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Abstract

Coal is at a crossroads, with divestment and phase-out in the West countered by surging growth
throughout Asia. Global energy scenarios suggest coal consumption could halve over the next decade,
but the business and geopolitical implications of this profound shift remain under-explored. We in-
vestigate coal markets to 2040 using a perfect competition techno-economic model. In a well-below
2°C scenario, Europe, North America and Australia suffer from over-capacity, with 1/3 of today’s mines
becoming stranded assets. New mines are needed to offset retirements, but a new commodity cycle
in the 2030s can be avoided. Coal prices decline as only the most competitive mines survive, and
trade volumes fall to give more insular national markets. Regions stand to gain or lose tens of billions
of dollars per year from reducing import bills or export revenues. Understanding and preparing for

these changes could ease the transition away from coal after 150 years’ dominance.
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1. Introduction

Over 80% of the world’s coal resources must remain below ground if CO, emissions are to fall by 80-
95% to limit global warming to 1.5°C.**4 Rapid coal phase-out is required among developed countries
followed over the coming decades by developing countries.® No new coal power plants should be
built other than those currently under construction, and the existing fleet should be progressively re-
tired.* Reducing reliance on coal has substantial health co-benefits through improved air quality,”
as emissions of SO, NOx, particulates and toxic heavy metals precipitate various respiratory and car-
diovascular diseases, cancers and premature deaths.® Growing public concern, policy regulations and
stakeholder pressure mean coal divestment is gaining traction. Over 100 countries, states, cities and
businesses have joined the Powering Past Coal Alliance, committing themselves to transition away
from unabated coal power generation.™ Meanwhile, 100 of the largest global financial institutions

have divested from, or stopped lending to steam coal mining and/or power plant projects.”

However, global coal consumption has continued rising, driven by growth in Asia®!¥. Despite mod-
est falls in 2019 and 2020, some suggest demand may remain stable on a long plateau until 2025
(post COVID-19 recovery) 1213 200 GW of new coal power plants are under construction worldwide,
three-quarters of which in Asia"®. Coal is key to economic growth in developing countries by sup-
porting finance, railways, steel production and more; policymakers seeking to curb coal reliance may
face a trade-off between climate change mitigation, environmental benefits, energy access priorities
and economic interests'>. Similarly, many countries are wrestling with political narratives around
heritage, national pride, regional equity and industrial prowess surrounding the decline of their coal

industries®.

Investors are placed in a difficult position as the coal industry’s future has perhaps never been more

uncertain 01418

, evidenced by Rio Tinto exiting the coal sector in 2018'?, and Glencore freezing global
production in 20194Y. The world is potentially at a tipping point as the number of coal power sta-
tions declines for the first time on record4!, utilities are being paid to prematurely close coal power
stations“4, and coal producers suffer extensive write-downs=>. As the cost of renewable electricity

generation and storage continues to fall #4225

, the economic case for building coal power stations is
weakening, and in many cases it is now even cheaper to build new renewables than it is to continue
operating existing coal®’. Several open questions face the industry: will carbon capture and storage

offer a new lease of life for coal within industry and power generation; is coal divestment justified



financially, or would investors and mining companies remain profitable; will coal prices collapse; are
coal markets heading towards over-supply; will coal compete with renewables on cost basis or will
coal power plants suffer from likely future renewables cost reduction; will the competitiveness of coal
become ever more constrained and regionally disparate; and which countries will see the greatest

change in their prospects depending on how global climate mitigation effort evolves?

This paper sheds light on the outlook of hard coal (anthracite and bituminous coal with gross calorific
value above 24 GJ/t4%), specifically the impacts of phase-out on regional markets, investments, stranded
assets, prices, profitability and trade. It compares a business-as-usual and sustainable scenario, taken
from the International Energy Agency (IEA)'?, aiming to identify the main challenges to investors and
policymakers in this uncertain future, and to provide energy modellers with greater granularity on fu-
ture scenarios for coal. A partial equilibrium model is developed to determine the optimal allocations
among regions for both scenarios and elucidate the implications for the future of coking and steam
coal (known respectively as metallurgical coal used in the iron and steel industry, and thermal coal
used for electric power generation'4%), Lignite (non-agglomerating coal below 17.4 GJ/t“%) was ex-
cluded from this study as it represents only around 10% of coal production and a negligible portion of
international coal trade. High water content and low calorific value make it uneconomical to trans-
port lignite over long distances (most consumption sites are located close to mines), and give limited

substitutability between hard coal and lignite“®.

1.1. Coal stranded assets

Stranded assets are defined by the International Energy Agency (IEA) as "investments which have al-
ready been made but which, at some time prior to the end of their economic life, are no longer able
to earn an economic return as a result of changes in the market and regulatory environment brought
about by climate policy”". Stranded assets resulting from the transition to a low-carbon economy
have wide-ranging implications for different stakeholders, including unemployment, lost profits and
reduced tax income for governments®!. Delayed action is likely to result in more stranded assets,
since prolonging business-as-usual will worsen efforts and corrections needed to meet Paris agree-

ment climate target“2.

McGlade and Ekins estimated that 82-88% of the world’s 1004 Gt of coal reserves must remain unburnt
to limit global temperature rise to 2°C2. The US, Russia and Australia would be among the countries

with the largest proportion of coal reserves stranded?. Coal-fired power station capacity may increase



in developing countries, but would face stranded risks after 2030 to meet decarbonisation targets>=.
Pfeiffer et al. estimate that even if the entire planned power plant capacity was cancelled, 20% of
global capacity would become stranded, four-fifths of which is coal and two-thirds would occur in
Asia®?. Similarly, IRENA’s renewable scenario sees 40 GW of coal power capacity becoming stranded

per year until 2050°2.

While most studies focus on coal power capacity, this work analyses further the impact of stranded
assets on upstream coal mines at regional level for different types of coal. It highlights the implications

of unburnable coal reserves on mining assets in terms of production capacity and employment loss.

1.2. Scenarios for the global coal industry

Recent global energy scenarios show a great diversity of opinion around the future of coal (Figure 1).
These range from coal consumption falling by 70% over the coming two decades (-5.2% per annum)
through to increasing by 30% (+1.1% per annum). This contrasts with comparable scenarios from
fifteen years ago, which converged around modest growth for the period of 2005 to 2020 (annual rates
of +1.5% from the EIA®%: +1.6% from the IEA®%; +2% from the IEEJ”%; and +2.2% from the EC>%), which

closely aligned to the realised outturn of +1.9% annual growth%.

The outlook for coal is highly dependent on the level of environmental ambition, and will to a large
extent determine the amount of global warming that will be experienced through this century. Figure
summarises the relationship between end of century temperatures and the near-term reduction
in coal consumption“?. Other areas of energy system development vary between the models (e.g.
nuclear, carbon capture, negative emissions technologies) hence a range is seen across models and

scenarios.

Despite the diversity in scenarios, strong regional trends are seen across them (Figure[2). Demand typ-
ically falls everywhere except for Asia, due to continued growth in India and other developing coun-
tries. North America and Europe are universally expected to lead the coal phase-out as less economic

coal power plants are offset by natural gas and renewables=05%41,

Only two organisations separate out steam and coking coal in their scenarios'44", leaving an area of
uncertainty that this paper attempts to resolve. Limited information is given in these scenarios on the
fate of major exporting and importing countries, and there is only limited agreement on the future

trajectory of coal prices'44%4 Further discussion of these scenarios is given in Note S1.
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Figure 1: Future global coal demand from different scenarios, and its relation to global temperature rise. Left

panel shows the relative change in global coal consumption from 2017. The two highlighted scenarios are used for

this study. Data from123936305839404] The right panel shows the relationship between the near-term change in

global coal consumption and the level of global warming experienced in 2100, based on 405 integrated assessment

model (IAM) scenarios presented in Huppmann et al.*2. The range seen across scenarios is represented by shaded

boxes covering the 10th to 90th percentile across all models. The near-term coal pathways from the left panel are

presented as coloured circles.
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Figure 2: Projections of coal demand in major world regions from different scenarios. Boxes highlight the

mean, 25th and 75th percentile. Data from. The countries included in each region are defined in
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1.3. Modelling

We focus on two IEA scenarios from'1? as these are representative of the spread across other sources
from Figure (1}, and are the only ones to give the necessary disaggregation by region and coal type.
The New Policies Scenario (NPS) considers where government ambitions may take the energy sector,
and is central among business-as-usual scenarios with global coal consumption remaining flat, with a
1.6% increase between 2017 and 2040. The Sustainable Development Scenario (SDS) reflects the Paris
Agreement’s well-below 2°C target, with coal consumption falling by 57.4% from 2017 to 2040 (-3.6%

per annum)“1<.

Demand from these scenarios is combined with the Deloitte Coal Database, which contains asset-
level data for cost, capacity, calorific value and age of existing mines and potential new investments,
plus transportation costs from mines to export terminals and consumption hubs, and between ports.

444545 and are described further in the

The database methodology and underlying sources stem from
Experimental Procedures. The database is maintained and quality controlled by Deloitte Economic

Advisory who granted access for the scope of this paper (see Resource Availability).

