9 -297.7

Global coal power generation WEO 2019 vs WEO 2020 STEPS scenario (TWh)
WEO 2019 WEO 2020 Diff

2030 10408 9294 -0.11
2040 10431 8984 -0.14

time a net global reduction in coal generation capacity until 2040 (more retirements than
additions). However, detailed explanations on the assumptions changes that explain the
differences between cumulative power generation capacity retirements and additions in the
individual regions/countries are missing, leaving important questions unanswered.

This lack of detail makes it difficult to compare the updated STEPS scenario with our post-
COVID scenarios in detail. However, in general terms, we can observe that the STEPS
scenario of the WEO 2020 represents only a modest change in the pre-COVID trends for the
coal power generation sector. This is illustrated by the fact that projected long-term coal
demand is still higher than even the highest of our post-COVID scenarios, as illustrated
in Figure B.2. Moreover, the slopes of the two scenarios for coal demand have a very
similar long-term slope, showing that structural changes in coal markets that could follow
the COVID-crisis (e.g. strong green recovery policies) have not been taken into account
in the revised long-term projections, and the short-term shock is just seen as temporary,
which strands in strong contrast with the scenarios we have developed in this paper.

Therefore, our criticism of the WEO results not sufficiently representing the upcoming
downturn of coal is still valid also for the WEO 2020.
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B.4 More detailed results of the scenario runs

Figure B.2: Comparing coal demand scenarios with the WEO 2020.

B.4 More detailed results of the scenario runs
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Figure B.3: Steam coal consumption in major consumption countries and regions in all
scenarios, 2020-2040.

Figure B.4: Steam coal production by major steam coal producing countries 2015-2040 in
additional scenarios.
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B.4 More detailed results of the scenario runs

Figure B.5: Steam coal imports by major steam coal import regions (x-axis) in 2015, 2025,
and 2040 from major steam coal exporters (y-axis).

Figure B.6: Steam coal exports by major steam coal exporters (x-axis) in 2015, 2025, and
2040 to major steam coal import regions (y-axis).

215





Appendix C

Appendix to Chapter 4: Stranded Assets in the Coal
Export Industry? The Case of the Australian Galilee
Basin

C.1 Supplemental Information

Supplementary data associated with this article can be found, in the online version (pp.
29-45; section title “Appendix”), at
https://www.diw.de/documents/publikationen/73/diw_01.c.840655.de/dp2003.pdf (Hauen-
stein, Holz, Rathje, et al. 2022b).

217

https://www.diw.de/documents/publikationen/73/diw_01.c.840655.de/dp2003.pdf




Appendix D

Appendix to Chapter 5: The Death Spiral of Coal in
the U.S.: Will Changes in U.S. Policy Turn the Tide?

D.1 Supplementary material

Supplementary data associated with this article can be found, in the online version, at
https://doi.org/10.1080/14693062.2019.1641462 (Mendelevitch, Hauenstein, and Holz 2019).
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Appendix E

Appendix to Chapter 6: The U.S. coal sector between
shale gas and renewables: Last resort coal exports?

E.1 Sensitivities of U.S. coal demand: retirement age
& capacity factor

Figure E.1: U.S. coal power plant fleet [coal demand in PJ] development for alternative
assumptions on retirement age and capacity factor (green line, right scale) by
region between 2020 and 2050.
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E.2 Effect of West coast ports on U.S. coal production

Figure E.2: Difference in U.S. coal production 2020-2050 in Mtpa per year between scenarios
without and with new coal ports allowed on the U.S. West Coast.

