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Meeting the Paris targets requires reducing both fossil fuel demand and supply, and closing the “production gap”
between climate targets and energy policy. But there is no supply-side mitigation roadmap yet. We need criteria
to decide where to focus efforts.

Here, we identify the 425 biggest fossil fuel extraction projects globally (defined as >1 gigaton potential COy
emissions). We list these “carbon bombs” by name, show in which countries they are located and calculate their
potential emissions which combined exceed the global 1.5 °C carbon budget by a factor of two. Already pro-
ducing carbon bombs account for a significant percentage of global fossil fuel extraction. But 40% of carbon
bombs have not yet started extraction.

Climate change mitigation efforts cannot ignore carbon bombs. Defusing them could become an important
dimension of climate change mitigation policy and activism towards meeting the Paris targets. So far, few actors,
mainly from civil society, are working on defusing carbon bombs, but they are focussing on a very limited
number of them. We outline a priority agenda where the key strategies are avoiding the activation of new carbon

bombs and putting existing ones into “harvest mode”.

1. Introduction

The United Nations Framework Convention on Climate Change
(UNFCCC) negotiations have framed climate change mitigation as a
demand-side challenge for the past three decades, avoiding an explicit
focus on fossil fuel extraction (Aykut and Castro, 2017; SEL et al., 2019).
The IPCC has warned in its special report on the 1.5° target that swift
reductions in emissions from fossil fuels are necessary and business as
usual emissions would take us past the mark in less than two decades
(IPCC et al., 2018). However, additional fossil fuel extraction projects
are still being planned by energy companies, including state-owned
enterprises (SOEs). These add to the overhang of “unburnable car-
bon”. While mechanisms to untangle this situation are already being
discussed (Asheim et al., 2019; e.g. Newell and Simms, 2020; Pellegrini
et al., 2021; van Asselt, 2014; West, 2020), they have not seen a
breakthrough at the international policy level.

Potential emissions from fossil fuel reserves exceed admissible
emissions by a factor of four to seven (Intergovernmental Panel on
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Climate Change, 2014). Because the overhang in unburnable carbon is
so huge, in the dwindling time frame to meet the Paris targets, we need
to be able to identify priorities for supply-side mitigation activities, the
“next step in climate policy” (Erickson et al., 2018). Non-governmental
organizations have identified and criticized a number of large scale fossil
fuel expansion plans (Berman, 2019; Voorhar and Myllyvirta, 2013). But
so far we lack a comprehensive and detailed map of specific fossil fuel
extraction projects that are relevant to the global greenhouse gas
emissions roadmap.

We aim to contribute to the characterization of the global supply-side
mitigation landscape by answering some questions about the biggest
fossil fuel projects globally, which we call “carbon bombs”. We define a
carbon bomb as a proposed or existing fossil fuel extraction project (a
coal mine, oil or gas project) that would result in more than 1 gigaton of
CO, emissions if its reserves were completely extracted and burnt.
Where are they located? What is their combined size? What is their
status? How easy is it to find information on them? Is their role in dis-
rupting the climate being questioned nationally?
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In order to answer these questions, the first step is to establish the
identity of these projects. We therefore provide a complete global
dataset of carbon bombs. We use a simple method for estimating po-
tential emissions, based on reserve data and average emissions factors.

This global list of carbon bombs is a first step towards defusing more
of them. In the discussion section, we suggest an agenda for defusing
carbon bombs which starts by cancelling new projects first and putting
existing ones into “harvest mode”, thus avoiding stranded assets.

2. Background

The idea that we need to regulate fossil fuel projects and analyze
their potential emissions is not new. Even before the UNFCCC was
established, the issue had already been identified and a global budget for
fossil fuels had been proposed by Krause et al. (1990) to deal with
climate change. To provide a background for our research, we will
briefly outline how the topic of foregoing extraction for climate reasons
has been dealt with in academia, civil society and government.

2.1. Academia

Grubb identified non-conventional fossil fuels as a future key arena
at the intersection of climate and energy policy in 2001 (Grubb, 2001).
Meinshausen et al. charted a global carbon budget for temperature
targets against proven fossil fuel reserves (Meinshausen et al., 2009).

In 2015, McGlade and Ekins detailed which fossil fuel reserves would
stay in the ground for a 2° target, based on economic considerations
(McGlade and Ekins, 2015). In 2021, Welsby et al. updated this analysis.
These analyses paint an outline of the global supply-side mitigation
picture (Welsby et al., 2021). We believe it is useful to further expand
this picture, based on the following considerations.

Firstly, the authors list much coal (~2000 Gigatons worth of CO5).
This might be an overly optimistic scenario, as recent work has shown
that coal is not available in as large quantities as previously assumed
(Ritchie and Dowlatabadi, 2017). Additionally, coal is quickly losing
competitiveness against renewables, to the point that half the global coal
power plant fleet could already be profitably replaced by renewables
plus storage (Bodnar et al., 2020). Therefore we tend towards the view
that much of the coal in their scenario is not likely to get extracted. By
using a dataset that identifies existing projects, we intend to help focus
supply-side mitigation efforts where they may make a difference, i.e. in
places that are arguably close to extraction. Secondly, while economics
provides an important perspective on fossil fuel reserves, uneconomic
projects are often enabled through subsidies (see e.g. Erickson et al.,
2017). We therefore believe that mapping carbon bombs independently
of economic considerations is admissible and in fact useful. And lastly,
Welsby at al.‘s analysis provides data at the regional level without
naming individual projects. Policy decisions are typically taken at the
national level, and movements tend to center on specific projects.
Providing detail down to the project level would be useful to
practitioners.