We explore these scenarios using the global hard coal market model from“#4245

, updated and ex-
tended to consider investments and stranded assets. This models the coking and steam coal markets
using inter-temporal linear optimisation to determine the least-cost production, export and import
for each region to satisfy the exogenous demand. It considers brownfield investments, starting from
the mining capacity held in 2016, and considers investments on annual time steps to 2040 with per-

fect foresight. A discussion of contemporary models and full details of this model are given in the

Experimental Methods, and validation is provided in the Note S2.

2. Results

2.1. Investment in coal mines

Total investment in coal mining capacity diverges considerably between the business-as-usual (BAU)
and sustainable development scenario (SDS). Under BAU almost all current capacity is renewed by
2040 since coal demand remains generally flat (Figure[I); whereas in the SDS only half of the current
capacity will be replaced. Total coal production capacity in 2017 was 4134 Mtce (million tonnes of
coal equivalent extracted per year, where 1 Mtce equals 29.29 GJ). Cumulative investment up to 2040

under BAU equals 4070 Mtce, but this is 56% lower in the SDS (1790 Mtce). The total investment in



new mining capacity up to 2040 is 411 billion USD»(;¢ under BAU, dropping to 189 billion USD»(;6 in

the SDS.
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Figure 3: Historical and projected global investment in coal mining capacity. Historical data sourced from
the US EIA%? assuming an average coal mine lifespan of 25 years. Values shown in Mtce per annum extraction

capacity.

Figure 3| highlights the diverging evolution of investments over time, against the context of historical
capacity additions. During the 2020s, annual investments increase slightly from 85 to 130 Mtce under
BAU and from 55 to 75 Mtce in the SDS. Investments ramp up in both scenarios during the 2030s,
peaking at 340 or 150 Mtce respectively. This is driven by the replacement of mines developed during
the 2000s which reach retirement age. Figure shows that steam coal is responsible for this differ-
ence between scenarios, as it faces greater pressure from decarbonisation policies and competition
within electricity generation, whereas coking coal investment is relatively unaffected by scenario as

there are fewer economically-viable options for replacements?4%4143,

Two peaks are observed in historical coal mine investment, one after the oil crises of 1973 and 1979
which provided strong incentives to move away from oil and towards alternative commodities such as
coal®®. The second in the 2000s was driven by the boom in Chinese industrial output and demand for
electricity, and partly by replacement of mines from the first peak becoming exhausted. Our modelled
investment under BAU shows coal entering a third investment cycle which peaks in 2035, underlining
the need for substantial new investment even though demand remains flat under BAU. In contrast, it
appears as though the SDS puts an end to coal’s commodity cycles, ushering in a phase of managed

decline.
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Figure 4: Investment in new mining capacity over the period 2020-2040 by world region. Panels show cumula-
tive investment in hard coal mines in Mtce per annum extraction capacity, comparing the business as usual (left)

and Sustainable Development scenario (right). Regions are defined in Table

As shown in Figure 4} China sees the greatest investment in both scenarios, with around 45% of the
world’s total. Although Chinese coal demand decreases in both scenarios, substantial investments
are needed as almost the entire current mining fleet needs to be replaced by 2040. China therefore

experiences a below-average fall in investment in the SDS.

India has the second highest investments up to 2040 across both scenarios, representing around 22%
of the global total, driven by its rising primary energy demand. India is not projected to follow the Chi-
nese coal boom, as it profits from 20 years of technical and economic progress on alternative energy
sources which makes a diversified energy mix more feasible?. For this reason, India’s coal invest-

ments are more strongly impacted by the SDS.

Developing Asia is the third largest investor in new mines, with around 10% of global investments up
to 2040. Under BAU, investment in new capacity is driven by expanding domestic demand (see Table
and growing export opportunities, principally from Indonesia to neighbouring Asian countries
due to its low cost of extraction. Under the SDS, export opportunities are more limited but resilient
domestic coal demand drives new investment to replace retired mines, making Developing Asia’s coal

industry among the least impacted by this scenario.

The US and Australian coal industries are most strongly impacted by decarbonisation. Under the SDS,



investment in US mines falls by 69% due to both falling domestic demand and exports to Europe. Its
distance (and thus transportation cost) to more resilient markets in Asia puts the US at a disadvantage,
along with Latin America and Canada. Decreasing demand in Asia similarly reduces the need for
Australian exports. The scale of change in many regions is stark. Many parts of the world, especially
North America, Europe and Australia, should anticipate workers needing to change careers to avoid

unemployment in mining regions'®49,

In contrast, South Africa suffers the least due to its proximity to growing African markets and relatively
low mining costs. It still sees a 44% decrease in investments in the SDS. The rest of Africa sees very
little coal mining investments because African coal demand can be provided more cheaply by existing
production from South Africa and the Americas. This is a competitive optimisation from the model,

and Africa could use this transition to become a more energy independent continent.

2.2. Prices

The model’s marginal costs for 2016-17 accurately match historical steam coal prices (Figure[5), but
they were below coking coal prices. This can be explained by shortages or oligopolistic behaviour
in real coal markets, which keeps prices higher than in the perfectly competitive situation modelled
here®, We therefore expect the model’s steam coal prices are reflective of future markets, whereas
coking coal prices will give an indication of the direction of travel. See Note S2 for further discussion

and validation.

In the SDS, oversupply causes the least efficient mines to retire, moving the steam coal market down
the global supply curve. Prices fall in line with demand, by an average of 3% per year to 2040. Under
BAU, increasing demand in developing countries outweighs coal phase-out in developed countries,
so there is no substantial shift in the global supply curve. Steam coal prices remain comparatively
flat, falling by 1.3% per year to 2040. Results are similar for coking coal, but as seen previously, the
divergence is less between the scenarios. Prices fall by an average of 0.8% per year under BAU and

1.6% in the SDS.

2.3. Trade

Figure @] shows that in the SDS, the global trade volume for hard coal halves between 2020 and 2035,
falling at a comparable pace (28 Mtce per year) as it has risen over the last two decades. In contrast,

trade volumes remain close to today’s levels under BAU. These results are in line with the IEA’'s own
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Figure 5: Historical and future prices for steam coal (left) and coking coal (right). The range of future prices in
each case represents the minimum and maximum seen across major exporting ports. Historical prices are taken
from BP 2019 Energy Outlook™?, and show the three-year average to smooth out short-term fluctuations. This
gives a fairer comparison to the model, as its perfect foresight yields marginal costs which do not reflect short-
term frictions, transitory scarcity and surplus due to a mis-estimation of the future. Real prices would fluctuate

more intensely, but could be expected to follow the general trends shown.
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Figure 6: Historical and projected global trade in hard coal under both scenarios. Historical hard coal trade
volumes are estimated from IEA data for all coal types (including hard coal, lignite and derived products)<®,

rescaled by a factor of 0.86 to match 2016 trade in hard coal only from our model.



projections for these two scenarios*#%, Steam and coking coal see similar trade projections, following

the same trend as the overall hard coal outlook.

Under BAU, 19% of global coal production is traded over the period to 2040. In the SDS coal trade
falls proportionally with demand, so 18% of production is traded in the 2020s, falling to 14% by 2040.
This could indicate a shift towards domestic markets, as countries begin supplying more of their own

consumption when the lower value of coal cannot justify the cost of intercontinental trade routes.

Figure|7|shows the profound evolution of imports and exports at regional level to 2040 in both scenar-
ios. Under BAU, China’s imports decrease during the 2020s before rising again once old local mines
are depleted in the 2030s. In contrast, India’s imports increase until 2030 since the model needs to
supply an exploding coal domestic demand. Then, imports fall more rapidly as the model manages to
balance demand with domestic production. Imports to developing Asia rise, and to Europe fall, in line
with local demand. BAU sees a period of stability for exporting regions, with slight falls in Australia

and Indonesia offset by growth in the US and South Africa.