Table E.1: Share of exports in U.S. steam coal production in various scenarios.
EIA_reference EIA_reference_ports US_bottom_up US_bottom_up_ports 1.5°C 1.5°C_ports

2020 12 % 12 % 12 % 12 % 12 % 12 %
2025 14 % 20 % 16 % 23 % -9 % -9 %
2030 15 % 26 % 25 % 35 % -19 % -19 %
2035 17 % 31 % 38 % 48 % -5 % -5 %
2040 17 % 34 % 52 % 64 % 1 % 1 %
2045 20 % 41 % 74 % 83 % 1 % 1 %
2050 11 % 35 % 78 % 88 % 1 % 1 %
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E.3 Varying speed of regional coal demand decline

E.3 Varying speed of regional coal demand decline

Figure E.3: Regional U.S. coal consumption 2020-2050 in Mt per year in various scenarios.

E.4 Regional coal mining employment characteristics

Table E.2: Average (2014-2018) productivity, annual working hours per employee, and jobs
per Mtpa coal produced in the four U.S. coal regions.

Average data for 2014-2018 Appalachia Interior Rockies PRB
Productivity [Mtpa/hour] 2.59 4.74 6.61 26.05
Annual working hours per employee 2219 2319 1832 2049
Jobs per Mtpa 174.04 90.93 82.56 18.74

Source: Own calculations based on data from EIA coal data browser: https://www.eia.gov/coal/data/br
owser/, last accessed May 05, 2020.
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Appendix F

Appendix to Chapter 7: Overcoming political
stalemates: The collaborative governance experience of
the German Coal Commission

F.1 Theoretical framework: Elements of the three
collaborative dynamics

Principled engagement comprises the elements discovery, definition, deliberation, and
determination. The process of discovery aims to exchange information among partici-
pants, to gather new information, and to understand other participants’ interests better.
Definition is about aspects such as agreeing on the boundaries of the problem at hand. The
deliberation process focuses on the problem-solving-oriented engagement of participants,
and exchange among them, in contrast to a “mere bargaining or negotiation” situation
(Newig et al. 2018, 283). Finally, many determinations are needed to structure the actual
collaborative process and to agree on joint outputs (Emerson and Nabatchi 2015).

Shared motivation comprises the elements trust, mutual understanding, internal le-
gitimacy, and commitment. The development of trust among participants is essential,
enabling open exchange and providing the basis for mutual understanding, which “refers
to the ability to comprehend and respect others’ positions and interests, even when one
might not agree with them” (Emerson and Nabatchi 2015, 66). Both of these elements
are necessary to achieve internal legitimacy, which results in participants trusting in the
process and its efficacy. Based on these elements, bonds evolve between the participants
of shared commitment, “which enable participants to cross the organizational, sectoral,
and/or jurisdictional boundaries that previously separated them and commit to a shared
path” (Emerson, Nabatchi, and Balogh 2012, 14).

Capacity for joint action comprises the elements procedural and institutional arrange-
ments, leadership, knowledge, and resources. Procedural and institutional arrange-
ments comprise “formal and informal rules and protocols, institutional design, and other
structural dimensions …[that] manage the repeated interactions of multiple participants
over time” (Emerson and Nabatchi 2015, 69). Leadership can be essential in multiple
forms, such as to facilitate the deliberation process, to resolve conflicts, or to reach joint
decisions. Chairs should therefore be “neutral and skilled mediators” whose main tasks are
to implement professional and working norms, to settle disputes between members, and to
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facilitate an equal say in discussions and decisions for all stakeholders (Sabatier and Weible
2007, 206). Shared knowledge about the issues at hand is one of the bases for collaboration.
In this context, it can be understood as “social capital of shared information that has been
weighed, processed, and integrated with the values and judgments of CGR participants”
(Emerson and Nabatchi 2015, 72). Resources, such as time, institutional support, or per-
sonal connections, are rarely distributed equally among participants. To enable the fair
and equal participation of all participants, it is necessary to address differences in resource
endowments (Emerson and Nabatchi 2015; Newig et al. 2018).