After NGOs took the lead for a while in spearheading keep-it-in-the-
ground efforts (see the following section), calls from the scientific
community have intensified over the last years to address climate
change mitigation from the supply side (Erickson et al., 2018; Green and
Denniss, 2018). Scientists of the Stockholm Environment Institute have
published a series of papers and briefs (Erickson et al., 2017; Erickson
et al., 2018; Erickson and Lazarus, 2014; Lazarus and van Asselt, 2018;
Piggot et al., 2018) and organized several international conferences on
supply-side mitigation. In 2018, Newell and Simms proposed a fossil fuel
non-proliferation treaty (Newell and Simms, 2020), a vision that has
since galvanized research and activism alike along the lines of
anti-fossil-fuel norms (Green, 2018).

Academic contributions have also examined equity considerations,
which pose additional challenges beyond purely technical questions
(Gambhir et al., 2018; Kartha et al., 2018; Le Billon and Kristoffersen,
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2019), the movement against fossil fuel projects (Benedikter et al., 2016;
Cheon and Urpelainen, 2018; Gaulin and Le Billon, 2020; Klein, 2014;
Piggot, 2018) national and subnational first movers, some of which are
described in the “government” section below (Carter and McKenzie,
2020), and methods to quantify the emissions impacts of the movement
(Kiihne, 2021).

A related topic of academic inquiry has been into stranded assets. In
the context of our question, they refer to those fossil fuel assets that
become worthless because of global climate action. The concept was
introduced by the Carbon Tracker Initiative (2011) and has found its
way into the mainstream of the financial community. Academics have
subsequently used the framing to look at a number of fossil fuel and
other sectors globally and in different countries (e.g. Caldecott et al.,
2016, 2015, 2013a, 2013b; Dietz et al., 2016). These analyses help flag
the companies and projects most exposed to potential asset stranding for
investors. This perspective is an interesting complement to the carbon
bombs lens, because it can help identify those projects that could be
disastrous from an economic perspective on top of the climate one. On
the other hand, it can help understand which projects are economically
so solid that stopping them might be challenging.

2.2. Civil society

A number of contributions - conceptual and more tangible - have
come from environmental non-governmental organizations (NGOs) and
other activists. These include the concept of carbon bombs, which has
been used by civil society at least since 2013 (Voorhar and Myllyvirta,
2013) and alludes to the close link between a fossil fuel based energy
model and climate change related casualties.

A growing Keep it in the Ground (KING) Movement against fossil fuel
infrastructures (Kiihne, 2021) has used different tactics ranging from
publishing reports over lawsuits to civil disobedience (Benedikter et al.,
2016; Gaulin and Le Billon, 2020; Klein, 2014; Piggot, 2018). Multiple
’frontline struggles’ are being waged across the planet against fossil fuel
extraction (e.g. tar sands, fracking, new coal mining) and associated
infrastructures (e.g. airports, motorways, pipelines and corporate
headquarters). As an example, the German direct action coalition Ende
Gelande regularly stages actions of mass civil disobedience to shut down
coal mines in Germany (Bosse, 2017), including both carbon bombs on
our list (Appendix 1). Fracking is another activity that faces increasing
opposition. In 2015, more than 1000 organizations called for a global
ban on fracking (PowerShift, 2015). These are just two examples of the
resistance of the KING movement.

In a more conceptual line of work, in 1997, Greenpeace published a
report named “The Carbon Logic”, adding detail to the connection be-
tween fossil fuels and different climate targets (Hare, 1997). Almost 20
years later, Oil Change International’s report “The Sky’s Limit” showed
that existing coal mines and oil and gas fields can take us past the carbon
budget after the Paris Agreement (Muttitt, 2016), providing a factual
basis for the argument against new approvals of additional fossil fuel
projects. This evaluation has been validated by the International Energy
Agency in 2021 (Bouckaert et al., 2021). Organizations that started with
tracking all coal power plants (Global Energy Monitor, 2020; Shearer
et al., 2018, 2019) are now moving on to monitoring all coal mines and
oil and gas projects globally (Global Energy Monitor, 2021, n.d.). A
global registry for all fossil fuel reserves has been called for (Byrnes,
2020) in connection with the proposal of a fossil fuel non-proliferation
treaty mentioned above, and a methodology is now under construc-
tion (Byrnes, personal communication). Once published, this may help
standardize the way fossil fuel reserves and resources are reported and
identified globally.

A very influential NGO has been the Carbon Tracker Initiative, which
in 2011 published its first “Carbon Bubble” report which looked at the
financial aspect of private companies owning rights to exploit “un-
burnable” carbon that exceeds the global 2° carbon budget. Since then,
many sectoral and other reports have followed, and the danger of fossil
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fuel investments becoming stranded assets is recognized in the financial
community. Following their lead, the Carbon Underground 200, pub-
lishes a list of fossil fuel reserves of publicly traded companies (FFI So-
lutions, 2020) which however does not cover most SOEs.