In the SDS, the most profound shifts are India becoming self-sufficient from 2035 versus representing
12% of global imports under BAU, and imports to developing Asia differing by a factor of ten between
the scenarios (growing 2.2x to 2040 under BAU versus falling by three-quarters in the SDS). Falling
global trade in the SDS drastically affects regional outlooks. Australia sees exports fall 60% between
2017 and 2030, while Russia and Indonesia see 40% reductions, the US and Latin America see 20%
reductions. South Africais the only region to increase exports under both scenarios, becoming the 2nd
largest coal exporter in the SDS by 2040, overtaking Indonesia and Russia to supply a quarter of the
world’s export demand. This is enabled by growing markets in the rest of Africa, strategic connections
to both Atlantic and Pacific markets and falling domestic demand in South Africa. China’s imports
during 2025-2030 are higher in the SDS than under BAU despite lower domestic demand. This is
a feature of perfect foresight in the model (which could reflect policymakers with stable long-term
objectives). With the depletion of old Chinese mines built in the 2000s, global mining overcapacity
and gradually decreasing demand in China, the model finds it cheaper to accept a short period of
increased imports than to invest in new mining capacity. In contrast, new capacity is built under BAU
as future demand can sustain its long-term operation, which decreases the need for imports in earlier

years.
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Figure 7: Projected regional trade in hard coal under both scenarios. Panels show imports (top) and exports
(bottom) under the business as usual scenario (left) and Sustainable scenario (right). Trade volumes are stacked
so that the total coloured area in each panel represents global imports and exports. Due to the significance of In-
donesia’s exports, it is separated from Developing Asia to become its own region in these charts. The corresponding

monetary value of regional trade is shown in Figure Regions are defined in Table



Figure (8| highlights the economic implications of these changes to trade under both scenarios. The
financial value of trade is calculated as the change in export revenue plus the change in import costs
between 2017 and 2040. Exports in each region were valued according to their FOB (Free on Board)
price, and imports according to their CIF (Cost, Insurance, and Freight) price. The difference between
these is the cost of shipping'®, hence the reduction in trade volume in the Sustainable scenario gives

a global net saving of USD 10 billion per year due to reduced coal transportation.
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Figure 8: Aggregate impact on regional economies due to international coal trade. Charts show the difference in
2040 financial flows compared to 2017 under the business as usual (left) and Sustainable scenario (right). Regions

are defined in Table

Europe, Japan and South Korea are the greatest beneficiaries under both scenarios as they gain from
reduced coal imports and lower prices. India also benefits under both scenarios as greater domestic
production reduces spending on imports. Indonesia and Australia are among the worst hit regions in
both scenarios (along with Russia and the US) due to the declining value of their coal, combined with
declining export volumes in the SDS. The fate of China and Developing Asian countries is scenario-
specific: they either spend more money on coal imports under BAU, or substantially less in the SDS;

giving combined difference is USD 35 billion per year between the scenarios.

2.4. Stranded assets

If demand declines more rapidly than the natural retirement of mines, assets will become ’stranded’
when they are no longer economically competitive and shut down before reaching their technical

lifetime. The presence of stranded assets can indicate the volume of worthless overcapacity.



Figure[9shows that BAU offers a stable market with few mines becoming stranded. A total of 210 Mtce
capacity becomes stranded between 2020 and 2040, less than 1% of new mines built. This indicates
natural churn within the industry, such as decommissioning the least profitable mines in regions like

North America, Europe and Australia where local coal phase-out occurs.
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Figure 9: Projected decommissioning of global hard coal mining capacity that becomes financially unviable.
Charts show the annual volume of coal mining capacity that becomes stranded averaged across each five-year
period, under Business-as-usual (left) and the Sustainable Development Scenario (right) in Mtce per annum ex-
traction capacity. Inset values show the proportion of newly-built coal mines becoming stranded assets in each

year of the period (values below 0.25% are not shown).

In contrast, the SDS results in severe trouble for the industry. Demand for coal falls faster during the
2030s than old mines are depleted, resulting in overcapacity and less efficient mines being replaced
by cheaper ones closer to growing coal markets. 1.5-2.5% of mines are decommissioned each year,
which accumulates to around one quarter of current global mining capacity (966 Mtce) becoming
stranded during the next decade and around one third by 2040 (1210 Mtce). Decommissioning on
economic grounds slows sharply in the 2030s as mines built during the 2000s boom reach their natural

retirement age, alleviating the continued overcapacity due to falling demand.

Relatively few coking coal mines become stranded under either scenario since steel industries pre-
serve demand. The fate for steam coal diverges, with few stranded assets under BAU as the need for

new capacity counterbalances old mines retiring.

It is worth noting that the capital expenditure for coal mines is relatively low, representing less than

5% of overall cost, lessening the financial impact for investors of early retirement®. Coal mining is



generally labour intensive so stranding labour is at stake rather than capital. Table|l| estimates the
impact of stranded assets on job losses worldwide, based on EXIOBASE data for labour factors per
unit of coal production in different regions*?. Under the SDS, over 2.2 million jobs would suffer from
early mine closures, affecting mainly low- and medium-skilled jobs which represent respectively 48%

and 46% of the total number.

Table 1: Jobs lost due to stranded assets over the period 2020-2040. Estimates are based on decommissioned

capacity from Figureﬁ and EXIOBASE®Y.

Region Business-as-usual Sustainable
Australia 8,550 19,520
Canada 3,220 3,970
China - 1,765,190
Developing Asia 3,300 72,540
Europe 21,800 38,760
Latin America - 8010
Russia 3,070 122,610
United States 8,790 59,080
India - 133,480
South Africa - 21,230
Total 48,730 2,244,390

There is a substantial difference in the extent to which mining countries suffer stranded assets under
each scenario, as shown in Figure Under BAU, only developed countries face stranded assets as
their domestic demand falls. Under the SDS, developed countries are still most at risk, but Asian

mining industries are also severely affected.

China has the highest level of decommissioning with over 500 Mtce of capacity stranded up to 2040,
affecting 1.75 million jobs. However, in relative terms this represents 22% of current capacity, mak-
ing China’s coal mining fleet among the more resilient to climate change policies. Decommissioning
is driven by falling Chinese coal demand forcing the closure of less efficient mines, which are then

replaced by more efficient ones during the 2030s to fill the supply gap.

Over one third of current mines in the US and Canada would shut down before the end of their life,



Scenario
Business-as-usual Sustainable

60

137

[l China

[l United States
Australia

[ Developing Asia

B Russia
Eurasia

[l Europe
Canada

¥ India

[ Latin America

South Africa H

[ Mexico 13

c N
B

Figure 10: Stranded hard coal mining capacity by region over the period 2020-2040. Panels show the cumu-

lative capacity (in Mtce per annum extraction capacity) of hard coal mines that must be decommissioned on

economic grounds under Business-as-usual (left) and the Sustainable Development scenario (right). Regions are

defined in Table

impacting more than 60,000 jobs and creating a considerable burden for mining companies and com-
munities across North America. European and Eurasian coal mines mainly supply domestic markets,
and as demand falls in both regions almost half of current capacity becomes stranded. Falling domes-

tic demand and increased competition mean Australia faces a similar fate under the SDS.

India and South Africa suffer the least in the SDS, with less than a tenth of current capacity becoming
stranded. India is buoyed by high domestic demand, while South Africa benefits from the incremen-
tal growth of its coal industry in previous decades (rather than boom and bust cycles), giving suffi-
cient natural retirements to avoid stranding. A fifth of Developing Asia’s current mining fleet becomes
stranded by 2040 in the SDS despite the resilient local demand. This is most notable in Indonesia, as
the low calorific value of coal in the region makes mines unprofitable in the face of falling prices (and

thus growing importance of transport costs).

2.5. The impact of hubris

An additional model run was performed to investigate the impact of over-confidence in the future
of coal. This considers a scenario where investors expect that coal demand will remain buoyant, but

coal demand falls rapidly as the world decarbonises. This reflects one possible outcome of the wide



uncertainty in current market projections, or of the international response to COVID-19 causing a
sudden and potentially sustained shock to global energy demand after a renewed expansion of Asian
coal power generation®!. Model inputs were based on SDS as above, except that investments for the
first period (2020-2025) were imposed from the BAU scenario. The optimisation was then free to
adjust from 2025 onwards, modelling a period of market correction, identifying which regions face

the greatest challenges if investments are out of line with demand.

Latin America, developing Asia and South Africa suffer the most from a misjudgement of coal’s imme-
diate future (see Figure[S13). The volume of stranded assets increases by 40-50% relative to the SDS
with correct anticipation, affecting around 240,000 additional jobs around the world. The distance
between Latin America and the main importing markets could explain their disadvantage. North
America faces around one-fifth increase in decommissioning, while Australia and China see around
one-tenth increase. Other regions see almost no impact on decommissioning of incorrect forecasting

of demand, as investments under the SDS and BAU were comparable up to 2025.

It must be remembered these results are based on a model of perfect competition, where uncompeti-
tive mines are closed without delay if their future is unprofitable. In reality, geopolitical considerations
may arise if investors (some of which are state actors) misjudge coal’s future and overbuild. Countries
may privilege their domestic production in a world of imperfect competition, shifting the burden of

stranded assets to exporters such as Australia, the United States, South Africa or Russia.

3. Discussion

In a period of high uncertainty for coal, this paper performs a comparative analysis of the future of coal
investment across two divergent futures: a Business-as-usual (BAU) and Sustainable Development
scenario (SDS). It uses a partial equilibrium model with perfect competition and perfect foresight to

capture the market fundamentals in these two scenarios up to 2040.

The risk of overcapacity and stranded assets is low under BAU, where global coal demand remains at
current levels. The SDS sees half as much investment in new coal mines as BAU, a deficit of over 2000
Mtce in the two decades to 2040. North America and Australia have the largest differences in invest-
ment between scenarios, implying greatest exposure to climate policy risk. China, India and other

developing Asian countries experience the highest investment in both scenarios, with investment still



required in the Sustainable scenario to counterbalance the depletion of existing mines.