F.2 Collaborative Governance elements in the Coal
Commission

Table F.1: Elements of collaboration dynamics in the Coal Commission.
Principled
Engagement

Description Importance for process

Discovery Expert
hearings
and site
visits in
coal min-
ing regions

67 external ex-
perts were heard
in the first Com-
mission meetings;
Field trips to
three lignite re-
gions of Germany

Opportunity for participants to high-
light their positions (by inviting spe-
cific experts) and to get to know
other participants and their posi-
tions outside of bargaining situation
[int_1; int_5; int_6; int_13]; Vary-
ing perception of added informational
value depending on participants’ pre-
vious knowledge levels [int_5; int_10;
int_13]

Definition Mandate Mandate provided
definition of tasks
and goals

Discussion of interpretation of man-
date in Commission meetings, but as
each interest group persisted on the
most favorable interpretation in their
sense the initial mandate remained
the point of reference [int_1; int_5;
int_13; int_16]

Content re-
lated defi-
nitions

No joint synthesis or definitions of com-
mon knowledge made [int_3; int_13];

Continued on next page
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Table F.1: (continued) Elements of collaboration dynamics in the Coal Commission.
Deliberation Plenary as-

sembly
Often more than
100 participants;
public character
[int_10]

Members rarely departed from their
initial positions, leaving little room
for constructive compromise [int_12];
E.g., ultimate phase-out date was not
seriously discussed in the plenary ses-
sion until the last night [int_11]

Deliberation
of core con-
tents

Took place
mostly outside of
the Coal Com-
mission’s plenary
assembly, e.g., in
FoC groups

Members without access to the other
formats – such as FoC groups –

where controversial topics were dis-
cussed, were largely excluded from the
direct process of deliberating the core
content [int_13; int_15; int_4]; Con-
fidential nature of the FoC groups al-
lowed their members to depart from
their public demands, or temporarily
surpass their constituency’s “red lines”
(which would not have been possible
in public), to explore possible compro-
mises [int_9; int_5].

Agenda set-
ting

All members were able to make de-
mands and suggest topics for debate
in the plenary session, such topics only
had little chance of being discussed
in further depth unless they were sup-
ported by other influential members or
FoC groups [int_16]

Determination Procedural
rules

No preset proce-
dural rules but
had to be decided
upon by the mem-
bers in first meet-
ings

Procedural rules passed at the start of
the Commission; Some procedural ar-
rangements changed in the course of
the process, such as the creation of FoC
groups. Individual or group influence
on these arrangements varied [int_3;
int_10; int_11; int_12]

Continued on next page
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Table F.1: (continued) Elements of collaboration dynamics in the Coal Commission.
Official de-
cision pro-
cess

Final decisions re-
quired voting in
plenary assembly

Drafts for key elements, such as the
procedural rules, meeting agendas, and
the interim and final reports, were pre-
pared by the administrative office, the
chairs, and the FoC groups [int_10;
int_11; int_14; int_18]

Unofficial
decision
processes

Many decisions
based on informal
talks and meet-
ings; decisions
taken by the
chairs [int_3;
int_5; int_11;
int_12]

Decisions on additional arrangements
(e.g., FoC); Selection of possibilities to
be available for final vote

Shared Moti-
vation

Description Importance for process

Trust Historic
relations
of partici-
pants

Personal rela-
tionships from
interactions prior
to Commission’s
work

Relatively strong distrust between
some individual members [int_2;
int_5; int_8]

Site visits
and joint
dinner

Field trips to coal
regions with all
Commission mem-
bers; one joint din-
ner

Informal atmosphere allowed sharing
positions more freely, and building per-
sonal relationships [int_5; int_11]

Information
leaks

Information from
Commission
meetings and
discussions was
forwarded unoffi-
cially to the press

Leaks were perceived as a standard
procedure by those with more ex-
perience in political negotiation pro-
cesses, while members with less expe-
rience perceived them as a breach of
trust and disappointment in the group.
In general, the high media attention
made work in the Commission difficult
[int_2; int_5; int_8; int_17].

