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In brief

Coal use and trade must decline to limit

global warming. The speed of climate-

compliant coal phase out and the impact

of current developments, such as

renewables phase in and aging coal

power plant fleets, are uncertain. We

show that new coal export projects such

as the Carmichael project in the Galilee

Basin, Australia, are not economically

viable.
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SCIENCEFORSOCIETY Coal is themost carbon-intensive fossil fuel, burning it producesmore CO2 per unit
of energy than any other fuel, and thus its continued use as an energy source contributes significantly to
climate change. However, despite its negative environmental impacts, governments around the world
continue to approve new coal mines, often citing economic benefits. Although the recent European energy
crisis did indeed trigger a rise in coal prices, long-term profitability remains highly questionable, particularly
in light of global climate policies and rapidly growing renewable energy infrastructure. Using amathematical
model, we assessed the economic viability of Australia’s Carmichael project (one of the largest new coal
export projects in the world) and show that the project will not break even, even under a high-coal-demand
scenario. Our findings demonstrate that short-term economic profitability is not sufficient justification to li-
cense future coal projects.
SUMMARY
To limit the effects of climate change, we must significantly curtail the trading and use of coal as an energy
source. Although the rise of renewable energy sources has already led to a reduction in the demand for and
use of coal, new export-oriented coal mine projects are still being approved, and they often receive strong
political support. However, whether these projects are economically viable remains questionable. Here,
we leverage one of the largest new coal export projects in the world, the Carmichael project by Adani in
the Galilee Basin, Australia, to assess the prospects of investments in coal exports. We use the
COALMOD-World model in three scenarios with weak/moderate/strong climate policy ambitions. We find
that new coal mines in the Galilee Basin and globally are not economically viable and are prone to become
stranded assets due to climate policy and the increasing role of renewables, even in Asia, where the highest
coal-demand growth exists. Our findings illustrate the irrational motivations for new coal mines, calling for a
cease on coal investments that deliver neither climate nor economic benefits.
INTRODUCTION

Anthropogenic climate change has been recognized as major

challenge by the international community. The use of fossil en-

ergy resources has contributed a critical share to cumulative hu-
990 One Earth 6, 990–1004, August 18, 2023 ª 2023 The Author(s). P
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man-made greenhouse gas emissions. Coal alone is responsible

for about 37% of the global greenhouse gas emissions today.1

Limiting global warming to 1.5�C of pre-industrial levels requires

the rapid decline of coal use over the next decades,2 leaving no

room for new coal mines and the development of the majority of
ublished by Elsevier Inc.
tivecommons.org/licenses/by-nc/4.0/).
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global coal reserves.3–6 Politically, the climate conference

COP26 in Glasgow in November 2021 has heralded the end of

coal in the next decades as a global objective. However, national

and global climate policies are not aligned with the 1.5�C target

so far,7 and at COP27 in Sharm el-Sheikh in November 2022, the

proposal for a global commitment to phase out all fossil fuels was

rejected. This ambiguity of global climate policy and the absent

end date for a global coal phase out leaves room for different in-

terpretations by coal suppliers and consumers as to the trajec-

tory in the very next years.

Indeed, theworld continues to see investments in new coal as-

sets, both for domestic use of coal and for coal exports.8 If put

into operation, proposed new steam coal-mining projects, that

is thermal coal excluding lignite, could add some 1,300 million

tons per annum (Mtpa) production capacity, an increase in global

capacity by up to 20%.9 However, the economic prospects of

new coal assets are highly uncertain. Ratcheting up of climate

policies could lead to the stranding of fossil fuel projects.10–13

Capacity factors of coal-fired power plants have globally

decreased over the last decade,14 as have net additions and

plans for new coal plants.15 Particularly, new export-oriented

projects, which account for about one-third to half of all pro-

posed new coal projects,8 might be affected be declining global

demand, as countries with domestic coal production tend to

support their domestic supply over imports.8,16 With coal con-

sumption increasingly concentrated in Asia, coal exporters’

prospects highly depend on demand developments in this

region.8,17,18

The increasing deployment of low-cost renewable energy

sources (RESs) and policies tackling coal-related air pollution

will contribute to eroding future coal demand.16,19–21 It remains

an open question as to what extent current energy sector devel-

opments already pose a stranding risk for new export coal sup-

ply assets. Closing this knowledge gap can help to avoid further

exacerbating the risk of carbon lock in22–24 and can help to direct

investments into low-carbon energy infrastructure supporting

the achievement of climate targets and sustainable development

goals (SDGs).25–27 The same goes for necessary measures

to address inevitable structural changes in coal-mining

regions.28,29

One of the most prominent new export coal projects, and the

first mine in the world’s largest known, and so far untapped, coal

basins, is the Carmichael project by the Indian company Adani in

the Galilee Basin in Australia.30 With its initially proposed annual

capacity of up to 60 Mtpa, Carmichael would be one of the

largest mines in the world and could cause almost 5 Gt CO2

emissions over a 60 year lifetime,31 the equivalent to 1% of the

remaining CO2 budget for limiting global warming to 1.5�C
(50% probability).2 Since its announcement in 2010, the project

has received critical attention not only because of its potential

climate and environmental impacts but also because of con-

cerns regarding its economic viability.32–34 In 2022, the first

coal was produced from Carmichael. Yet, the question of the

project’s economic viability remains. Carmichael and other pro-

jects in theGalilee Basinmight actually risk asset stranding either

due to global climate policy or due to current energy sector de-

velopments, particularly in Asia. The Galilee Basin’s viability in

the face of updated demand outlooks is particularly revealing

because it gives an indication of the potential profitability of other
export projects in the making. Indeed, if the Carmichael project,

with its expected economies of scale, is not profitable in reason-

able demand outlooks, other, smaller projects are evenmore un-

likely to be viable.