Some regions face more risk from future uncertainties regarding coal than others. Those most likely
to retain strong coal investment have growing energy consumption (developing Asia, India), produce
coal with high calorific value and coking coal (South Africa), are close to the growth centres of coal
demand (Russia, Australia), or have rapidly depleting mining capacity in need of replacement (China,

Indonesia).

China is in a special position, as when the coal mines built in the 2000s are gradually depleted and
retire from the mid-2020s onwards, China will reach a critical juncture between igniting a new cycle
of coal investment or switching to alternative energy sources. Coal prices at that time will be a crucial
factor, and investors may be cautious if China’s policy is to progressively move away from coal to

renewables or other sources.

Demand falls sufficiently rapidly under the SDS to create overcapacity, forcing approximately one
third of global mining capacity to be economically unviable by 2040. The least efficient mines close
prematurely and become stranded assets as coal prices fall by a third. Mines that are distant from

resilient coal markets, have high mining costs or low calorific value represent the greatest risk.

Correct anticipation of the industry’s future is critically important for investors. The relative prices of
coal, renewables and natural gas will likely have a major impact on which pathway developing coun-
tries’ coal demand follows. If investments are halted, for example due to a strong coal divestment
movement or strategic withholding of investments, mine retirements could lead to market tightness
and high coal prices after 2030. Conversely, under-estimating the pace of demand reduction could re-
sult in excessive investments which place a heavy burden on the coal mining industry. Latin America,
developing Asia and South Africa would be among the regions most impacted by over-investment;
however, domestic industry protection policies could move this burden to other export-driven re-

gions.

Governments must tread carefully to avoid institutional lock-in®4, and should consider support for
industries and for the 2.2 million workers at risk worldwide during coal phase-out to mitigate socio-
economic impacts. Job losses may not be considered high at the national level, and could be offset by

job creation in other sectors®”, but local mining regions would be disproportionately affected.

The Paris Agreement, divestment, rapidly falling costs for renewables and storage, countries striving



towards "zero coal" electricity generation and growing awareness of air pollution across Asia are all
signs of an industry potentially facing terminal decline. This paper helps to quantify the impacts that
may be felt within the global coal industry. From a climate policy perspective, it is imperative that the
inevitable coal phase-out is guided by sound investment and socially protective policy to minimise

the risks outlined here.



4. Experimental procedures

4.1. Resource availability

Lead Contact: Further information and requests for resources should be directed to the Lead Contact,

[ain Staffell (i.staffell@imperial.ac.uk).

Materials Availability: All material for the charts and tables presented in this paper are available from

the Zenodo repository athttps://doi.org/10.5281/zenodo.4629991.

Data and Code Availability: The computer code used in this study is described fully in Section
and was reported previously in the references contained therein. There are restrictions to the avail-
ability of code and the coal database used in this study as they remain the commercial property of
Deloitte Economic Advisory. Licenses to use these can be obtained from Deloitte, which may require

reasonable compensation to cover the cost of producing and maintaining them.

4.2. Models of the coal industry

Modelling the international coal market is a subject of wide interest in the literature****, Modelling
competitive spatial markets dates back to Enke®>, who in 1951 used a simple electric circuit to esti-
mate equilibrium prices and quantities. Samuelson (1952)°%, Takayama and Judge (1964)>" demon-
strated linear and quadratic programming to solve such problems. Later, Nelson and McCarl (1984) b8
and Kolstad and Abbey (1984)> worked on imperfect competition within spatial markets, developing

Cournot and Stackelberg equilibria to examine monopolistic behaviour.

Coal market models are often encapsulated within broader energy system models like LIBEMOD®,
which models Western Europe’s gas and electricity markets and integrates the world market for coal.
Similarly, the EIA’s Coal Market Module (CMM) is an international trade model embedded within the
US National Energy Modeling System (NEMS)®, which is used to develop the Annual Energy Outlook
2020°2. The CMM is an international trade model that produces annual forecasts of prices, produc-
tion, consumption and import of steam and coking coal to 2050. It uses linear programming to deter-
mine the least-cost supplies of coal from a set of supply curves, assuming perfect competition with

various constraints such as import diversification and sulfur penalty costs®",

Haftendorn and Holz% and Holz et al.®* developed COALMOD-World, a multi-period game-theoretic

equilibrium model for global steam market. The model simulates market outcomes, investments,


https://doi.org/10.5281/zenodo.4629991

land transport, resource depletion and export capacity to outline market structure and study impli-
cations. Unlike LIBEMOD and CMM, COALMOD-World assumes profit-maximising players who op-
timise their expected discounted profit over the total model horizon. The COALMOD framework has
been used to test for abuse of market power in steam coal, and the impacts of energy security and

climate policies on Europe’s coal market®¢4,

Standalone coal market models also exist. Lorenczik and Panke applied various equilibrium problems
with constraints to investigate market forces in the international metallurgical coal market in the late
2000s commodity super-cycle®. Rioux et al. developed a linear optimisation coal market model
focused on Chinese coal supply to assess the economic impacts of relieving congestion in the Chinese
coal supply chain®. Paulus and Triiby developed a spatial inter-temporal equilibrium model for the
global steam coal market“%, and analyse the steam coal market equilibria structure between 2006 and
2008 with a Mixed Complementary Problems (MCP) model to determine if market structure derives
from perfect competition or oligopolistic behaviours*®. Triiby4® models un-competitive behaviours
from metallurgical coal market agents between 2008 and 2010 with perfect competition, Cournot and
Stackelberg models. It concludes that only non-competitive models can reproduce market structure

observed in that period.

The model used in this paper is a further development of these coal market models from“>4°, Here
these models are used to explore future scenarios rather than to explore past price spikes, with a focus
on long-term market fundamentals (i.e. a detailed representation of the economics of coal mining
investment and depletion of existing mines) rather than short-term strategic behaviours. The models
and the code have thus been adapted to capture the fundamental long-term trade-offs in the coal
market that our analysis deals with and therefore bringing some new insights to the existing coal

literature.

This paper integrates sustainable and business-as-usual demand projections into a detailed coal mar-
ket partial equilibrium model for steam and coking coal. The objectives are to model and analyse the
implications of these diverging demand projections in terms of investments, prices, trades, decom-
missioning and regional trends. This paper provides a new perspective on the future of coal via more
granular modelling of the evolution and regional structure of coking and steam coal markets in the

two divergent scenarios.



4.3. Model

The model of global coal markets is taken from*#44%, Since those works, it has been updated with
new data and extended to consider investments and retirements. The model is a multi-period per-
fect competition model with technical and economic constraints which models market behaviour for
steam and coking coal. The model only considers hard coal, as lignite is primarily mined and con-

sumed locally, with limited trade between regions.

It is a linear optimisation program which seeks the lowest total cost as it assumes a benevolent social
planner. The solution of this problem is, under the condition of perfect competition, equivalent to
the result of profit maximising players. The model is implemented in GAMS and runs on an annual
time step from 2016 to 2050. Years 2016 and 2017 are compared with IEA’s Coal Data® for historical
validation (reported fully in Note S2). Although the model runs until 2050, the framework of this study
stops in 2040 to avoid end-game issues, specifically investment distortion after 2040 due to shortening

payback period.

The model ensures a cost minimisation among all players while satisfying demand in each region at
all time. It considers production costs, transport costs, investment into new mines and associated
capital costs, maximum mining capacity and maximum investment, mines depletion, mining fixed

costs and mining decommissioning costs.

There are three types of nodes. Mine nodes optimise their coal production and sell it either to domes-
tic customers or, via export terminals, to coal consumers abroad. Port nodes correspond to export
terminals from which coal can be shipped to any importer via ocean-going vessels. Demand nodes
can satisfy their coal needs from domestic mines or via imports from mines abroad. Coal allocation is

subject to the minimisation of the total costs i.e. production, transport and investment costs.