Continued on next page
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Table F.1: (continued) Elements of collaboration dynamics in the Coal Commission.
Personal
ties

Large size of com-
mission (number
of members); lim-
ited number of in-
formal meetings

It was not possible to build a personal
bond with all members due to the size
of the Commission and the lack of in-
formal meetings [int_2; int_5; int_8].

Mutual Un-
derstanding

Site visits Site visits and exchange fostered under-
standing of actors’ objectives and con-
straints [int_1; int_10]

Joint work
in Commis-
sion

The atmosphere improved over time
and it was possible to establish re-
spectful interaction “at a distance”
throughout the Commission [int_5;
int_13]. Some members were able to
find “a common language” across inter-
est group borders, while others strug-
gled, depending on their personality
and their experience with negotiation
processes [int_11]

Attendance
of individ-
ual mem-
bers during
assembly
meetings

A few members
were repeatedly
absent

Difficult to establish personal relation-
ships or trustful collaboration with
them [int_2; int_5]

Internal Le-
gitimacy

High confidence in the process and
its effectiveness among most members
[int_1; int_8; int_10; int_16];

Commitment Joint work
in Commis-
sion

Rapprochement among Commission
members, and a common desire to
reach a compromise [int_15; int_16]

Capacity for
Joint Action

Description Importance for process

Continued on next page
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Table F.1: (continued) Elements of collaboration dynamics in the Coal Commission.

Procedural
and Insti-
tutional
Arrange-
ments

Plenary as-
sembly

Members (voting
right) + sherpas
+ non-member
participants ;
Right to speak
for federal state
representatives

Federal state representatives very ac-
tively involved as speakers [int_16]

Sherpas Members’ assis-
tants (no voting
right)

Important role, engaged in exchange,
discussion, and coordination outside
the limited meeting times [int_10;
int_11]

Friends
of Chair
(FoC)
groups

1) “energy and
climate” (from
August on, six
members) 2)
“structural de-
velopment and
employment”
(from November
on; seven mem-
bers)

Critical details were mainly discussed
in these small circles involving only a
few members [int_5; int_6; int_9]

Interest
groups

Members with
similar interests
formed interest
groups to discuss
possible negoti-
ation strategies,
red lines for com-
promises, and
demands

Deliberation space within interest
groups and possibility for members
without seat in FoC to introduce and
discuss negotiation points for FoC
meetings [int_12; int_13; int_16

Continued on next page
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Table F.1: (continued) Elements of collaboration dynamics in the Coal Commission.
Leadership Chairs

(four)
Selected and
appointed by
government; Task
to lead Commis-
sion’s work and
meetings

Very different roles taken by the four
chairs; Large discrepancies in political
experience and personal networks, re-
sulting in different levels of power and
influence; Perceived as advocats for cer-
tain interest groups instead of neutral
moderators [int_3; int_9; int_12]; Im-
portant role in moderation of negoti-
ations [int_15]; No concept/strategy
to balance stakeholders’ interests and
achieve compromise [int_3]

Administrative
office

Organizational
work of Commis-
sion (e.g., site
visits, plenary
meetings), provi-
sion of text drafts,
meeting agendas

Non-transparent working procedures
and politically influenced [int_5;
int_8; int_10; int_12]; Staff from
ministries and administrations of
affected federal states not perceived as
neutral [int_5; int_8]

Knowledge Expert
hearings

No joint synthesis or definitions of com-
mon knowledge made [int_3; int_13];
Debates were generally based on sci-
entifically sound and by experts sup-
ported arguments [int_17]

Resources See Table
F.2

F.2.1 Capacity for joint action

The element of procedural and institutional arrangements encompasses all formal and
informal structures of the Coal Commission to enable discussions and to reach a compro-
mise. The institutions included a plenary assembly involving all members, the inclusion of
at least one assistant per member, referred to as sherpas, and a division between Coal Com-
mission members with voting rights and non-member participants without voting rights who
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were able to participate in the general exchange and discussion. The sherpas played an im-
portant role because they also engaged in exchange, discussion, and coordination outside
the limited meeting times [int_10; int_11].