Complementary to this work, 350.0rg started a fossil fuel divestment
movement in 2011 under the “keep it in the ground” banner (Alexander
et al., 2014). By the end of 2018, 8 trillion US dollars had been
committed to not be invested in fossil fuels any more (Hanley, 2018).
This is relevant for the availability of capital for fossil fuel extraction
projects, including carbon bombs.

From the mentioned examples it is clear that civil society has been
watching the fossil fuel industry and its plans closely and there are a
number of published reports singling out some of the biggest planned
fossil fuel projects which also appear on the carbon bombs list (Berman,
2019; Bingler, 2020; Cimons, 2016; Voorhar and Myllyvirta, 2013).
However, these reports are not the result of a systematic, global
approach towards identifying the biggest fossil fuel projects, but rather
respond to the needs and dynamics of campaign-driven organizations.
They characterize “hot spots” of current struggles against fossil fuels so
to say. This is helpful for understanding how the struggles to defuse
carbon bombs unfold in real life. But it leaves a gap in terms of gaining a
complete global overview of which projects are already active and
which ones are in preparation, especially in countries without ongoing
NGO campaigns. We aim to close that gap with the current research,
aiming at policy makers and activists both on a global and on a national
level.

2.3. Governments

The UNFCCC so far uses a decidedly non-fossil fuel framing, thanks
to the efforts of Saudi Arabia and other allies with strong fossil fuel in-
terests (Aykut and Castro, 2017, pp. 185-191). Different commentators
have decried this (McKibben et al., 2012; Monbiot, 2007, 2015) without
much impact. However, there are other fronts where the framing has
taken root. The IPCC’s 5th Assessment Report mentions explicitly that
we have 4 to 7 times more fossil fuel reserves than can be burned (IPCC,
2014 Section 2.2.5.). Also according to the IPCC, the 1.5 °C target re-
quires limiting global emissions to no more than 420 Gt CO, from 2017
(IPCC et al., 2018, p. 12), and fossil fuel extraction could only occupy
part of that carbon budget. In 2019, UNEP and partners published the
first “Production Gap Report”, listing national extraction reduction
policies and calculating the gap between fossil fuel extraction plans and
the Paris temperature targets (SEI et al., 2019). While the Paris Agree-
ment was silent on fossil fuels (Piggot et al., 2017), it did set a date for
“net zero” emissions in the second half of the century. Subsequently, the
needle has shifted orientation towards a 2050 deadline for fossil fuels
(Bouckaert et al., 2021; United Nations Secretary-General, 2020).

In 2007, Ecuador proposed the Yasuni-ITT Initiative where close to a
billion barrels of oil would be left in the ground in one of the most
biodiverse corners of the planet - in exchange for the international
community giving financial help amounting to half of the expected in-
come from the oil, to be used for changing the Ecuadorian economy onto
a post-carbon course (Larrea and Warnars, 2009). The initiative ulti-
mately failed, but raised the profile of the question about appropriate
mechanisms for keeping fossil fuels in the ground on the international
level - a question that still remains unanswered.

In 2015, President Tong of Kiribati called on other leaders to
establish a moratorium on new coal mines and coal mine extensions.
Later that year, the Suva Declaration by Pacific Island leaders called on
governments to initiate a dialogue on a moratorium on fossil industry
development, especially coal mines. So far, the call remains
unanswered.

Other nations have also taken action: Costa Rica has a moratorium on
oil exploration in place until 2050 (Sequeira, 2014), some countries and
states have banned fracking (France, Bulgaria, Germany, Ireland,
Québec and New York State) and thus stopped extraction of oil and gas
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from shale formations that cannot otherwise be recovered. Greenland
recently became the first country to ban oil and gas exploration for
climate reasons (Buttler, 2021). Spain and New Zealand have also
stopped giving further oil & gas licenses and California intends to end oil
& gas extraction by 2045 (Lo, 2021). Both the Powering Past Coal
Alliance launched in 2017 and the Beyond Oil and Gas Alliance
launched in 2021 have formed coalitions around the common agenda of
phasing out these fossil fuels. These first movers are setting precedents for
other countries to follow, even if policies and proposals sometimes fail,
are temporary, or get rolled back - as in the United States, where the
Trump administration promoted drilling for oil and gas in protected
areas and offshore, rolling back previous measures against extraction.

Between the top-down approach of global climate targets and the
bottom-up efforts of first movers, there is currently little connection.
With the carbon bombs analysis we hope to cover some of the middle
ground, bridging the two, and showing where progress needs to be made
for arriving at globally relevant numbers.

2.4. Defusing carbon bombs

In order to identify especially worthwhile objectives for supply-side
mitigation efforts, we provide a list of the biggest individual units of
potential fossil fuel emissions: carbon bombs. Framing climate change
mitigation as “defusing carbon bombs” can capture the highly abstract
challenge of managing global CO, emissions in a concrete way and offers
a “collective action frame” (Benford and Snow, 2000) that builds a
bridge between the global level of the climate system and concrete en-
ergy policy and activism choices by establishing a middle level of
discrete and discernible projects that are on a scale that can be influ-
enced through the actions of small groups of people. At the same time
the wording implies the urgency of the matter.

3. Method and data

For calculating potential emissions of carbon bombs we use average
IPCC emissions factors for direct CO, emissions from burning the fossil
fuels in question (Eggleston et al., 2006). For projects already in oper-
ation, we include them in the list if they still have more than 1 gigaton
worth of CO3 emissions in remaining reserves. The method is purpose-
fully straightforward: our aim is not to project the precise amount of
emissions that would be generated over the lifetime of each project, but
rather give an estimate of the potential climate impact from the largest
projects.