This spatial model considers a set of regions, with the most significant coal producing and consuming

countries considered individually. Other countries are grouped into regions which are listed in Table

4.3.1. Model formulation
Tables[S4]and[S5|outline the parameters and variables used in the model. The model formulation uses

sets for nodes k, mines m, new mines i, ports &, demand regions j, years t, and coal types c; which are

outlined in Table



The model is a cost minimisation problem with technical and economic constraints, where demand
is totally inelastic and must be satisfied in every region at all times. Supply and trade are obtained by
minimising the total costs of the system under specific constraints. The objective function to min-
imise total costs (1) combines mining production costs, mining capital costs, mining operation fixed
costs, as well as transport costs between mines, ports and demand regions. It results in a perfectly
competitive model where allocation at each node k € K, mining capacity investments, decommis-

sioning and trade flows are optimised under marginal cost-based allocations to satisfy demand.

mintotalcost = Z (prodcostm i+ fixedcostyc,t)

meM
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teT
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The production cost (2) is equal to the mining costs times the quantity produced, weighted by the
calorific value of the coal. This calorific value is normalised to tonne of coal equivalent (tce) of 7000

kcal/kg®®:

7000

prodcosty c,t = COStmc,t X Xm,ct X Vm,c,t )

CUm,C

The fixed cost (3) is equal to the operational fixed cost times its total capacity, added to the cost of

decommissioned mining capacity:

fixedcostmci= fixcost x minecapam,.+decomcost x decomp VYm,c,t 3)

The capital cost (4) is equal to the investment volume times the investment costs with consideration

of interest rate p and amortization duration 7:

P
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Then the transport cost (5) is obtained from the sum of all transport volumes from a mine to a do-

mestic region, from a mine to a port or from an exporting port to an importing port multiplied by the



corresponding cost:

transcosty et = Qe Mke J,c,t X minetodomye pie 7+ Qke Mke Hye,t X MIiNELOPOT ke M e H
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The constraint applies to each node. As a result, at mines nodes (6), the production at the mine must
be equal to the sum of flows to domestic ports or domestic demand region. There is no storage at a

mine and all production must be sent away:

Xmet— Z Qmkct=0 Vm,c,t (6)
ke HUJ

At port nodes (7), for an exporting port, the sum of all flows from domestic mines must be equal to
what is exported to other regions. For an importing port, the sum of all inflows from other ports must
be equal to what is transferred to the domestic demand region:

Z Qk,h,c,t - Z Qh,k,c,t =0 Vh) c, t (7)

keK keK

At demand region nodes (8), the sum of what is received from domestic ports or domestic mines must
equal demand:

Y Qujot—demandc;=0 Vij,ct (8)
ke MUH

The annual investment (9) in a mine must be below a cap fixed in parameters and calculated from

mine characteristics, country features and coal reserves:
invcapict < investmentcapic— Z invcapicy Vi,c, t 9
t'<t

The annual mine production volume (10) must be below or equal to its annual capacity:

Xm,ct < minecapanmc: VYm,c,t (10)



Where the mine capacity is obtained in (11) from the mining capacity parameter, decommissioning
and investment. This addition is weighted by the depletion rate, which is the percentage reduction
in a mine’s capacity due to the exhaustion of coal resources. It is 0 during the first years of operation,

then increases by 20% annually over the last five years of mine’s lifetime.

minecapam,:=miningcapmei— Y decommer + Y inVCaPme r.0r]
<t r'<t (11)

x(l—-depletionm,) =0 Vm,c,t

There are two reasons for retirement of coal mines. The first is technical and imposed as an exoge-
nous constraint: mines become progressively depleted and are retired when they arrive at the end of
their technical life. The second is an endogenous financial decision (i.e. a choice to be made by the

optimisation), and such mines are called ‘stranded assets’ in this paper.

Each mine’s technical lifetime was calculated by dividing its in-situ resource by its nameplate annual
capacity. This makes the simplification that each mine operates at full capacity in every period, but
it was preferred to using cumulative production capacity for computational tractability. Accounting
for resource depletion increases inter-temporal complexity and thus problem size and solution time
by an order of magnitude. It also offers little practical gain as there is no elasticity to mine production
costs, so it is only marginal and extra-marginal mines which do not produce at maximum capacity
in any given period. Most extra-marginal mines go into terminal decline due to falling demand, and

thus are retired.

Mines could also be decommissioned before their technical end of life if they become unprofitable.
Decommissioning costs were set to five times the value of the mine’s fixed costs (from eq. 3), which
cover the care and maintenance required when mines are mothballed. The model therefore considers
it economically viable to shut down a mine when not used at all over a 5-year period, unless the mine
is used again in future periods. Since the model has perfect foresight, it will mothball mines that
become competitive again in the future rather than shutting them down completely, although this
is not widely seen due to demand either being steady or continually declining in our BAU and SDS
scenarios. With real-world frictions and volatility in demand, this may be more widely employed. This
assumption does not imply that mines cannot weather more than 5 years of being uncompetitive, but

rather it gives the model an economic incentive (with a small consequential financial hurdle) to shut



down mines, enabling us to assess the mining capacity at risk in this paper. Therefore, the presence of
stranded assets is more an indicator of the volume of worthless over-capacity rather than the volume
of mines that would be physically shut down. More complex socio-political factors (such as energy
security or employment) will determine the latter, as some mines are owned by states who may be
willing to subsidise production or mothball them for many years without fully shutting them down.
Partial decommissioning and partial use of a mine are possible within the model, but because there
is no elasticity of mining costs for individual mines, if one part of the mine is uneconomic, the whole

mine would also be.

Prices at import and export ports are obtained from the model’s marginal value of the equilibrium
constraint at port nodes. A country will buy or sell a unit of coal only if the marginal benefit to the
country is equal to its price. The marginal costs shown in Figure |5/ cover the range seen across ma-
jor export ports. The price at an export port mirrors the Free on Board (FOB) price - the price that
importers are willing to pay without including the shipping costs and any other fees associated with
transport (e.g. insurance). For steam coal, Figure[5|represents the range of FOB prices for ports in Aus-
tralia, South Africa, Russia, the US, Indonesia and Colombia. While for coking coal, it represents the
FOB prices range in Australia, Russia, the United States, Canada and Mozambique. The range of FOB
prices among main exporters is tight and the fluctuations are similar across both coal types. Global
harmonized prices were expected since the model features perfect competition. The main differences
among exporting countries come from the cost of inherent domestic production, transportation costs
from mines to export ports and the distances to importing markets - as only exporting countries close

to importing regions will be in position to sell coal at a higher FOB price than competitors.

4.4. Data

4.4.1. IEA scenarios

This paper develops a comparative analysis on the future of coal under Business-as-usual (BAU) and
a Sustainable Development Scenario (SDS). The aim of this study is not to evaluate which trend is the
most realistic or attach probabilities to the different trends. Instead, this paper aims at comparing the
implications of scenarios. The two scenarios only differ by the level of demand which is used as an
input parameter in the coal market model described above. Both scenarios take demand projections
from IEA’s 2018 World Energy Outlook 2018"2, using the Sustainable Development Scenario for SDS,

and New Policies Scenario for BAU.



The SDS assumes a world in line with the Paris Agreement where global warming is kept well below
2°C at the end of the century from pre-industrial level and efforts are made to limit it to 1.5°C. This
scenario reflects a world where international targets are achieved including climate change, air qual-
ity and universal access to modern energy. Power generation is driven by renewables which provide
65% of global electricity generation by 2040%”. 210 GW of coal-fired capacity with carbon capture,
utilisation and storage (CCUS) is operational in 2040, generating 1300 TWh annually, and unabated

coal is almost phased-out, generating 700 TWh per year by 20409,

The BAU scenario gives an outlook of where current policies will lead to. However, under this sce-
nario, emissions continue to rise slowly and Paris Agreement’s targets are not reached with at least a
2.7°C global warming from pre-industrial level in 2050. Coal-fired power generation CCUS remains
marginal under this scenario?. These two IEA scenarios provide granular and transparent demand

data for different regions and coal types based on clear assumptions.

Data for 2016 and 2017 were obtained from the IEA%®, Projections from each scenario were taken
for 5-year steps from 2020 to 2040, except for 2035 which is not stated for the Sustainable scenario.
Input demand data are provided in tables[S2]and[S3] The intervening years were inferred using linear
interpolation. To obtain annual detailed projections by regions and by coal type simultaneously, the
growth rates from IEA’s regional projections were applied for each year and each region to demand for

both coal types (equation 12).

Demandregion,coal type,year+1 = Demandregion,coal type,year

IEAprojection egion,year+1 (12)

- - Vregion,coaltype,year
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Then values for each coal type are proportionally recalibrated among regions to have a total demand

by coal types matching IEA’s projections (equation 13).

Demandegion,coal type,year
Y reyDemand

!/ .
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4.4.2. Coal market database
This paper uses the Deloitte Coal Database, which contains mine-level data for various countries re-

garding the fixed and variable mining costs, nameplate mining capacity, calorific value of the coal,



expected year of decommissioning based on available resources, investment cost of new mining ca-
pacity, maximum investment capacity for new mines, transportation cost between mines and export
terminals and between coal fields and the primary consumption hubs for mines serving domestic
markets. For transport between ports, the database contains distance data between each port in nau-
tical miles which serve as a basis for transport cost determination (see eq. 5). Table|S4| outlines the

different elements that are included in the database.

The database methodology and many of its underlying sources are given in Section 5 of Paulus and
Triiby (2011)4%, Section 4 of Triiby and Paulus (2012)*° and Section 4 of Triiby (2013)“®. The data have
been updated using various industry reports II], and the cost escalation logic outlined in*” (Section
4.1), based on input price evolution collected from national statistical offices ﬂ For countries where
mine-level data are unavailable, basin-level data were instead used based on national statistical pub-
lications (e.g. provincial coal production in China from the National Bureau of Statistics®?, coal pro-
duction by state in India from the Ministry of Coal™). For this study, the database was updated with

data from the IEA Coal Information 20184, specifically calorific values, demand and trade levels.