One important arrangement that emerged during the work of the Coal Commission were the
so-called Friends of Chair (FoC) groups. Critical details were mainly discussed in these small
circles involving only a few members [int_5; int_6; int_9]. The ability to work and meet in
smaller groups was an important aspect on the path to a compromise, given that they offered
the opportunity for more concrete and confidential discussions. Furthermore, since the size
of the plenary assembly made it an inappropriate instrument for writing texts for the interim
and final reports, the FoC groups provided the opportunity to draft such texts. Even though
several interviewees stated that the composition of FoC groups represented all interest
groups [int_5; int_6; int_9; int_13], the meetings remained exclusive and non-transparent
[int_3; int_11; int_15]. The first FoC group on “energy and climate” was set up in
August after several members approached the chairs requesting changes in the Commission’s
working structures because little progress had been made in the general sessions [int_5;
int_14]. Two out of six of the first FoC’s members represented environmental interests,
while the others represented the energy sector, industry, and unions.1 The second FoC
group on “structural development and employment” was only implemented in November,
after several federal state prime ministers had intervened and demanded greater support
for affected coal regions. This group mainly included members that represented local and
regional economic interests, as well as employees’ and employers’ interests. Furthermore,
members from environmental associations, for instance, were generally also in support of
the demands for just transition and structural change processes [int_1], ultimately leaving
them with little to offer the unions in return for their support for an earlier phase-out.
Furthermore, this split into these two FoC groups also separated the deliberations on energy
and climate issues on the one hand, and structural development and employment issues on
the other.

In addition to establishing FoC groups, members with similar interests formed interest
groups to discuss possible negotiation strategies, red lines for compromises, and demands.
Another arrangement concerned the participatory possibilities of federal state representa-
tives. The members decided that federal state representatives should have the right to

1Members of the FoC energy & climate: Stefan Kapferer (BDEW), Stefan Körzell (DGB), Holger Lösch
(BDI, Dieter Kempf’s sherpas), Felix Matthes (Öko-Institut), Kai Niebert (DNR), and Katharina Re-
iche (VKU). Members of the FoC structural development & employment: Christine Herntier (Mayor
of Spremberg), Steffen Kampeter (BDA), Michael Kreuzberg (Head of the District Authority of Rhein-
Erft-Kreis), Matthias Platzeck (Commission Chair), Reiner Priggen (Landesverband Erneuerbare En-
ergien NRW), Gunda Röstel (Stadtentwässerung Dresden), Christiane Schönefeld (Federal Employment
Agency), Stanislaw Tillich (Commission Chair), and Michael Vassiliadis (IGBCE). Source Löw Beer
et al. (2021).
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speak during the Commission’s meetings [int_10], which they proceeded to make extensive
use of [int_16].

The chairs had different roles in the leadership of the Coal Commission, mainly due
to their diverse political experience and personal networks, resulting in different levels of
power and influence. Two chairs, former prime ministers of federal states with coal min-
ing regions, were associated with the structural and economic interests of coal regions.
Another chair, a former federal minister, was perceived as also representing Federal Gov-
ernment interests, due to his being in constant exchange and contact with the government.
The fourth, a university professor, was associated with environmental interests. The chairs
were perceived by many of the interviewees as advocates for certain interests, rather than
as neutral moderators [int_3; int_12, int_9]. One interviewee noted that the chairs often
only saw themselves as responsible for a certain group [int_12], which reinforced the power
imbalance and unequal treatment of members. Interviewees generally described interaction
with the four very different chairs as being challenging [int_3; int_6; int_11; int_9]. How-
ever, one interviewee pointed out that the different positions were brought together by the
chairs, and especially by one chair due to his political experience [int_15].