We only include extraction projects, but not transport infrastructure
(LNG terminals, pipelines, ports), nor demand-side pieces of infra-
structure such as power plants in our analysis. This avoids double
counting in our global analysis. Drawing on additional datasets, future
work could conceptualize such pieces of infrastructure as carbon bombs
as well. Oil and gas pipelines could be considered carbon bombs if they
allow for the additional extraction and transport of oil or gas that results
in over 1 Gt CO, emissions. This is the case for many pipelines, assuming
a 40 year lifetime and use at full capacity, any pipeline with a capacity
over 200,000 bpd of oil or 10 bem of gas per year qualifies for that status.
LNG terminals with a capacity bigger than 15 mtpa can be carbon bombs
over a 40 year lifetime. As an example, the South Korean Incheon LNG
terminal has a processing capacity of 38 mtpa, resulting in a potential of
1 Gt CO, emissions over less than 12 years (see Kiihne, 2021 for a quick
method to estimate emissions of such projects). Coal power plants could
theoretically reach the size, but the Global Coal Plant Tracker (Global
Energy Monitor, 2020) lists only two canceled projects worldwide with
lifetime CO2 emissions over 1 Gt CO2.

3.1. Reserves data

The sources presented in Table 1 were screened for carbon bombs,
identifying projects that are already in operation or planned.
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Table 1
Data sources for identifying carbon bombs.
Fuel Database/Publication Identification criterion Year of
publication
Coal BP Statistical Review countries with >375 million 2020
of Energy tons reserves
US EIA mines with >10 million tons various
annual production, reserves
bigger than:
385 mt anthracite
375 mt coking coal
410 mt bituminous
500 mt coal (general)
555 mt sub-bituminous
835 mt lignite
Global Energy Monitor ~ Reserves bigger than 2021
Global Coal Mine thresholds above
Tracker
Oil & Rystad UCube >2,500 million bbl oil 2020
Gas equivalent reserves

For oil & gas reserves, we used the Rystad UCube database, a com-
mercial database and identified all projects, existing and planned, with
more than 2.5 billion barrels of oil equivalent reserves or 400 bem of gas
equivalent reserves. A project is defined as follows in the Rystad data-
base: “Project is a practical aggregation of assets. Typically a Project consists
of assets to be developed as one industry project. For US onshore Project
corresponds to all assets in same basin in same state, or same shale.” After
performing the calculation with the emissions factors described below,
projects with less than 1 Gt CO;, potential emissions were discarded from
the list.

For coal reserves, in a first step we identified all countries over a
threshold of 375 million tons of coal reserves in the BP Statistical Review
of Energy (BP, 2019). Only countries individually listed were consid-
ered. The sources provided by the US Energy Information Administra-
tion for its estimates of coal reserves (EIA, 2021) were then consulted to
identify individual coal mines above the carbon bomb threshold. Gov-
ernment and company reports, and in the absence of these, industry
news reports were used to identify the latest available reserve figures.
Sources are given in column L of the Coal sheet of the dataset (Appendix
2). In a final step, the resulting list was compared with Global Energy
Monitor’s Global Coal Mine Tracker (Global Energy Monitor, 2021) to
identify further mines or more up-to-date information.

Coal reserves are defined in this dataset as “recoverable reserves™:
the amount of coal at a mine that is considered economically mineable
with the highest degree of confidence. Recoverable reserves include
measured resources that are sufficiently “proved” and indicated/
measured resources that are “probable.” This approach enabled us to
estimate carbon bombs at the mine-level, where extraction is ongoing or
proposed. The use of recoverable reserves also provides a more consis-
tent approach to global reserve figures, which can vary based on local
standards of measurement and reporting, although currently national
reserve estimates are being unified into a single framework by the
Committee for Mineral Reserves International Reporting Standards
(Expert Group on Resource Classification, 2015). When recoverable
reserve figures were unavailable, we collected data on coal resources
and indicated those in the dataset in column H “Reserve category.”
Those mines likely have smaller recoverable reserve sizes than indi-
cated, but without data on drilled and sampled measurements, this is the
best available information for our analysis.

3.2. Production data

Production data stem from Rystad (Rystad Energy, 2020) in the case
of oil and gas and the German Bundesanstalt fiir Geowissenschaften und
Rohstoffe (Federal Institute for Geosciences and Natural Resources,
2021) in the case of coal.
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3.3. Emissions factors