Here, we use the example of theGalilee Basin, whichwe quan-

tify based on the Carmichael project, to shed light on the pros-

pects of new steam coal export projects using the partial equilib-

rium model COALMOD-World of the global steam coal

market.3,35 To investigate the uncertainty faced by new export

coal projects, we build several detailed, bottom-up coal-demand

scenarios, focusing on variation in Asia-Pacific importing coun-

tries. Our results show that, even for very low cost assumptions,

the Carmichael project is not economically viable. Under none of

the assessed plausible scenarios would investments in coal pro-

duction capacities in the Galilee Basin have been made. Invest-

ments in additional coal-mining capacities in other Australian ba-

sins are only viable in the highest-demand scenario and only for

replacing retired capacities. In the case of a moderately more

ambitious climate policy, these replacement investments would

also be dispensable. Globally, investments are almost exclu-

sively concentrated on domestic supply capacities, implying a

particularly high asset-stranding risk for export-oriented coal

supply investments. This is an important message for policy-

makers to take into account in the licensing of new export

projects. Theymight well be confronted with bankrupt coal com-

panies and local communities suffering from coal-mining depen-

dency within a much shorter time period than expected during a

temporary high price period as 2022/2023.

RESULTS AND DISCUSSION

Bottom-up scenarios for future coal demand
Prospects for steam coal supply are strongly linked to develop-

ments in the coal power sector, which is responsible for about

75% of the demand.36 About 80% of this demand originates

from the Asia-Pacific region (i.e., Asia and Oceania), and future

demand is expected to continue concentrating in this world re-

gion.37 Theworld’s largest steam coal importers are China, India,

Japan, South Korea, and Taiwan, together importing some 60%

of all internationally traded steam coal.38 However, strengthened

climate targets and increasing shares of renewables might

increasingly affect coal demand also in this region.16,19,20 The

amount of new coal power capacities under development has

significantly decreased since 2015, and global annual coal po-

wer capacity retirements have almost reached parity with capac-

ity additions.15

In order to assess prospects of coal export projects in these

uncertain market outlooks, we build two coal-demand scenarios

based on bottom-up coal sector data and policy information,

including data on coal power capacity expansions and retire-

ments from Global Energy Monitor39 on and information on ca-

pacity factor developments (i.a., from Jones, Graham, and Tun-

bridge14). The high demand scenario depicts a continued

important role for coal in the current policy environment. The

moderate decline scenario represents some more, but limited,

climate ambition and an understanding to reduce the role of

coal in the long term, in the spirit of the 2021 Glasgow COP26

climate accord. We contrast these two bottom-up scenarios

with a 1.5�C scenario based on top-down mitigation pathway
One Earth 6, 990–1004, August 18, 2023 991
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Figure 1. Steam coal-demand scenarios for Asia-Pacific countries

Relative change in steam coal demand until 2050 compared with the year 2020 in Australia, China, India, Japan, South Korea, and Taiwan in the (A) high demand,

(B) moderate decline, and (C) 1.5�C scenarios.
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analyses from IPCC.40 Detailed information on scenario building

is given in the experimental procedures.

Figure 1 shows the relative changes in steam coal demand un-

til 2050 of five major steam coal importers and Australia in the

three scenarios. The decline is delayed in China and India due

to coal power capacities under construction coming online in

the next years and a younger coal plant fleet. Compared with

the high demand scenario, the moderate decline and 1.5�C sce-

narios show a much faster decline in steam coal demand.
Galilee Basin: Not a profitable venture
We introduce a new node for the Galilee Basin in the COALMOD-

Worldmodel, whichwe parameterize based on characteristics of

the Carmichael project with the Abbot Point port as the export

terminal. Where cost estimates are ambiguous, we use lower-

end cost-range values as a starting point for our analysis so as

not to artificially disadvantage the project. The initial production

capacity as well as the initial transport capacity between mine

and port are set to 0 Mtpa in the model. Thus, the decision to

build production and transport capacities in the Galilee Basin

is endogenous to the model.

We start analyzing the economic viability of the Galilee Basin

using the high demand scenario, which is the most favorable

scenario for a new project. Yet, no investments into production

capacity in the Galilee Basin production node are triggered,

despite the low cost assumptions and the scenario with the high-

est demand in our scenario suite. Considering that each produc-

tion node in themodel represents a profit-maximizing player with

perfect foresight over the entire model time horizon, any invest-

ment in new production and transport capacities in the Galilee

Basin would have a negative net present value.