Overall, cooperation among chairs and the administrative office, as well as with governmen-
tal institutions, was considered rather weak [int_5; int_8]. In particular, it was criticized
that there was no concept of how the Coal Commission was to reach a compromise that
actually balanced the stakeholders’ interests, rather than simply achieving the lowest com-
mon denominator [int_3]. The administrative office, tasked with providing administrative
assistance to the Coal Commission in the form of organizing expert hearings and site visits,
or drafting texts, was also criticized for not working transparently, as well as for reaching
politically influenced decisions [int_5; int_8; int_10; int_12]. This criticism was nourished
by the staffing of the administrative office, which was thought to be politically motivated.
For example, some staff had been posted from administrations of affected federal states
[int_5; int_8].

A large number of experts were invited to speak on different topics. However, several in-
terviewees mentioned limited efforts to create a shared knowledge base [int_3; int_11;
int_15]. Especially established and well-informed members had a limited interest in reduc-
ing knowledge deficits of other members or in revisiting their own positions and creating a
common knowledge base [int_1; int_5; int_9]. Although specific information was requested
from external experts, no joint synthesis of the presented expert input or definitions of com-
mon knowledge was prepared [int_3; int_13]. However, debates were generally based on
scientifically sound and by experts supported arguments [int_17].

Collaborative resources may take different forms, such as time, funding, technical and
logistical support, power, and expertise (Emerson, Nabatchi, and Balogh 2012). Resource
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disparities and mismanagement can affect the outcome and the “perceived and real fairness,
legitimacy, and efficacy of CGRs” (Emerson, Nabatchi, and Balogh 2012, 16). Table F.2
describes the identified differences in resource endowment, grouped into five resource types.
Overall, the differences in expertise, capacity, and financial resources led to the actors’
different starting conditions and the differences in the opportunities to engage in the process
[int_11; int_9; int_7]. It was mentioned that although it was difficult to fully erase the
initial resource disparities, it was possible to compensate for some of them [int_11].

F.2.2 Principled engagement

For successful principled engagement, it is important that participants discover the in-
terests and positions of others, enabling them to acquire expert knowledge in the broad
field of topics addressed. During the first few months of the Coal Commission, informa-
tion and insights were provided by 67 expert hearings, as well as field trips to coal mining
regions. Interestingly, participants assessed this input very differently. Some stated that
they acquired a lot of new information thanks to this input [int_10], while others gained
little from these processes [int_13; int_5]. However, some of the particularly well estab-
lished and informed actors emphasized that these processes gave them the opportunity to
highlight their own positions, and to get to know the other participants without having to
engage in fierce discussions and bargaining [int_6; int_13; int_5; int_1].

The deliberation on the main decisions largely took place outside of the Coal Commission’s
plenary assembly. In the plenary discussions, members rarely departed from their initial
positions, leaving little room for constructive compromise [int_12]. This was due at least
in part to the ultimately public nature of the plenary meetings, caused by constant leaks to
the public, as well as the size of the meetings, often with 100 or more participants [int_10].
As an example, the debate on the ultimate phase-out date was not seriously discussed in the
plenary session until the last night [int_11]. Members without access to the other formats
–such as FoC groups–where controversial topics were discussed, were largely excluded from
the direct process of deliberating the core content [int_13; int_15; int_4]. Although all
members were able to make demands and suggest topics for debate in the plenary session,
such topics only had little chance of being discussed in further depth unless they were
supported by other influential members or FoC groups [int_16]. The confidential nature of
the FoC groups allowed their members to depart from their public demands, or temporarily
surpass their constituency’s “red lines” (which would not have been possible in public), to
explore possible compromises [int_9; int_5].

The element of definition was rather implicit in many instances and is intertwined with
determination. For example, the understanding of the tasks and expectations of the Coal
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Commission according to the political mandate introducing the Commission was discussed
among the members [int_13; int_5; int_16], yet no side was willing to accept a more
favorable interpretation for their opponents [int_1; int_5]. Similarly, the interpretation
of expert information, as stated above, was subject to each participant’s own judgement,
since no joint synthesis of the presented expert input was prepared [int_13; int_11]. The
procedural rules were discussed and passed at the start of the Coal Commission. However,
some procedural arrangements changed in the course of the process, such as the creation
of FoC groups or the right of federal state government representatives to speak. Individual
or group influence on these arrangements varied [int_12; int_10; int_3; int_11].