For estimating the average emissions of different fossil fuel reserves,
we build on the work of the Production Gap Report (SEI et al., 2019)
which uses adjustments for fugitive emissions and non-energy uses of
coal, oil and gas for their projections. In our approach, we have not
included those adjustments which work in opposite directions. Our
numbers are therefore labeled as potential emissions - the emissions that
would result if all reserves were burnt. By excluding methane leakage,
we slightly underestimate the global warming potential, particularly of
the gas carbon bombs. By excluding non-energy uses (e.g. plastics, fer-
tilizer, etc.) where the products are not burnt and the carbon may not
reach the atmosphere in the form of CO2 - we slightly overestimate the
emissions in a real-life use case. The emissions factors used are described
in the tab “Emissions Factors” of Appendix 2. We opted for such a
simplified approach towards emissions factors, because we are con-
cerned with giving a global picture of the biggest fossil fuel projects, and
establishing the identity of those projects. A more precise accounting of
potential emissions would change the overall position of a carbon bomb
on the list only in a small number of cases and only in border cases where
adapting the formula pushes individual projects above or below the
limit, the composition of the list would be modified at all through such
methodological fine-tuning. SEI et al. (2019, Annex B3) have also shown
that the difference between a top-down approach with just one global
emissions factor vs. a bottom-up approach using individual country data
tends to be relatively small. We therefore opted for the top-down
approach. Additionally, comparability and future efforts to update the
carbon bomb inventory will be facilitated by a simpler methodology.
Our aim is to contribute to the "defusing" of carbon bombs. If successful,
emissions will be zero for projects that have not started yet or much
lower for those already in operation. Therefore a very precise quantifi-
cation of emissions defeats the purpose of our work.

3.4. Harvest mode analysis

To explore the potential results of a policy of stopping further in-
vestments into carbon bombs, we ran a scenario of putting all existing
carbon bombs into “harvest mode”. This means naturally declining
output of producing oil and gas fields, a scenario that is described by the
International Energy Agency as a “no new investment” scenario (Inter-
national Energy Agency, 2020a Figure 7.3, 2018, p. 158). As a proxy, we
used a 8% annual decline in output from existing fields for oil and gas.
We did not differentiate between conventional and fracked wells,
although the second have much higher decline rates (Peters, 2021),
because they account for a minor portion of global oil and gas supply.
This is a simplification of the picture, because there are big differences in
decline rates between different unconventional and conventional oil and
gas fields and also between ramp-up, legacy and post-peak fields (In-
ternational Energy Agency, 2018, pp. 159-160).

For coal, we performed a simpler harvest mode analysis, based on the
assumption that once coal mines have reached an annual extraction
capacity they can run at that level with limited further investments. We
simply assumed that all existing mines continued extraction at 2019
levels until 2050. For 13 of 137 operating mines this meant they would
exhaust their resources. The rest of them still had reserves remaining at
2050. To establish the validity of our harvest mode analysis, we
compared it with two IEA scenarios from the 2019 World Energy
Outlook (International Energy Agency, 2019, Fig. 5.13): A "strict" sce-
nario without new investment, which shows a global roughly linear
decline of 4% of current global extraction capacity going offline each
year, resulting in zero coal extraction in the year 2043." A "softer" sce-
nario with a 2% annual linear decline was derived from the IEA estimate

! The graph ends in 2040. Continuing the trend from 2018 in a linear fashion
meets zero in 2043.
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for production going forward under continued "brownfield investment",
but no investment in new “greenfield” mines. Note that the IEA figures
are for all global coal extraction, and our figures only for the 137 biggest
projects globally.

4. Results and discussion

We have identified 425 carbon bombs. 195 oil and gas projects fall
into this category, 76 of which are new projects that had not started
production in 2020. We identified 230 coal mines with over 1 gigaton of
potential COy emissions, 93 of which had not been producing yet in
2020. Table 2 gives an overview of the numbers of projects in the
different categories and their potential emissions.

Fig. 1 shows the global map of carbon bombs with combined po-
tential emissions given for each country. The complete list with all
project names, ordered by country, can be found in Appendix 1.

There are only 10 countries with more than 10 carbon bombs: China
(141), Russia (41), United States (28), Iran (24), Saudi Arabia (23.5),2
Australia (23), India (18), Qatar (13), Canada (12) and Iraq (11).
Together, they account for three quarters of the emissions potential of all
carbon bombs.

In terms of current production, carbon bomb projects in operation
were responsible for 45% of global oil and gas production and 25% of
global coal production in 2019 (see Appendix 2, “production share™). A
focus on these projects thus has the potential to address a significant
portion of global fossil fuel emissions.

The potential emissions of the sum of all carbon bombs are roughly
double the remaining 1.5 °C budget (IPCC et al., 2018, p. 12)(see Fig. 2),
an important climate policy benchmark.

A number of carbon bombs have not started extraction yet. In some
cases, the required infrastructure has not yet been built. The combined
potential emissions of new carbon bombs are 419 Gt CO, (225 Gt from
coal, 194 Gt from oil & gas).

Our harvest mode analysis leads to a combined production until
2050 of 318 billion barrels of oil equivalent (113 Gt CO») and 64.2
billion tons of coal (128 Gt COy), resulting in a combined 241 Gt CO,
over the period 2019-2050 - a figure much more compatible with a
1.5 °C carbon budget. Our simple harvest mode model only offers a very
limited view of global fossil fuel markets. More detailed models with
refined assumptions are needed to give a better picture on potentially
stranded assets among carbon bombs.

When comparing our results with findings of previous research, a few
reference points are helpful.

The Production Gap report has pointed to the difference between
governments’ climate pledges and supply side energy policies (SEI et al.,
2019), resulting in a gap that is 50% as wide as permissible production
under a 2 °C pathway and 120% as wide under a 1.5 °C pathway in 2030.
Our perspective on carbon bombs coincides in identifying a large

Table 2
Number of total and new carbon bombs and their potential emissions.
Category Coal Oil & Carbon Coal Oil & New
total Gas bombs new Gas Carbon
total total new bombs
total
# of projects 230 195 425 93 76 169
Potential 536.2 646.0 1182.3 225.2 193.8 419.0
emissions
(Gt COy)

2 The Khafji project in the Neutral Zone between Saudi Arabia and Kuwait
that is operated jointly by both countries has been assigned to 50% to each
country in our list.
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overhang of potential emissions coming from the supply side, and helps
refine this production gap picture by naming the biggest projects that
would be responsible for a significant part of this excess production.