To test for the sensitivity of the result to future coal-demand

assumptions, we also run an even higher demand scenario,

based on demand growth rates of the IEA41 ‘‘stated policies sce-

nario’’ (STEPS) scenario (see Hauenstein3 for the scenario build-
992 One Earth 6, 990–1004, August 18, 2023
ing). Coal demand remains continuously high in this scenario and

approximately represents pre-pandemic industry expecta-

tions.18 Cumulative global coal demand for the time 2020–

2050 is 18% higher in this scenario than in our high demand sce-

nario. Yet, also such an exceptionally high demand scenario

does not result in the buildup of capacities in the Galilee Basin

despite an increase in total Australian production (see Figure S1).
The political economy driving coal export projects
Our quantitative results confirm previous qualitative analyses

that found the Carmichael coal mine project to be driven not

by economic rationale but rather by political economic objec-

tives, both from actors in Australia as well as in India.42–44 India

has experienced a rapid growth of power demand over the last

decades, which has been met mostly by an expansion of coal-

fired power generation. However, since the early 2000s, domes-

tic coal production increasingly had fallen behind demand, and

Indian steam coal imports have risen.36 Both state and private

actors therefore increasingly looked into securing coal supplies

abroad by investing directly into overseas mines and projects,

including Adani, which operates several coal plants in India

and is well connected to Indian politics.43

Similarly, Australian national and state representatives, from

all major political parties, welcomed plans for developing addi-

tional coal export projects, arguing that they create jobs and

economic prosperity.42,45 The coal sector has developed close

ties to all major Australian political parties, which have been sus-

tained by ‘‘revolving door’’ mechanisms for staff between indus-

try, its associations, and the government.46,47 Stutzer et al.44

argue that it was also this ‘‘enduring symbiosis between the

Australian state and the coal industry’’ that led to the final

approval of the Carmichael project in 2019 despite large public

opposition to the project. What is more, the national and

Queensland governments subsidize the coal sector, including

the Carmichael mine, via tax breaks and other subsidies.47,48



Table 1. Characteristics of the Carmichael mine and project,

including railway transport and exports

Parameter (unit) Lower bound Upper bound

Reserves (Mtpa) 2,300 2,300

Energy content (kcal/kg) 4,950 4,950

Initial production

capacity (Mtpa)

0 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 0.15

Initial rail transport

capacity (Mtpa)

0 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

Sources and derivation of parameter value ranges provided in Note S2.

For all calculations, we use an exchange rate of 1 A$ = 0.7721 US$, which

is a representative average 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.
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Varying the Galilee Basin’s investment costs
The result that no investment in the Galilee Basin is profitable in

any, not even the highest-demand scenario of our scenario suite,

obviously contradicts real-world developments. Adani started

producing in and exporting from the Galilee Basin in 2022. Testing

the results’ sensitivity to our investment cost assumptions,we find

that it remains unchanged for a further reduction of unit invest-

ment costs by up to 35% in the high demand scenario (see

Note S1 for details). In case future demand follows the moderate

decline path, a reduction of investment costs between 85% and

90% is required for investments in the Galilee Basin node to

become profitable. Thus, almost the entire investment cost,

roughly USD2015 1.4 billion in the case of 10 Mtpa production

and transportation capacity, would have to be borne by a third

party to obtain a positive net present value for the project in a

moderate climate policy scenario. However, information on actual

investment and production costs of the Carmichael project is

scarce, and estimates cover a relatively large range. Costs could

be significantly higher thanwhatwe takeasbaseline (compareTa-

ble 1), further worsening the economics of the project.
Subsidies as enabler of production in Galilee Basin
In our calculations, we include the known subsidies that were

granted to the Carmichael mine (for an estimate, see Buckley48)
in our investment and production cost estimates, e.g., tax breaks

and water rights at reduced costs. However, we cannot rule out

that the Carmichael project has benefited from further subsidies

or implicit economic guarantees of which we are not aware and

that have turned the outlook of the project favorable and, finally,

have led to the start of operations in early 2022.

In this spirit, we use the model to investigate whether the

Galilee Basin produces and exports coal if investment costs

are considered sunk, i.e., if investment costs are not taken

into account in the net present value calculations because

they do not need to be recovered by the mine’s operational

profits. Considering investment costs as sunk can be related

to subsidization or to a situation where the investor does not

see any other, better option than ‘‘writing off’’ the past expen-

ditures and going forward. Adani presumably did this in 2018

when downsizing but continuing the project. We conduct addi-

tional model runs with an initial production capacity in the

Galilee Basin node of 10 or 60 Mtpa included exogenously

(i.e., at no cost).

We first assume a ‘‘sunk investment’’ of 10 Mtpa production

capacity, i.e., 10 Mtpa production capacity is available without

investment expenditures in production capacity (see Figure 2

and Note S1). For these model runs, we differentiate between

the low and the high production cost estimates (see Table 1).

In the high demand scenario, the 10 Mtpa available mining ca-

pacity starts to produce at full capacity from the time it becomes

available in both cost cases. However, if production costs are

high, the available capacity is producing only until 2045 in the

high demand scenario and only until 2025 in the moderate

decline scenario. It is not used in later years in the moderate

decline scenario or in any year in the 1.5�C scenario because

global coal demand then is too low. Similarly, sunk investments

of 60 Mtpa are used at full capacity in the high demand scenario

and in the first years of the moderate decline scenario but not in

the 1.5�C scenario (Note S1).