The database is now maintained and quality-controlled by Deloitte Economic Advisory who kindly
granted access for the scope of this paper. The database has been used in various consulting engage-
ments with coal industry stakeholders, allowing for reality checks through interviews with coal sector
experts (mining companies, traders, analysts and banking sector). The database is also verified with
third party publications where possible, for example against third-party coal market data from the

International Energy Agency (IEA)"“4® and THS Markit .

Figure|S9|provides a comparison between the coal supply cash curve used in this paper and the data
from IEA World Energy Outlook 201812, The two cost curves are generally well aligned, with differ-
ences which might stem from coal classification (certain types of coal have properties that make them
suitable for use in both metallurgical and steam generating applications), attribution to domestic or

international markets, washing yields, etc. Further validation of the database against historical out-

ISpecific sources include annual reports from listed coal companies, investor presentations, the VDKI Annual Report -
Facts and Figures, IEA World Energy Outlook, IEA Coal report, IEA Coal Information, EIA Annual Energy Outlook, EIA coal

industry datasets, McCloskey Coal Market Report and other industry newsletters.
2Speciﬁc sources include the US Bureau of Labour Statistics, DANE — Colombia, Statistics South Africa, Chinese Bureau

of Statistics, Federal Statistics Service — Russia, Badan Pusat Statistik - Indonesia



turn for 2016-17 is given in Note S2.

The results from this paper with asset-level granularity could be reproduced with access to the De-
loitte Coal Database (see the Resource Availability section), or by constructing a comparable database
from the sources outlined here. They could potentially be approximated at country-level granular-
ity using the model described in this paper (section and national coal data available in IEA Coal

Information“® and World Energy Outlook'# reports as model input parameters.

4.5. Assumptions and limitations

This study focused on two scenarios from the IEA, which are broadly representative of the spread of
scenarios produced by other organisations. Further study could focus on the influence of a wider

range of scenarios, with different timings and regional differentiation for coal phase-out.

A key assumption is the perfectly inelastic regional demand fixed from IEA’s scenarios. On the one
hand, the model consequently includes all the assumptions and uncertainties from IEA World Energy
Outlook’s New Policies and Sustainable Development Scenarios*4. On the other hand, as demand is
fixed and therefore inelastic, coal cannot be substituted by other commodities when coal price peaks
and vice versa. However, this is mitigated by the fact that the IEA demand scenarios were created by
modelling which did allow fuel substitution and thus are elastic. Since the price evolution predicted
here is in line with IEA’s price prediction (see Figures[S7/and[S8), long term substitutions are indirectly

represented.

The assumption of perfect foresight means the model will decommission mines that are unprofitable
without delay, using full knowledge of future revenues. In reality, mine owners (some of which are
state actors) might continue operating in the hope of regaining profitability, because of misjudge-
ment about future prices, or for socioeconomic or geopolitical reasons not included in this model.
This would lead to overcapacity which would depress prices and turn more mines into uneconomical
assets. As a consequence, the decommissioning of stranded assets modelled here can be thought of as
an indicator of unprofitable mining capacity, since even if mines are not actually retired, they would
be losing money (after subsidies or other distortions are accounted for). Similarly, countries may pro-
mote their own mines, even if imports were cheaper, to protect local jobs and energy independence.
As a result, stranded assets could in reality be transferred to exporting countries like Australia, the

United States, South Africa or Russia.



The model has perfect foresight, meaning it optimises production, transport and investments with
full knowledge of future demand, price, and the costs of all other players in the market. Each player
rationally acts to optimally satisfy demand in a perfectly informed situation to maximise global out-

come and not its self-interest.

Both inelastic demand and perfect foresight mitigate short-term frictions and cycles. Short-term fluc-
tuations are attenuated, meaning the model gives broader projection of long-term trends. This is
countered by the model not including storage of coal over time, and therefore no possibility of arbi-

trage by storing coal surplus for shortage periods.

The evolution of transport costs over time is not considered in the model, and these remain flat over
time. Fluctuations of transport fuel cost and technological improvements are not considered. The

model is deterministic, there is no uncertainty among the input parameters considered.
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Supplemental Notes
Note S1. Review of existing coal scenarios

Demand

Only two organisations separate out steam and coking coal in their scenarios, leaving an area of un-
certainty that this paper attempts to resolve. These project a slight decrease in global coking coal
demand regardless of the decarbonisation ambition, with demand in 2040 averaging 17 + 14% lower
than 2017144Y, Steam coal has wider divergence dependent on the particular scenario, with demand

in 2040 rising by 3 + 40% relative to 20171240,

The more balanced trend for coking coal could be explained by there being fewer competitive alterna-
tives to coal in steel manufacturing*". In contrast, power generation from steam coal is already being
undercut economically by natural gas and renewables in many countries, yet coal is also growing
rapidly to fuel economic expansion in others where conditions make coal cheaper or more available

than natural gas®?4340,

North America and Europe are forecasted to lead the phase-out of less economic coal power plants,
offset by an increasing use of natural gas and renewables®®3%4L Coal consumption in Latin America

will remain minor due to low-cost access to renewables=%=?

, whilst in Africa demand is projected to
increase in some scenarios but decrease in others. Energy demand growth, access to coal and the
relative price in those regions will be determining factors for which path Africa will follow. Chinese
consumption is expected to peak in 2030 or earlier as the Chinese economy would adjust to a more
sustainable pattern of growth'#94159 The Indian coal market is expected to be the largest source of

global demand growth, with a doubling of Indian coal consumption in many scenarios driven by the

power sector.

Developing Asia is the region with the highest variability in projections, ranging from -60% to +200%

change to 2040. Renewables may soon become cheaper than coal, but new plants, growing energy

demand and the booming industry will counterbalance or even offset the growth in renewables*3%°,

For example, Indonesia is now at a tipping point where new capacity choices, system design, subsi-
dies and tariffs policies will either lock-in the country in a coal future or drive it in a clean pathway;
some 50% of capacity currently planned in Indonesia is coal’®. For the developed economies in the

3643843912

Asia-Pacific region, coal is currently a large source of energy but may decline rapidly , under-



pinned by the retirement of Australian and Japanese coal power plants43:%,

Production

The evolution of coal production will be shaped by trade-offs between decarbonisation, employment
and economic growth®, as well as the cost of developing new coal resources=®. The countries with
the largest reserves are the U.S. (176 Z]ﬂ), China (131.6 ZJ), Russia (89.5 Z]), Australia (46.1 ZJ) and

Poland (6.2 ZJ)“*.

European production may drop substantially (-21% to -81%) by 2040 due to high production costs,
the end of coal mining subsidies and decreasing demand?#*%4Y, Similarly, the North American coal
production is projected to fall by -30% to -80% by 2040 owing to reduced domestic and export de-
mand'4*?4Y Latin American projections vary substantially, from -84% in IEA Sustainable Develop-
ment Scenario to +65% in IEE] Reference Scenario due to diverging views on the region’s competi-
tiveness'294Y  African production is projected to increase by +2% to +39%, with South Africa and
Mozambique responsible for most of this growth. Only the IEA Sustainable Development Scenario

projects a decrease, of -43%125%40,

Production in China is projected to drop in most scenarios by up to -20%. Russia’s production flattens
or slightly increases, with a range of -5% to 30% 4949, India’s production is projected to more than
double in many scenarios'#*?4Y to become the second-largest coal producer behind China, helped
by the demand growth and the recent opening of mining to the private sector'®. Most projections
for Indonesia are for a flattening or decreasing production as the most economic sites are depleted,
but uncertainty is high. The IEA New Policies Scenario projects a 10% decrease by 2040, whereas IEE]
projects a 20% increase in its Reference Scenario“4", In Australia, production is projected to grow by

2% to 14% thanks to its proximity to the Asian markets, high-quality coal and large reserves~4".

Trade
Apart from demand, shipping costs and coal quality are key factors in trade projections’4, DNV GL
projects that seaborne gas trade will exceed coal trade by 2038 and IEA Sustainable Development

Scenario sees international coal trade halving during this period“4.