As with the deliberation of core elements, determination was also linked to the work of FoCs
and other small groups. However, final decisions had to be reached in the plenary assembly.
Drafts for key elements, such as the procedural rules, meeting agendas, and the interim and
final reports, were prepared by the administrative office, the chairs, and the FoC groups
[int_18; int_10; int_11; int_14]. However, many of the underlying decisions on content, or
who would belong to the FoC groups, were not discussed or decided in the plenary session,
but were based on informal talks and meetings, and decisions were taken by the chairs
[int_12; int_3; int_5; int_11]. Another prominent example of this non-transparency was
the gathering of a small number of members on the very last night of the Commission to
bargain over the remaining unresolved questions, such as the phase-out date. The members
who were not party to this special meeting simply noticed at some point that all of the
chairs and some of the members were no longer present in the Coal Commission meeting
room [int_11]. Members without experience of such bargaining processes found it hard to
know how to introduce and enforce their demands at the right place and the right time.

Decisions on the mandate and Commission members during the pre-Commission phase were
not part of the Coal Commission’s internal processes, but may well have largely determined
its course: Some established members were also involved in the development phase of the
Commission. For example, government officials asked them to comment on the selection of
invited stakeholders or they themselves attempted to influence the wording of the mandate.
Some were completely surprised by the call asking them to participate, while others were
closely involved in discussions about the Coal Commission before it was officially launched
[int_5; int_11; int_12; int_4].

F.2.3 Shared motivation

Trust and mutual understanding build the basis for collaboration among participants.
In the Coal Commission, events that were frequently referred to in this regard were the
field trips to coal regions and a joint dinner. For example, one interviewee mentioned
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that he became aware during these trips that trade unions are membership organizations,
which helped him to understand those actors’ constraints [int_1]. Others stated that
they gained a better insight into the local situation in the coal regions [int_10]. Several
members emphasized their appreciation of the joint dinner organized on one of the trips.
This dinner was one of the rare occasions when members were able to meet in an informal
atmosphere. This enabled them to share their positions more freely, and to build more
personal relationships. Several interviewees mentioned that arranging more meetings of
such nature would have been a means of increasing trust and understanding among members
[int_5; int_11].

Generally, the atmosphere improved over time and it was possible to establish respectful in-
teraction “at a distance” throughout the Commission [int_5; int_13]. Some members were
able to find “a common language” across interest group borders, while others struggled,
depending on their personality and their experience with negotiation processes [int_11].
There was rapprochement not only among individuals, but also in the whole group, and
a common desire to reach a compromise [int_15; int_16], leading to a shared commit-
ment.

However, a latent sense of mistrust shaped the work of the Coal Commission because several
aspects limited the trust-building process:

• Leaks: Information was constantly leaked to the press, which made trusting coopera-
tion more difficult. However, this was perceived differently by different actors. Leaks
were perceived as a standard part of the process by those with more experience in
political negotiation processes, while members with less experience perceived them
as a breach of trust and disappointment in the group. In general, the high media
attention made work in the Commission difficult [int_2; int_5; int_8; int_17].

• Attendance: Presence at meetings is particularly important for shared motivation.
Only a few members were repeatedly absent, making it difficult to establish personal
relationships or trustful collaboration with them [int_2; int_5].

• Personal ties: It was not possible to build a personal bond with all members due to
the size of the Commission and the lack of informal meetings. Interviewees referred to
a relatively strong distrust between some individual members [int_2; int_5; int_8].

• Administrative office: Since the administrative office was perceived as being biased,
some members found it difficult to work with it.