These results show that coal production in the Galilee Basin’s

Carmichael mine might be profitable for an operator that con-

siders its investment costs as sunk as long as the major coal-

consuming countries in the Asia-Pacific region do not reduce

their coal use as pledged. If, however, coal consumption in

Asia-Pacific goes down in line with the assumptions of our mod-

erate decline scenario (i.e., declining trends of coal plant life-

times and capacity factors continuing), then long-run profitability

of coal production in the Galilee Basin is uncertain, even if

ignoring investment costs.

Few brownfield expansions in the rest of Australia
Considering the uncertain outlook for the Carmichael project

outlined above, it is more than doubtful that it will serve as step-

ping stone for the development of more coal-mining projects in

the Galilee Basin. However, there is also a large number of pro-

posed new coal mine and expansion projects in the other Austra-

lian coal basins in Queensland and New South Wales.49 These

projects differ from the ones in the Galilee Basin because they

are in already developed basins and require less investments

in transportation infrastructure, etc. Their production also de-

pends largely on export opportunities to the Asianmarket, where

they are in competition with domestic production and other ex-

porters such as Indonesia, Russia, and the USA.
One Earth 6, 990–1004, August 18, 2023 993
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Figure 2. Steam coal production in Australian coal regions

Steam coal production in the Galilee Basin, other Queensland, and New South Wales in the (A) high demand (Hd), (B) moderate decline (Md), and (C) 1.5�C
scenarios and for two additional sensitivity runs within each demand scenario (A–C): one considering a sunk investment of 10 Mtpa in the Galilee Basin node

(Galilee Basin sunk investment 10 Mtpa), and one considering a sunk investment of 10 Mtpa and high production costs in the Galilee Basin node.
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We find that Australian steam coal production has already

peaked and falls significantly below the current production level

already by 2025 in all three scenarios (Figures 2 and S2). In the

moderate decline and 1.5�C scenarios, 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.
994 One Earth 6, 990–1004, August 18, 2023
The trend in Australian production is mirrored by the trend in

Australian exports (see Figure S2B), which is due to the coal sec-

tor’s large export dependency. Currently, 75%–80% of Austra-

lian steam coal is exported, of which 90% is shipped to Japan,

China, South Korea, and Taiwan.36 The total export share re-

mains at this high level throughout the entire period in all three

scenarios because Australian domestic steam coal demand de-

clines sharply in all three scenarios as well (see Figure S3).
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Figure 3. Steam coal production capacity development in Australian coal-mining regions

Available steam coal production capacity in Australian COALMOD-World producer nodes (A) Queensland, (B) New SouthWales, and (C) Galilee Basin, in all three

scenarios in million tons 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.
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While investments in new production capacities in the Galilee

Basin are not competitive, the model results for the high demand

scenario include investments in some 60 Mtpa production ca-

pacity between 2020 and 2050 in the other Australian coal basins

to replace retiring capacities (see Figure 3). However, both in

Queensland and New South Wales, retirement of mines outpa-

ces new investments, 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.

These low replacement investments are in contrast to the large

number of proposed production capacity expansions in

Australia. As of October 2021, the coal project pipeline in New

South Wales and Queensland (excluding the Galilee Basin) con-

tains a total of 16 Mtpa pure steam coal and 22 Mtpa steam and

metallurgical brownfield projects, i.e., mine expansions. Addi-

tionally a total of 102 Mtpa pure steam coal and 157 Mtpa steam

and metallurgical greenfield projects are proposed in Queens-

land (excluding [excl.] Galilee Basin) and New South Wales.50

The vast majority of these proposed projects are in an early

development stage.19 These projects would add to what is

already a sector with unused capacities. For example, operating

mines in New South Wales’s largest coal-producing region, the

Hunter Valley, are currently operating at less than two-thirds

(62%) of their approved capacity,51 potentially offering some

further leeway before making investments into new capacities

profitable. What is more, the remaining lifetime of operating

coal mines in Australia as reported in Global Energy Monitor39

likely underestimates their true potential lifetime, as the data

are based on the duration of governmental permits for opera-

tions and not on available reserves. In turn, required investments

could be overestimated for these basins.

Clearly, any investments in new mining capacities further

weaken the economic viability of existing operations while being

strongly exposed to the risk of asset stranding. This applies to
Australia but also to all other world regions. Considering the po-

tential for continued and even additional coal supply from exist-

ing Australian mines, investments into new coal-mining projects

appear 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.18 Based on their poor economics, the pro-

jects in the Galilee Basin are the most obvious candidates for

early scrapping.

Global export coal supply and investment trends
The vast majority of global and Australian steam coal trade is

destined for Asia (Figure 4). The global trend toward Asia is

amplified in future years due to the stronger energy demand

growth in the region compared with other world regions. Austra-

lian steam coal exports go almost completely to East Asia,

including China, which does not change much over time.

In all scenarios, Australian exports decline substantially below

current levels (about 200 Mtpa) in the long run. While in the high

demand scenario, exports more than halve until 2050, Australia

does not export any steam coal after 2045 and not after 2040

in the moderate decline and 1.5�C scenarios, respectively. In

the 1.5�C scenario, global seaborne coal trade decreases fast af-

ter 2020, ceasing completely toward 2040. Of the major export-

ing countries, Colombia and the USA are the first to lose their

market shares in the Asian market (already in 2025) due to the

high, distance-related supply costs. They are followed by Russia

(2030). South Africa continues to cover the remaining Indian

import demand, while Indonesia (major share) and Australia (mi-

nor share) supply the remaining countries in Asia until 2035.