The Sky’s limit report (Muttitt, 2016) identified the potential emis-
sions from existing oil and gas fields and coal mines and compared them
with 1.5° and 2° carbon budgets, arriving at the conclusion that existing
infrastructure would be enough to take us past those thresholds. Again,
our findings are consistent with this, in that existing carbon bombs have
more reserves than would be compatible with 1.5° and no new fossil fuel
infrastructure is admissible from a climate perspective.

A third line of work looks at the lock-in of emissions from demand-
side fossil fuel infrastructure, such as power plants, internal combus-
tion engine cars (Smith et al., 2019; Tong et al., 2019). This research
indicates that with near-term action in the sense of ceasing to build new
fossil fuel infrastructure, the 1.5° and 2 °C targets would be reachable.
Our research focuses on the supply side and thus complements this
demand-side picture with some new insights from the supply side of
fossil fuels and priorities for bringing it in line with the global climate
targets.

As discussed in the literature review section, we provide a more
detailed perspective on previous regional overviews of unburnable
carbon (McGlade and Ekins, 2015; Welsby et al., 2021).

Our results furthermore agree with authors that have pointed out the
importance of climate change mitigation efforts to focus on fossil fuel
extracting countries (Johnsson et al., 2019). These countries must be
part of an ambitious conversation, else mitigation efforts might fail to
reach their global objective.

Taken together, two thirds of carbon bombs are located either in
China, Russia or the Middle East and North Africa regions. These regions
have so far received very limited attention in terms of efforts to stop
fossil fuel extraction. A closer look at Chinese coal (130 projects,
including 48 new ones) and Middle Eastern oil & gas projects (82 pro-
jects, including 24 new ones) are urgently needed to avoid locking in an
overshoot of the Paris targets. Other hotspots of carbon bombs are in the
United States, Australia, India and Canada. These countries will have to
be more actively engaged in searching for ways to meet the Paris targets,
and the likely path leads via defusing some of their carbon bombs.

China interestingly has a history of striving to close small coal mines,
leaving only major, more efficient ones (Cao, 2017). The average mine
capacity is now over 1 million tons per annum (Fitch Ratings, 2020). The
Chinese coal mining sector deserves more focussed attention from the
climate policy community because it makes up the largest number of
carbon bombs globally and more studies such as Shi et al.’s (2018) ex-
amination of the Chinese capacity cut policy would be useful.

Some existing carbon bombs may have escaped our method where
exploration activities are still taking place. Reserve numbers also see
changes when prices change and the oil price depression in 2020 may
have made the extraction of some carbon bombs unviable, leaving fewer
carbon bombs to defuse. On the other hand, a rebound in fossil fuel
prices could add more projects to the carbon bombs list by increasing the
reserves in individual projects beyond the threshold.

5. Conclusions and policy implications

We have mapped the biggest fossil fuel projects worldwide, 425
carbon bombs, with a CO, emissions potential exceeding 1 Gigaton in
each project. The potential emissions from these projects exceed the
1.5 °C carbon budget by a factor of two. We showed that there is a high
concentration of these projects in countries that have so far received
little attention by those looking at the supply side of climate change
mitigation: China, Middle Eastern countries and Russia. This is a major
gap in mitigation policy and urgently needs to be addressed. There are
over a hundred new carbon bombs currently being planned. As a di-
rection for dealing with carbon bombs, in the following we discuss some
strategic options.
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Fig. 2. Combined potential emissions of all carbon bombs versus 1.5 °C carbon
budget.

Sources: Own data, based on Rystad Energy, 2020, Global Energy Monitor,
2021 (Carbon bombs), and IPCC et al., 2018 (1.5° carbon budget).

5.1. No new projects

Our results on “new” carbon bombs indicate that a moratorium on
new carbon bombs could avoid about a third of potential emissions from
carbon bombs.

Coal mines and oil & gas fields, especially of the size considered in

this article, have long lead times and require years for planning, regu-
latory approvals and acquiring financial backing in the billions of US
dollars. The time until a project recovers its initial investment (“break-
even”), tends to be over ten years for such big projects (Muttitt, 2016, p.
35 Figure 12). Because investments in fossil fuel projects need to
compete with other alternative uses of the capital, the return on in-
vestment is critical. Companies internally often apply so-called hurdle
rates, where an investment will not go forward if it does not meet the
hurdle rate, typically 10% as an internal rate of return (Erickson et al.,
2020). Erickson et al. (2017) have analyzed how many fossil fuel pro-
jects in the US are pushed over the hurdle rate through fossil fuel sub-
sidies. Implementing the long-standing G20 commitment to eliminate
fossil fuel subsidies could thus result in a shortening of the list of carbon
bombs.