37J: Zetta Joules (10%! Joules)



IEA's New Policies Scenario projects trade volumes to remain at current levels, but warns that small
changes in the Indian and the Chinese supply-demand balance could potentially have strong impli-
cations. Trade in steam coal decreases in this scenario, driven by increasing domestic supply share
in China, India and other Asian countries, while coking coal trade increases due to diversifying steel
production centres’4, The two extreme scenarios, IEA Current Policies and IEEJ Reference are the

only ones to project increasing trade, by 29 to 32% by 20401249,

New countries in Asia, Africa and the Middle East would become importers. Asia remains the prin-
cipal importing region, driven by India and southern Asian countries. India is expected to overtake
China as the largest importer in the next decades. Australia, Russia and South Africa are thought to
fill the import gap?#4’, Imports decline in more advanced economies, driven by falling consumption.
Japanese coal imports fall 32% by 2040 in the New Policies Scenario’® which has significant impacts

on Australian thermal coal exports®,

The world’s largest coal exporter, Australia, would continue to benefit from its high-quality coal and
relatively low mining costs to supply nearby growing markets in developing Asia and India to coun-
terbalance the potential loss of exports towards China, Japan or Korea'4#%40, The most important
share of the export growth would be of coking coal. Driven by a growing share of domestic supply and
depletion of its best mining sites, Indonesia is expected to drastically reduce exports over the years,
as low calorific value coal hinders its global market competitiveness*#", Russia has the potential to
raise exports thanks to low mining costs, depreciation of the rouble in recent years and investments in
new mining and port capacity. The main obstacle for Russia is the long distances from mining regions
to ports, giving transport costs up to twice those of its main competitors'44”, Colombian exports are
projected to decrease as demand in Europe is declining, and it lacks proximity to the main Asian mar-
kets"<. The South African coal exports growth is driven by a decrease in the domestic demand and a
rise in Asian demand'44", In the U.S., the fall of European imports, the high American mining and
transport cost as well as the distance from main growing coal markets led to a decrease in exports

despite a decrease in domestic supply share 25975

Prices and investment
As with other areas, there is only limited agreement on the trajectory of future coal prices. By 2030,

new wind and solar are projected to be cheaper than coal worldwides. The development of shale



gas in the US over the past fifteen years has reduced the price of natural gas, while carbon pricing
policies like the EU Emissions Trading System are increasing coal power generation cost compared
to lower carbon technologies'®. The IEA projects a small increase in coal price from 2025 in its New
Policies and Current policies scenario, caused by mining cost increases from moving to less profitable
mining sites. However the Sustainable Development Scenario projects a continuous decrease in price
driven by falling demand™4. The IEE] projects a flat price evolution*’, whereas Bloomberg estimates

seaborne coal prices to fall by 2050.4%,

Coal investment in the IEA's New Policies Scenario averages USD 43.5bn per year until 2040, whereas
it goes up to 52bn for Current Policies and falls to 26bn in the Sustainable Development Scenario™2.
The IEEJ Reference Scenario is higher still, at USD 55.9bn a year until 2050%”, Investment in new
capacity, as opposed to maintenance of existing mines and supporting infrastructure, represents 30

to 40% of this investment14

. About three-quarters of these investments happen in the Asian Pacific
region where China is at a tipping point, as its mines built during coal expansion in the 2000-2010
period will reach the end of their life between 2025 and 20354, India also faces a peak in investment

to fuel the 170 GW of coal power stations that are anticipated by 205045,

In summary, the literature gives insights into the future of coal demand, production, trade, invest-
ments and prices, relying on global energy system models. However, there is a wide range of possibil-
ities for the future of coal from these scenarios, with global consumption ranging from a 2/3 decrease
in the scenarios with strong climate action to a 1/3 increase in the scenarios with little climate action.
Additionally, several gaps remain regarding the impacts on investment, trade, decommissioning and
prices change at the regional level and for the different coal types, and in particular the quantification
of stranded assets. This study aims to fill these gaps via the development of the model described in

this paper.

Note S2: Model validation

This section presents a comparison between the model’s data and the historical data for the years
2016 and 2017. These two years have been used to validate the performance of the model in mod-
elling steam and coking coal markets. For trade, Figure|S1{compares the total seaborne annual trade
(maritime trade) of the model with data from IEA Coal Information 201828, Figures[S2and[S3|outline

the comparison between respectively steam and coking coal model’s imports and IEA’s data from Coal



Information 2018. Figures[S4]and [S5 outline the comparison between respectively steam and coking
coal model’s exports and IEA’s data from Coal Information 20184%. Since historical trade for both cok-
ing and steam coal are in line with [EA’s historical data for period 2016-2017 and demand is fixed from
IEAs Data“® - production is also expected to be in line with IEA’s data as the sum of production and
trade must equal the domestic demand for each region. Thus, Figure[S6|outlines the 2017 comparison
between the IEA production and the model production for hard coal main producers?® which are in

line as expected.

Regarding prices, the model’s output was compared with historical data from THS Markit! for both
steam and coking coal in respectively Figures[S7]and[S8] Whereas the historical data for steam prices
seems to be in line with the model, the model’s coking prices are quite inferior to the historical data.
Oligopolistic behaviour from coking coal exporters may be an explanation of this gap as explained in

section2.2

Note S3: Regional context

Trade value

Figure shows the economic value of coal imports and exports under both scenarios, mirroring the

trade volumes shown in Figure

In both scenarios, China’s import volumes and values decrease slightly before increasing again due to
the depletion of old local mines during the 2030s. By 2040, China represents 28% of global imports
under BAU and 38% in the SDS. In contrast, India’s import volumes increase to 2030 and then fall
more rapidly as domestic production catches up. India represents 12% of global imports under BAU,
and becomes self-sufficient in the Sustainable scenario from 2035. Japan and South Korea (OECD
Asia) have almost no domestic production, so the gradual decrease in imports mirrors their demand.
They grow to take 26% of global imports in the SDS as their import needs decline more slowly than
world average, to the benefit of Russia and Australia’s exporting businesses. Imports to Developing
Asia grow over the whole period under BAU due to growing demand, leaving the region as the second
largest importer behind China in 2040. This picture completely changes in the SDS, where imports
decline to one-tenth of the value (27 versus 254 Mtce in 2040). The picture in Europe, Africa and
other regions is comparable between the two scenarios. In Europe, both scenarios see a progressive

decrease in imports to 6% of global imports by 2040. Africa takes the smallest share of imports, ending



the period at 4% (46 Mtce) under BAU and 9% (29 Mtce) in the SDS.

South Africa is the only region that increases its exports under both scenarios. They almost double
between 2017 and 2040 in the BAU scenario, and grow 20% in the Sustainable scenario. This results
in South Africa becoming the 2nd largest exporter of coal by 2040, overtaking Indonesia and Russia
to supply a quarter of the world’s export demand. This is enabled by growing markets in the rest
of Africa, strategic connections to both Atlantic and Pacific markets and falling domestic demand in
South Africa. Australia and Russia follow the global evolution and maintain their positions as the
world’s largest and 3rd largest exporters in 2040. Australia supplies one third of exports in the BAU
scenario, and declines from one third to one quarter in the Sustainable scenario. Developing Asia
overtakes Australia during the mid-2020s and 30s, but exports collapse from 2035 under the Sustain-
able scenario. Similarly, Indonesian exports collapse in the Sustainable scenario, taking it from 2nd
largest exporter to 6th by 2040. For both regions, the low calorific value becomes a growing disad-
vantage in the face of falling coal prices, making them uncompetitive whilst import demand in close
markets such as Developing Asia and India are decreasing. The US faces a short-term increase in ex-
ports under both scenarios, increasing by around a third in the early 2020s relative to 2017, in part
because of falling domestic demand. From the 2030s exports begin to collapse in both scenarios, to
around half their 2017 levels by 2040 as coal phase-out is expected in North America and the export

market of Europe under both scenarios.

Trade routes

Figure represents the main trade routes identified by the model in 2040. Trade routes shift east-
wards compared to the current situation in both scenarios. The Pacific market grows with the rise of
Asian economies while the Atlantic market declines due to the European and North American coal
phase-out. There is a drastic reduction in trade volume in the Sustainable scenario, but besides the
shift away from India, the configuration of trade routes remains quite similar to the Business-as-usual

scenario.

The US benefits from a strategic geographic position on the Atlantic market to supply the growing
African market which gives it a particular advantage in the model where maritime transport costs are
based on distance. Canada fuels Japan and Korea with coking coal supply in both scenarios. Latin
America suffers particularly from the European coal phase-out and reorients its exports to China.

South Africa’s strategic position provides opportunities to export in both the Atlantic and Pacific mar-



kets as well as supplying the growing African demand. Similarly, Russia can capitalise on its strategic
geographical position to competitively fuel China, Japan, Korea and Eastern Europe. Australia’s sub-
stantial coking and steam coal production enjoys a hegemony in the Pacific market. Indonesia is
restricted to short trade routes to developing Asia, since its low calorific value coal cannot compete

over longer transport distances.

Production

Because there is no storage in the model, the global evolution of hard coal production matches the
evolution of global demand over time. Figure outlines the evolution of hard coal production by
region. In the different regions, the evolution of coal production is shaped trade-offs between decar-
bonisation, employment, economic growth and energy security. The relative cost of developing new
coal resources compared to other regions, the evolution of domestic demand as well as the relative
export competitiveness are also determinant factors of the evolution of regional production. The ex-
porting regions, close to the main importing regions, mining coal with a high calorific value and/or at

a cheap price hold a competitive advantage to grasp export opportunities.

In China, the largest coal producer, driven by its energy sources diversification policies, the decrease
of demand, the cost-competitive import opportunities and the depletion of the old mines built during
the coal boom in the early 2000s, the coal production decreases by 18% in Business-as-usual and by

61% in the Sustainable scenario over the 2020-2040 period.

By overtaking Australia and the United States, India becomes the second-largest coal producer behind
China. From 2020 to 2040, its production increases by respectively 138% and 20% in Business-as-usual
and Sustainable scenarios to match growing domestic demand. Steam coal is the main driver of coal

production growth as coking coal production is limited by coal-quality.