In the basic setup of our three scenarios, we have not consid-

ered a Chinese import ban for Australian coal, expecting that the

import ban introduced in 2020 is of temporary nature. In case

these restrictions continue, we would expect a continuous re-

routing of trade flows within Asia with limited influence on
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Figure 4. Development of steam coal trade flows in the Asia-Pacific region 2020–2040

Steam coal trade flows in 2030 and 2040 in the three scenarios, high demand,moderate decline, and 1.5�C, comparedwith trade flows in 2020, aswell as regional

steam coal production, export, and consumption volumes.
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exporters’ total production volumes, in particular if high demand

in Asia persists. To test for effects of changes in Chinese and In-

dian import policies, we implemented various sensitivity runs.

They show that such import banswould affect Australian exports

much more in the moderate decline and the 1.5�C scenarios due

to declining imports across the region (see Note S1 and

Figure S4).

Global coal production capacities declining
With an increasing share of renewables in the global energy sys-

tem, global coal demand and production start to decline no later

than 2025. In the high demand scenario, this decline is felt differ-

ently among the major coal producers. While China, India, and

Indonesia continue to produce at an only slightly declining level

up to 2040, production in most other major coal-producing and

-exporting countries declines by one-third to two-thirds between

2020 and 2040. Yet, these are still high levels compared with the

drop in the moderate decline scenario, where global production

declines by more than three-fourths between 2020 and 2040,

affecting all producers (see Figures S4 and S5 for more details).

This uncertainty of future demand is reflected in the model re-

sults for investments in global coal production capacities (Fig-

ure 5). In themoderate decline scenario, only someminor invest-

ments from 2020 onward (in total, 90Mtpa) are required in China,

while existing production capacities in all other countries are suf-

ficient to cater to the remaining, declining demand. In contrast, in

the high demand scenario, investments into new production ca-

pacities would be economic in most major producing countries

(2020–2050 total of 3,000 Mtpa). However, these are mainly in-

vestments in replacements for retired capacities. Capacity ex-

pansions would be largely limited to China, India, and Indonesia

and to the time until 2025. In other words, large current coal ex-

porters such as Australia, Colombia, Russia, and South Africa

face the prospect of stranding their export mine capacities

even in high demand scenarios.

In contrast to ourmodel results, there continue to be investment

projects in new coal assets, both for domestic use of coal and for

coal exports.8 If built, proposed new steam coal-mining projects

could add some 1,300 Mtpa production capacity, an increase in

global capacity by up to 20%.9 Some 380 Mtpa of these planned

capacities are expansion projects, but almost 900 Mtpa are in

greenfield projects. About two-thirds of the proposed capacities

are in Australia, China, and India. Considering the high uncertainty

of future coal demand, the risk of asset stranding for new coal

mine projects, greenfield and brownfield, is substantial in all coun-

tries, not only in Australia and the Galilee Basin. Our findings are in

line with other research that points to the increasing risk of strand-

ing for fossil fuel supply assets.6,10,52,53

Conclusions
In this article, we assess the economic viability of new coal-min-

ing capacities in the Galilee Basin, particularly of the Carmichael

project, and more broadly the prospects of new investments in

the export steam coal sector.We find that theCarmichael project

is not economically viable. Even if already made investments are

considered sunk, profitable long-run operation of the available

capacity is uncertain and contingent on continuously high de-

mand in Asia. We show, however, that there is no sustained,

long-run demand for additional coal due to decreasing coal-fired
power-generation capacities and 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 need for additional investments in coal-mining ca-

pacities. While the international community could not agree on

a commitment at COP27 in Sharm el-Sheikh in 2022 to raise its

ambitions to phase out fossil fuels compared with COP26 in

Glasgow in 2021, ratcheting up of climate policies and energy

sector regulations in line with the commitments at COP26 would

suffice to erase the economic ground for any new coal capac-

ities. With such tight export expansion potentials, any new coal

capacities will exacerbate the risk of asset stranding in the

sector.

The turmoil on global energy markets, following the Russian

attack on Ukraine in February 2022, caused international coal

prices to reach unprecedented highs in 2022. Coal producers,

and particularly coal exporters, were profiting from significantly

increasing profit margins.54 A continuation of this trend could,

thus, also change the economic prospects of new coal projects,

such as the Carmichael project. However, in the course of 2022,

international coal prices dropped again to levels prior to the

Russian attack. We agree with Yanguas-Parra et al.54 that the

time of high coal prices in 2022 will probably remain a short

‘‘boom’’ period for coal producers, which will be followed by a

more enduring ‘‘bust’’ period. This will be characterized by lower

coal prices, due to overall energy sector developments gradually

turning away from coal but also an increasing perception of fossil

fuel import dependence as threat to energy security. The latter is

also mirrored in the IEA’s55 latest World Energy Outlook in 2022,

which emphasizes the need to accelerate the transition away

from fossil fuels to improve energy security.