In today’s energy context, with an ongoing energy transition towards
renewables and ambitious climate policy targets adopted at the global
level by all countries through the UNFCCC and on a national level in a
stepwise fashion, there are strong question marks over the reliability of
decades-long forecasts of revenue for fossil fuel projects (Atanasova and
Schwartz, 2019; Krane, 2017). The least risky strategy under these cir-
cumstances is to forego the investment. A strictly economic analysis
(such as Welsby et al., 2021) does not adequately capture the dynamics
of a market with a significant percentage of actors not mainly driven by
economic incentives, but rather responding to a range of political fac-
tors. If further carbon bomb projects are started, the relevant actors must
seriously consider the danger of generating a stranded asset. Failing to
act accordingly and exercising prudence can often be explained by
misaligned incentives and political economy analyses have been used to
shine light on these dynamics (e.g. Brauers and Oei, 2020).

The recent IEA roadmap for net zero by 2050 which arrived at the
conclusion that no new oil and gas fields nor coal mines are needed
(Bouckaert et al., 2021) aligns well with the argument. Increasingly, oil
and gas exploration is also questioned in courts on the grounds of its
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incompatibility with global climate change mitigation (Médici Colombo,
2020). Therefore, further inquiry into the potential emissions impacts of
carbon bombs projects and their compatibility with global climate
change mitigation pathways, both on an aggregate and a project level
are needed, especially where investments are still considered. The UN
Secretary General has stated in August 2021 that countries should not
explore for more fossil fuels nor start new extraction projects (United
Nations Secretary-General, 2021). Our analysis points in the same di-
rection and outlines a priority list of projects that could be questioned.

5.2. Harvest mode

During the COVID-19 pandemic, most oil and gas companies found
themselves in a situation of low oil prices and little capital for in-
vestments and exploration. Some privately-owned companies ceased to
pay dividends. In 2021, prices were on the increase again, and these
same companies were under pressure to reestablish dividends and align
their plans with the Paris Agreement, rather than withholding the
money from their shareholders and investing in further extraction which
is incompatible with the Paris Agreement. Applying a “harvest mode”
strategy, which consists of continuing extraction without new in-
vestments, is one possible response to the challenge. It could be com-
bined with a shift in focus of a business towards other sectors within or
beyond energy (see Harries and Annex, 2018 for a successful example;
and Harrigan and Porter, 1989 for general strategies). Applying a har-
vest mode strategy can stabilize a fossil fuel business and reduce its risks,
because it continues to provide returns, as no investment needs to be
made while fossil fuels are still harvested. This property of a harvest
mode strategy might make it a useful ingredient of the conversation
about a “managed decline” of fossil fuels (Erickson et al., 2018). It
provides a potential alignment of different interests: firstly, central
banks focused on stability of the financial system, which would be
threatened by the collapse of big companies (Baer, 2020); secondly,
governments focused on a strong economy and stable jobs; thirdly, in-
vestors focused on financial returns; and lastly climate-vulnerable
countries and young generations focused on a swift reduction in fossil
fuel emissions.

Different fossil fuel sectors have different decline rates when
applying a harvest mode strategy, with unconventional oil and gas
extracted through fracking having much steeper declines than conven-
tional oil and gas or coal. Our analysis indicates that this strategy might
make a contribution to aligning fossil fuel supply with climate goals. On
the demand side, the work of Millward-Hopkins et al. (2020) indicates
that there is also potential for a bigger alignment, while meeting the
basic needs of the global population.

5.3. Early closure

The major part of coal globally today is used for electricity (Inter-
national Energy Agency, 2020b). Levelized cost of electricity analyses
show that renewables are replacing coal as the cheapest source of
electricity in most major countries (Ram et al., 2018). However,
coal-fired electricity is often shielded from market competition, meaning
that it can persist even when it is effectively more expensive than cleaner
energy sources (Bodnar et al., 2020). This situation, where consumers
pay more for coal power which is not only high in emissions, but also
highly polluting, may change soon. Finance mechanisms have been
proposed that could unlock benefits of cost, emissions and health
(Bodnar et al., 2020; Kanak, 2020). The necessity of early closure due to
climate constraints has already been examined for coal power plants
(Kefford et al., 2018), and for coal mines (Auger et al., 2021; Caldecott
et al., 2016; Lucas, 2016).

China dominates the global coal picture, and a wave of coal mine
retirements expected in the mid-2020s (International Energy Agency,
2019, p. 244) provide an opportunity for a shift. Opening new coal
mines as replacements may increase the need for early closure of

Energy Policy 166 (2022) 112950

existing coal mines. If and how the list of 48 new Chinese coal carbon
bombs we have identified is being planned to start operations in this
decade is an urgent question to be tackled, in order to identify
alternatives.

What early closure would mean for oil and gas carbon bombs needs
to be investigated. Today, only when operating costs fall below revenue
levels, projects tend to close down. However, this creates the issue of
"stranded liabilities" when clean-up obligations are not sufficiently
covered through guarantees during the operational phase (Schuwerk
and Rogers, 2020). When bankruptcies occur, as has been the case in the
coal sector in recent years, these liabilities are absorbed by the public.
Several scenarios are possible in this "fossil endgame": a big crash,
destabilizing financial markets, or intervention through central banks
which absorb potentially stranded assets and liabilities in a proactive
manner and allow a managed decline (Kroll, 2018).

5.4. Defusing carbon bombs

As shown, there are too many carbon bombs being activated, so an
obvious question raised by our analysis is: how can carbon bombs be
defused?