The federal state prime ministers played a special role. Several interviewees considered
their behavior to be negative for the process [int_16]. The prime ministers were described
as dominant in the plenary sessions, although they only had the right to speak, and not to
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vote. Furthermore, their major influence became apparent from their interactions with the
Federal Government in general, and in particular from the decision on funds for affected
regions in November 2018. These funds led to an intervention by Chancellor Merkel, ef-
fectively delaying the Coal Commission and potentially increasing total funds for the coal
regions, although all Commission members had already agreed on a compromise.

Internal legitimacy refers to individual members’ confidence in the process and the effec-
tiveness of the Coal Commission. Confidence in the process and its effectiveness was high
among most members [int_1; int_8; int_10; int_16], although there was some disillusion-
ment about the possibilities to have their own positions included in the final report [int_12].
However, most members had serious intentions to find a solution, and were committed to
the process, even though it was not clear at the beginning what the final outcome would
be, and how the agreements would be incorporated into the political process.
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Table F.2: Identified differences in resource endowment.
Type of re-
source

Resource disparity Perception and influence on the process

Time / finan-
cial / organi-
zational

Voluntary members of or-
ganizations vs. boards of
large industry associations

No level playing field regarding organizational
support [int_9]; Results in power disparities
and fewer time resources for the Coal Com-
mission [int_12].

Majority of formal and in-
formal meetings held in
Berlin

Difficult for members who do not live or work
in Berlin [int_7; int_11].

Time       Need to prioritize which (informal)
meetings to attend [int_7].

Human re-
sources

Differences in staffing       Differences in staff support and orga-
nization of support [int_15; int_12; int_13;
int_7] - power imbalance [int_12; int_2].

Network Different network with
chairs

       Differences lead to different treatment
of members [int_12].

Links between some mem-
bers (before the Coal Com-
mission)

    Agreements in informal meetings: diffi-
cult for members outside Berlin to compre-
hend processes and decisions [int_11]; People
with a stronger existing network who knew
each other had more opportunities to influ-
ence the outcome; However, few new con-
nections between interest groups were formed
[int_11].

Negotiating
and political
experience

Understanding the way
things work

  More work for people without experience
(reading “all” the papers) [int_4]; At the be-
ginning especially, it remained unclear, par-
ticularly for inexperienced members, how de-
cisions were to be reached, and who would
decide on the agenda or write the reports
[int_12; int_5; int_11].

Negotiation experience    Correlation of level of experience and in-
fluence on outcomes [int_8; int_3; int_2].
Several personalities are said to have had a
larger influence on the Coal Commission, es-
pecially due to their goal orientation, capacity
in building compromises, and in-depth knowl-
edge [int_5; int_9; int_10; int_13; int_16];
Negotiating and strategic experience helped
to steer decisions.

Expertise
(knowledge)

Access and capacity to gain
sector-specific knowledge

    No level playing field due to disparities in
knowledge and access to information [int_9].
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Erklärung Ko-Autor*innenschaften der Publikationen
Auszug aus “Kriterienliste für kumulative Dissertationen im Bereich Energiewissenschaften”
zu “5. Ko-Autor*innenschaften” (Stand 11. Mai 2022):

“Mindestens ein Artikel muss in Alleinautor*Innenschaft oder zwei Artikel in Er-
stautor*innenschaft geschrieben werden. Publikationen dürfen auch Gegenstand
anderer (abgeschlossener oder laufender) Dissertationen der Ko-Autor*Innen
sein. Die Beiträge aller Ko-Autor*in-nen an der jeweiligen Publikation sind in
einer Erklärung anzugeben, die der Dissertation (z.B. im An-hang) beizufügen
ist.”

Tabelle G.1 listet die Publikationen aus welchen diese kumulative Dissertation besteht,
sowie die Beiträge aller Ko-Autor*innen zu diesen Publikationen auf. Dies ist mit allen
Ko-Autor*innen und Betreuer*innen abgesprochen.

Christian Hauenstein
Flensburg, 30.09.2022
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