These trends will inevitably lead to a decreasing commitment

of financial investors in the fossil resources sector. The fact that

Adani had not been able to obtain external funding for the Carmi-

chael project for many years is only the most prominent example

of a general industry trend. As of early 2023, Adani shares’ values

dropped by two-thirds and more after a report raising doubt

about the integrity of Adani group’s finances and business prac-

tices. This might further exacerbate the Carmichael project’s un-

certain prospects.

The Australian government—just as 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 far from being a safe bet and come with a high risk of

becoming stranded assets, not only due to climate policy but

also because of the increasing competitiveness of renewables

in the electricity sector. 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 Australian mining re-

gions,10,56 but the right measures early on can help to smooth

the transition for affectedworkers and communities.28,29 Richter,

Mendelevitch, and Jotzo57 discussed that an export tax or a pro-

duction tax in Australia and elsewhere could provide tax revenue

while having some attenuating effect on global coal supply and,

hence, greenhouse gas emissions.
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Figure 5. Steam coal production capacity development in major coal-producing countries
Available steam coal production capacity in (A) China, (B) Indonesia, (C) India, (D) USA, (E) Australia, (F) Colombia, (G) Russia, (H) South Africa, and (I) globally in

the high demand andmoderate decline scenarios in million tons per year (2020–2050). ‘‘New capacity’’ denotes capacity addition (in year a) based on investment

in previousmodel period (year a � 1). ‘‘Existing capacity’’ denotes remaining capacity from previousmodel periods. The 1.5�C scenario is not shown because no

new capacity was added. Retirement of existing capacity follows the same retirement curve as in moderate decline scenario.
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There are some limitations to observe with respect to our anal-

ysis. 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 2021 in Australia

and during the 2010s in the USA.21 Second, a major caveat of

model-based analyses is the limited quality of available data.

With the publication of the ‘‘Global Coal Mine Tracker,’’39 openly

accessible data on coal mines have been greatly advanced.

However, data on the technical lifetime of existing mines is still

scarce, so our results for required coal mine replacement invest-

ments have to be considered with some care (also, compare
998 One Earth 6, 990–1004, August 18, 2023
Hauenstein3). Lastly, while our model results suggest that there

is no economic case for the Carmichael project, the first coal

from the project has been produced. As our analysis shows,

an explanation could be that early project investments are

considered sunk, leaving them out of further profitability calcula-

tions. Another factor could be that coal investors still seem to

take their investment decisions based on high demand fore-

casts, and the volatile commitment to climate policy in several

Asian countries has repeatedly provided them reasons to do

so. And, last but not least, interlinkage between the coal sector

and the political decision-makers might have provided further

reasons for the project to move ahead, but there is still a need

for more research on this. Transparency on costs, stakeholders,
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and expected externalities is what can help the public to under-

stand the interests and stakes in such a project.
EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Lead contact for further information and requests is Franziska Holz (e-mail:

franziska.holz@ntnu.no).

Materials availability

This study did not generate new unique materials.

Data and code availability

The model code used in this analysis is openly available in Hauenstein.58 All

data and figure code are provided in Hauenstein et al.59

The Carmichael mine in the Galilee Basin in Australia

The Galilee Basin is a steam coal basin in central Queensland in Northeastern

Australia whose coal deposits were first discovered in the 1970s. The basin is

relatively remote and lacked infrastructure required for mining. To open up the

Galilee Basin for coal production, long rail lines across floodplains and farm-

land had to be built, resulting in comparatively high investment and transpor-

tation costs. Additionally, the low availability of water as well as the lack of air

and road transportation and power and mining infrastructure required large

upfront investments.

In 2010, Adani’s application process for the Carmichael mine began, and

since then, the project has gone through numerous reviews and project

changes. This makes it challenging to define the costs and capacity numbers.

The Carmichael project includes up to six open-cut coal pits, five underground

mines, coal-processing facilities, and a railway line from the mine to the Abbot

Point coal export terminal.60

The Carmichael project was downsized several times andmost drastically in

2018 after the company failed to attract external funding. The project’s invest-

ment volume then was reduced from A$16.5 to A$2 billion by reducing the

mine’s initial production capacity from 60 to 10 Mtpa with plans to ramp up

production capacity to 27.5 Mtpa later. In addition to the A$2 billion invested

by Adani, the Carmichael mine benefits from subsidies from the Australian

and Queensland governments. For a project size of 27 Mtpa, the subsidies

were estimated to amount to approximately A$4.4 billion over a 30 year project

lifetime.48 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 con-

struction of the mine in 2019 and produced its 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 data of the Galilee Basin. Ta-

ble 1 provides an overview of the main parameters for the Carmichael project.

We include lower-bound and upper-bound estimates where there is uncer-

tainty on the parameter values. Details on parameter value derivation and on

value ranges, as well as more background information on the Galilee Basin

including Carmichael and other coal mine projects, can be found in the supple-

mental information (Note S2).

Let us highlight a few data points from Table 1. First, Carmichael coal has a

relatively low average energy content of 4,950 kcal/kg (net as received

[NAR]).61 This is 17.5% lower than the standard Australian benchmark coal (ex-

ports via the Newcastle port) with an average energy content of

6,000 kcal/kg.62

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, these data were taken from

different stages of the project planning. Generally, the downsizing of the Car-

michael project over time—only developingmore easily accessible parts of the

mine and the shorter railway line, the expansion of only the existing export ter-

minal—has led to lower investment costs by Mtpa annual capacity (which,
however, would question the scalability of the mine to 60 Mtpa capacity at

these low unit investment costs).