In theory, some policies, such as a “No New Coal Mines” policy
(Denniss, 2015) or a “Coal Elimination Treaty” (Burke and Fishel, 2020)
propose to automatically eliminate a significant number of them. A
global fracking ban, as called for by a coalition of NGOs, or an offshore
drilling ban could eliminate an additional amount. While outright
banning fossil fuels (Green, 2018) seems appropriate in the face of the
climate emergency, the list of countries with a large number of carbon
bombs indicates the challenge of a rather entrenched fossil fuel model
with governments and corporations with very tangible interests in
pushing the projects forward - a situation that has been called carbon
entanglement (Gurria, 2013).

Therefore, in practical terms, political economy concerns (Zhao and
Alexandroff, 2019) are key for achieving a swift phase-out, and poorer
countries who are especially vulnerable (Cust et al., 2017) might require
some dedicated support.

In the absence of government action to limit fossil fuel supply, a
growing number of social movement actors have taken to blocking fossil
fuel infrastructure, such as pipelines, coal mines or ports through actions
of civil disobedience over the past years (Gaulin and Le Billon, 2020;
Piggot, 2018). While they are illegal in many cases, they have increas-
ingly been justified in court as based on the necessity to avoid greater
harm (McGraw, 2018).

Some important regions and their extractive sectors however are
currently almost unattended by the climate movement, namely the
Middle East, China and Russia. Given the size of the carbon bombs’
potential emissions, this is a gap that needs to be closed urgently by the
climate movement, because without defusing a sufficient number of
carbon bombs, meeting the Paris targets will be impossible.

While some non-governmental actors are already engaged in trying
to defuse a small subset of carbon bombs, official climate change miti-
gation policy must not ignore the issue either. In order to defuse a sig-
nificant amount of carbon bombs, a serious supply-side discussion
among big fossil fuel producer states is needed. Especially China, Russia
and Middle Eastern countries, along with the United States urgently
need to start exploring non-extraction options. The discussion could
start with identifying global principles for a managed decline and create
a priority list of carbon bombs that can easily be defused. Reverse auc-
tions have also been proposed (Pellegrini et al., 2021). Coal carbon
bombs would likely be the first to be pledged by countries to be defused,
followed by marginal oil & gas projects (see Collier and Venables, 2014
for a proposal of a similarly staged approach). With the proposal of a
Fossil Fuel Non-Proliferation Treaty (Newell and Simms, 2020) some
detailed thinking is already available on how this process could be
structured, using the successful process in nuclear arms control as point
of departure.
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A dialogue on limiting fossil fuel extraction would not only be useful
for avoiding carbon lock-in and a very volatile market situation for fossil
fuel exporting countries - as has been the case in the early 2020s, but it
would also be a way to minimize the amount of additional stranded
assets being created. Managing the transition away from fossil fuels in
coordination could be a stabilizing force in a world in energy transition
and reduce the risk of emissions leakage which reduces the attractivity
of unilateral action.

5.5. The way forward

The carbon bombs framing translates the rather abstract and
intractable challenge of mitigating climate change to a very concrete
and specific task of defusing a number of carbon bombs in each country.
As an example, in Germany there are two carbon bombs, both lignite
mines. Shutting them down should be a priority for climate change
mitigation. However, to consider defusing those 425 projects as a new or
different mitigation agenda would be too simplistic. The size of potential
emissions is just one of many perspectives under which a fossil fuel
project can be viewed. Some other factors that influence the views of
political, economic and social movement decision makers are cost,
location, emissions intensity (as opposed to overall size), available al-
ternatives, fiscal revenue, jobs, and whether it is an existing or a new
project. Studying and understanding the individual carbon bombs of our
list will be essential for developing useful approaches tailored to each
context. Some defusing may be negotiated internationally, some may be
tackled mainly at a national policy level, some may be struggles of
movements with lawsuits and blockades. The concentration of two
thirds of potential emissions of carbon bombs in just ten countries
potentially makes the targeting of multilateral efforts easier, as only a
limited number of governments need to participate in an initial dia-
logue. The lack of an effective civil society pursuing climate ambition in
several of these countries means that such government-focused efforts
are even more important. Defusing carbon bombs will be essential for
keeping temperatures below 1.5° warming and new strategies are
needed for designing effective measures that will result in their non-
extraction - an area so far neglected by mainstream mitigation policy
(Verkuijl et al., 2019).

Identifying coal carbon bombs to a common standard has proven
challenging (see the Methods section), and for oil and gas we had to
resort to a commercial, paid service (Rystad) to get reliable data with
global coverage. This illustrates the need for more transparency in the
sector, and the global fossil fuel registry (Byrnes, 2020) could be a step
forward in bringing it about. The list of carbon bombs can also be used as
an indicator of progress of global mitigation efforts. If demand-side
mitigation measures are effective towards the ultimate UNFCCC goal
of avoiding dangerous anthropogenic interference with the climate
system, they will have an impact on the list of carbon bombs, limiting
their full exploitation.

In this article, we have introduced a new methodology to identify the
world’s biggest potential fossil fuel emissions sources. Our list of carbon
bombs brings much clarity to the question of where the climate crisis can
be addressed from the supply side. The list can assist activists and pol-
icymakers alike in setting priorities and preparing the next step of
defusing carbon bombs. A number of jurisdictions have recently
declared climate emergencies. Defusing carbon bombs could be a pri-
ority in response to the emergency, to meet the Paris targets and avoid
planetary run-away climate change.
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