Production in Indonesia increases slightly in Business-as-usual but decreases by 81% by 2040 in the
Sustainable scenario due to the depletion of the best resource sites. Due to the low calorific content
of the coal they produce, the mines in Indonesia are not competitive enough in the model to compete

with other regions in the oversupply context of the Sustainable scenario.

The outlook for coal production is more uncertain in Australia where coal production ramps up by
15% in Business-as-usual but drops by 56% in the Sustainable scenario over the 2020-2040 period.

Australia benefits from strong coal mining reserves and proximity to growing markets in Asia. How-



ever, in the Sustainable scenario, the limited import needs from the Asian market weaken the export-

ing opportunities to sustain the high Australian coal production.

In Europe, coal production decreases by respectively one quarter and a half in Business-as-usual and

Sustainable scenarios pushed by the energy transition to cleaner energy sources.

In the United States, the shale gas boom shatters coal’s competitiveness by driving gas prices down.
The resulting falling domestic demand coupled with the limited exporting opportunities to the grow-
ing Asian market drive coal production down. Over the period 2020-2040, coal production decreases

by respectively 30% and 83% in Business-as-usual and Sustainable scenarios.



Supplemental Tables

Table S1: Regional definitions. Countries and regions defined within the coal market model and their corre-

sponding region names used within the analysis.

Model region ‘ Analysis Region ‘ Region’s Countries
United States United States United States
Canada Canada Canada
Mexico Mexico Mexico
Chile Latin America Chile
Brazil Latin America Brazil
Colombia Latin America Colombia
Venezuela Latin America Venezuela
Argentina, Costa Rica, Dominican Republic, Ecuador, El Salvador, Guatemala,
Other Latin America Latin America
Honduras, Jamaica, Panama, Paraguay, Peru, Uruguay
Japan OECD Asia Japan
Korea OECD Asia Korea
Australia Australia Australia, New Zealand
EU 4 Europe France, Germany, Great Britain, Italy
Belgium, Czech Republic, Denmark, Estonia, Ireland, Greece, Spain, Luxem-
EU 17 Europe bourg, Hungary, Netherlands, Austria, Poland, Portugal, Slovenia, Slovak Re-
public, Finland, Sweden
EU7 Europe Bulgaria, Romania, Croatia, Cyprus, Latvia, Lithuania, Malta
Other Europe Europe Iceland, Norway, Switzerland, Turkey, Israel
Russia Russia Russia
Albania, Belarus, Bosnia and Herzegovina, Kosovo, Macedonia, Moldova, Ser-
Balkans Eurasia
bia, Ukraine
Armenia, Azerbaijan, Georgia, Kazakhstan, Kyrgyzstan, Tajikistan, Turk-
Caspian Eurasia
menistan, Uzbekistan
China China China
India India India
Indonesia Developing Asia Indonesia
Burma, Brunei, Laos, Thailand, Cambodia, Malaysia, Singapore, Vietnam,
Southearn Asia Developing Asia
Philippines
Afghanistan, Bangladesh, Bhutan, North Korea, Mongolia, Nepal, Pakistan,
Other Developing Asia Developing Asia
Papua New guinea, Sri Lanka, Taiwan
Bahrain, Iran, Iraq, Jordan, Kuwait, Lebanon, Oman, Qatar, Saudi Arabia,
Middle East Middle East
Syria, United Arab Emirates, Yemen
South Africa South Africa South Africa
North Africa Africa Algeria, Egypt, Libya, Morocco, Tunisia
Angola, Benin, Botswana, Burkina Faso, Cameroon, Congo, Ivory Coast,
Ethiopia, Gabon, Ghana, Guinea, Kenya, Madagascar, Malawi, Mali, Maurita-
West Africa Africa
nia, Mozambique, Namibia, Nigeria, Senegal, Sudan, Tanzania, Togo, Uganda,
Zimbabwe




Table S2: Scenario demand data. Global hard coal demand under IEAs Sustainable Development Scenario in

Mtce, from12.

2017 2025 2030 2040

U.S. 472 190 73 53
Other North America 41 14 10 11
Brazil 24 20 16 14

Other Latin America 24 23 18 14

European Union 334 183 101 70
Other Europe 141 93 62 42
South Africa 129 109 79 44
Other Africa 16 19 28 39
Middle East 5 7 7 7
Russia 167 133 99 67
Other Eurasia 57 50 47 38
China 2753 2346 1894 1050
India 572 649 627 537

Japan (OECD Asia) 164 109 71 46

Southeast Asia 180 204 160 109
Other Asia 279 202 159 143
steam coal 4134 3313 2745 1609
coking coal 960 837 751 579
lignite 265 201 165 93

Total 5359 4351 3661 2281




Table S3: Scenario demand data. Global hard coal demand under IEA's New Policies Scenario in Mtce, from 12

2017 2025 2030 2035 2040

U.S. 472 379 359 345 330
Other North America 41 17 13 11 11
Brazil 24 23 23 23 24

Other Latin America 24 29 30 29 30

European Union 334 239 169 131 113
Other Europe 141 124 121 120 127
South Africa 129 123 110 99 86
Other Africa 16 27 39 47 56
Middle East 5 8 9 11 13
Russia 167 165 153 147 141
Other Eurasia 57 63 66 67 70
China 2753 2735 2659 2536 2395
India 572 801 955 1104 1240

Japan (OECD Asia) 164 134 129 119 111

Southeast Asia 180 251 297 348 398
Other Asia 279 265 272 281 295
steam coal 4134 4201 4271 4342 4412
coking coal 960 918 881 843 806
lignite 265 264 251 237 224
Total 5359 5383 5403 5422 5442

Table S4: Model parameters.

Parameter Dimension Description

minetoporty, USDy16/t Cost transport from mines to domestic port
minetodomy, j USDyg16/t Cost transport from mines to domestic demand region
COStm,c,t USDyg16/t Mining cost

invcost; ¢ USDyg16/t Investment cost of new capacity

miningcapmt,c Mtce/year Maximum mining capacity

CVmn,c kcal/kg Calorific value

demand;c ¢ Mtce/year Demand in region j



Table S5: Model variables.

Variable Dimension Description

Qe Mtce/year Traded quantity

Xm,c t Mtce/year Production in mine m
invcap; ¢t Mtce/year New mining capacity

minecapan: Mtce/year Mining capacity

decomy, ¢ Mtce/year ~Decommissioned capacity
prodcosty, ¢t MUSD2p16  Production cost
fixedcosty ¢  MUSDygs  Fixed cost

capcost; ¢ ¢ MUSDyp16  Capital cost

transcosty e MUSDyg16  Transport cost

Table S6: Model sets.

Set Description

k  Allnodes eK=MUHU]J

m  All mines EMcK

i New mines elcM

h  Ports eHcK

j Demand regions € JcK

t Years € T =1[2016, ..., 2050]

c Type of coal € C=[steam,coking]
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Figure S2: Historical validation of steam coal imports against IEA data from?8.
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Figure $3: Historical validation of coking coal imports against IEA data from8.
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Figure S5: Historical validation of coking coal exports against IEA data from?8,
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Figure S6: Historical validation of total hard coal production against IEA data fromm
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Figure S7: Historical validation of steam coal price against IHS Markit data fromL.
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Figure S8: Historical validation of coking coal price against IHS Markit data from™!
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Figure S9: Seaborne steam coal supply cost curves, giving a comparison between the data used in this paper for

2017 and data published in the World Energy Outlook 201872. Prices are Free on Board (FOB).
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Figure S10: Projected regional value of trade in hard coal. Top panels show the cost of imports and bottom
panels show the revenue from exports (corresponding to Figure[7 in the main manuscript). Left panels show the
business as usual scenario, right panels show the Sustainable scenario. Value calculated as the volume of coal
traded multiplied by the price at importing or exporting ports, the difference between this is due to the cost of

transportation.
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Figure S11: Principal hard coal trade routes in 2040. Line width is proportional to annual flow in Mtce, and

colour signifies the exporting region. Coking and steam coal are aggregated, hence some regions simultaneously
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Figure S12: Projected global investment in new coal mines. Panels show steam coal (left) and coking coal (right)
in Mtce per annum capacity. In monetary terms (USD2;¢), investment in new coking coal capacity over the 2020-
2040 period represents $80 billion in the Business-as-usual scenario and $57 billion in the Sustainable scenario -

whereas for steam coal, investments in new capacity represent $331 billion and $132 billion respectively.
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Figure S13: The impact of hubris on stranded assets. The relative increase in decommissioning over the period of

2020-2040 by region under the stranded assets run compared to the Sustainable scenario.



Business as Usual Sustainable

N .

4000 Russia

India

—_——————

5000

4000

3000 3000

2000 2000

Coal production volume (Mtce)
Coal production volume (Mtce)

_
o
o
o
—
o
o
o

South Africa
Australia

0 0
2016 2020 2025 2030 2035 2040 2016 2020 2025 2030 2035 2040

Figure S14: Projected regional production of hard coal. Panels show production in Mtce, comparing the business

as usual (left) and Sustainable Development scenario (right).
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