Third, there is also much uncertainty on the operational costs, with upper

bounds of production (mining) and railway transport costs about 50% higher

than the lower-bound estimates. The lower-bound estimates for combined

Galilee Basin operational supply costs (free on board (FOB): production + rail-

way 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 are

slightly higher than other suppliers to the Asian market. The upper-bound es-

timates, however, are more expensive than all other major suppliers to the

Asian market.

The COALMOD-World model

COALMOD-World (CMW) is a partial equilibriummodel of theworld steam coal

market (see Hauenstein3 for a detailed description of the model version used

here and Holz et al.35 for further model background information). The model in-

cludes all major steam coal producers, trade routes, and consumers. Pro-

ducers and exporters are represented as profit-maximizing players with per-

fect foresight under specific operational and technical constraints.

Consumption nodes are represented via inverse demand functions, based

on exogenously derived (scenario-specific) coal-demand levels. Market-

clearing conditions endogenously determine regional coal prices. Production

and trade volumes, as well as investments in production and transport infra-

structure, are endogenous model decisions. Investments in additional capac-

ities are made if profitable over the model horizon (net present value optimiza-

tion). 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.3 Pro-

ducers face specific extraction costs, age structures of their existing mine ca-

pacities, remaining coal reserves, coal qualities, and expansion potential per

period. In accordance with findings of previous studies,63,64 the steam coal

market is modeled as perfectly competitive. The model is calibrated for its

starting year 2015.

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 Hauenstein3). Although not officially

announced, China de facto restricts the amount of coal imported.19,65 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. Results of Gosens, Turnbull,

and Jotzo65 and recent media announcements suggest even lower quotas in

future years (compare Note S1).

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 (Figure 6). The dedicated export terminal of the Galilee Ba-

sin node is Abbot Point. The Galilee Basin producer node is parameterized

based on Adani’s Carmichael project. In order to analyze the economic

viability of the construction and operation of the Galilee Basin, the initial pro-

duction 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

anymining operations. Moreover, where ranges of data values were assessed,

we use lower-end cost estimates and higher-end available capacity estimates

in order to not underestimate the investment potential in the Galilee Basin.

Coal demand 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 the main destinations of Australian coal.67 In 2019,

almost 90% of Australia’s steam coal exports were shipped to these

countries.68,69

Table 2 gives an overview of steam coal consumption, production, and im-

ports from Australia 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 they 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 heavily dependent

on imports.69 Large parts of their coal imports have traditionally come from

Australia.
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Figure 6. COALMOD-World coal production

and export nodes in Australia

Map shows location of Australian coal production

regions and export harbors as depicted in

COALMOD-World. Source: our own illustration.

Geographical data from Australian Bureau of Sta-

tistics.66
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While coal continues to be a major energy source in many Asian countries,

the coal sector has come under increased pressure due to cheaper alternative

power sources, as well as strengthened environmental and climate tar-

gets.16,19,20 Globally, coal plant utilization (capacity factor) has declined be-

tween 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 2019.14

Ever since a record high number in 2015, commissioning of new coal capac-

ity has dropped to a low level not seen since 2005.81 Global coal power capac-

ity under development has declined by about 1,000 gigawatt (GW), or 66%,

between 2015 and 2020, while in the same time, around 1,000 GW planned

coal capacity additions were canceled,81 and this trend has continued dynam-

ically since 2020. Around COP26 in late 2021, China, that is the last major pro-

vider 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 planned new coal capacities in Asia outside of China and In-

dia by the end of 2021 (not considering projects already under construction) if

all formerly Chinese-finance-backed plans are canceled, and of these remain-

ing planned 22 GW, only a minority of them have secured financing.82

With a slowdown of capacity additions, the coal plant fleet is aging 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 10 to

12 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.39
Table 2. Overview of main Australian coal-importing countries and Australia

Indicator AUS CHN IND JPN

Steam coal consumption in 2019 (Mtpa)69 55 3,315 866 141

Steam coal production in 2019 (Mtpa)69 271 2,970 678 1

Steam coal imports in 2019 (Mtpa)69 0 232 183 140

Imports from Australia in 2019 (%)a – 38 2 57

Coal phase-out or -down schedule – peak in 202570 – �46% (2019–2030)b

Carbon-neutrality target date 205072 206073 207074 205075

AUS, Australia; CHN, China; IND, India; JPN, Japan; KOR, South Korea; TWN, Taiwan.
aShare of Australian coal in total imports of the respective country. Our own calculations with data f
bOur own calculations with data from METI78 and Argus Media.79

cOur own calculations with data from the MOEA Bureau of Energy.80
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Furthermore, Australia, Japan, South Korea and

Taiwan have announced plans to achieve green-

house 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 set in-

termediate energy sector targets. Australia and In-

dia have not announced any concrete plans to

phase out coal power. Similarly, despite the high

gains in public health, water consumption, and

other indicators that China could expect from a

rapid coal phase out,83 the largest coal-consuming

(and -producing) country 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 each of themajor coal countries

in the Asia-Pacific is provided in Note S3.

Scenario design

Based on the above outlined developments, we design three plausible but

diverging global coal-demand scenarios, which are the aggregate of national

and regional trends (Table 3). The high demand scenario, with a continued

important role for coal in a 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 am-

bitions 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 et al.59

We design coal-demand pathways for each Asian market as part of the

global coal-demand scenarios (high demand and moderate decline) based

on their national coal and energy sector specifics, as well as their energy

and climate policies. Such bottom-up scenarios provide more plausible

ranges of future coal demand by considering physical infrastructure con-

straints and regional, sector-specific developments than do aggregated en-

ergy system and general equilibrium models.88 As the 1.5�C mitigation sce-

nario requires unprecedented changes of the energy sector in many Asian

countries,89 we therefore rely on IPCC40 data for our 1.5�C scenario. In all sce-

narios, consumption levels for the year 2020 are based on extrapolated 2015–

2019 regional coal-demand trends.90 We, thereby, intend to smooth the short-

term COVID-19 effect on coal markets in 2020.91,92
KOR TWN

102 59

1 0

102 60

31 40

phase out by 205071 �33% (2019–2025)c

205076 205077

rom IEA.68,69



Table 3. Overview of coal-demand scenarios and their coal power plant assumptions

High demand Moderate decline 1.5�C

Asian countriesa assumed lifetime: 40 years

(South Korea: 30 years)b;

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

based on IPCC40 1.5�Cmitigation scenarios

analyzed by Parra et al.84

Australia based on the central scenario

in the AEMO 2020 Integrated

System Plan85

based on the fast change

scenario in the AEMO 2020

Integrated System Plan85

based on IPCC40 1.5�Cmitigation scenarios

analyzed by Parra et al.84

Rest of the world based on the stated policies

scenario in the IEA World

Energy Outlook 202086

based on the sustainable

development scenario in

the IEA World Energy

Outlook 202086

based on IPCC40 1.5�Cmitigation scenarios

analyzed by Parra et al.,84 i.e., median

unabated coal consumption of 1.5�C
scenarios fulfill additional sustainability

criteria (no or limited temperature

overshoot; limited BECCS and carbon

uptake from AFOLU)
aAsian countries represented in the COALMOD-World model are Bangladesh, China, Indonesia, India, Japan, Malaysia, Pakistan, Philippines, South

Korea, Taiwan, Thailand, and Vietnam.
bSouth Korean ‘‘Basic Plan for Long-term Electricity Supply and Demand.’’87
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For the high demand and moderate decline scenarios, we calculate future

steam coal generation capacity in Asian countries based on unit-level coal-fired

power plant data from the Global Coal Plant Tracker provided by Global Energy

Monitor.39 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 are under construction, we assume the retirement after

40 years of operation in the high demand scenario, the conservative benchmark

used also by Clark, Zucker, and Urpelainen93 and Global EnergyMonitor et al.81

An exception is South Korea, where we assume an average retirement age of 30

years,which corresponds to the plannedoperational lifetime in the government’s

‘‘Basic Plan for Long-term Electricity Supply and Demand.’’ In the moderate

decline scenario, we assume the retirement after 25 years of operation for units

without announced retirementdates, basedon the lowaverage 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. This assumption differs apparently from the IEA assump-

tion and leads to lower 2050 coal demand in Asia in our high demand scenario

than in the IEA WEO STEPS scenario.

For capacity factors of coal power generation, we assume a further reduc-

tion 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 cur-

rent capacity factors to 50% by 2050 (except for China), remaining constant

thereafter. For China, where the capacity factor is already below 50% today,

we assume a linear reduction to 40% in 2050. For those countries where no

current capacity factor is available, we assume a current capacity factor of

55% based on the ‘‘rest of the world’’ factor from Jones, Graham, and Tun-

bridge.14 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.

For Australian domestic coal demand, we use scenario data of the 2020 In-

tegrated System Plan (ISP) by AEMO.85 For our high demand scenario, 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 continue

the trend linearly to 2050 when Australian coal demand falls to zero. For the

moderate decline scenario, we use their ‘‘fast change scenario,’’ which as-

sumes a fast energy transition and both national and international strategies

to reduce future CO2 emissions.85 It predicts an almost linear decline of

Australian steam coal demand beginning in 2020 and reaching zero by 2045.

One can reasonably expect even an accelerated decline in Australian coal de-

mand since the government announced in the fall of 2021 to close some 5 GW

coal-fired power capacity even before their original shutdown date.94 The draft
of the latest 2022 AEMO ISP also assumes a much faster decline in Australian

coal demand than was estimated in the previous report, which informed our

scenarios. The path considered ‘‘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

2040.95

For all other countries, we use steam coal-demand trend data of the IEA86

STEPS for our high demand scenario 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 gross domestic

product (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 2040.86 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 2040.86

We also design a climate policy scenario with an effective coal exit, the

1.5�C scenario. It is based on the IPCC40 special report on 1.5�C scenarios.

Yanguas Parra et al.84 selected those 1.5�C scenarios that also fulfill other sus-

tainability criteria such as reasonably limited use of biomass with carbon cap-

ture and storage (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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