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Quantifying operational lifetimes for coal power
plants under the Paris goals
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A rapid transition away from unabated coal use is essential to fulfilling the Paris climate goals.

However, many countries are actively building and operating coal power plants. Here we use

plant-level data to specify alternative trajectories for coal technologies in an integrated

assessment model. We then quantify cost-effective retirement pathways for global and

country-level coal fleets to limit long-term temperature change. We present our results using

a decision-relevant metric: the operational lifetime limit. Even if no new plants are built, the

lifetimes of existing units are reduced to approximately 35 years in a well-below 2 °C scenario

or 20 years in a 1.5 °C scenario. The risk of continued coal expansion, including the near-term

growth permitted in some Nationally Determined Contributions (NDCs), is large. The lifetime

limits for both 2 °C and 1.5 °C are reduced by 5 years if plants under construction come

online and 10 years if all proposed projects are built.
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T
he Paris Agreement crystallized the world’s commitment to
reducing greenhouse gas (GHG) emissions to limit global
temperature change to well below 2 °C above pre-industrial

levels, while pursuing efforts to limit it to 1.5 °C. Achieving these
goals will not be possible without a dramatic reduction in the
construction of new coal plants that are not equipped with carbon
capture and storage (CCS). Feasible emissions pathways show a
steep reduction in the use of unabated coal in global electricity,
averaging over 60% reductions in coal emissions by 2030 and
approaching zero by 20501. National targets, communicated
through the Nationally Determined Contributions (NDCs) to the
Paris Agreement, articulate goals for lowering emissions but not
explicit plans to move away from coal.

The lack of alignment between current NDCs and the 1.5 °C
to 2 °C goals, in terms of both total emissions2,3 and sectoral
transformations being planned4–6, is attracting increasing
attention. Regarding fossil fuel infrastructure in particular,
studies have evaluated the emissions that would result if cur-
rent plants live out their historical lifetimes (‘carbon lock-in’ or
‘committed emissions’)7–14 and the reserves that must remain
in the ground to meet climate policy goals (‘unburnable car-
bon’)15. Other work has highlighted the human health effects
of burning coal16,17 and the growing financial risks of coal
power18,19. Scenarios for achieving the Sustainable Develop-
ment Goals (SDGs) also call for dramatic reductions in coal
use20. Nevertheless, despite recent activity underscoring the
broad-brush need to phase out coal, the specific requirements
have not been quantified in the literature or incorporated in
many countries’ energy and climate planning processes.

Here we assess what the Paris goals imply for coal power
generation at the global level and for several key countries. Our
analysis incorporates unit-level data into a global integrated
assessment model to analyze the interplay between limits to
new coal plants, lifetimes of existing units, and near- and long-
term climate goals. Specifically, we ask the following questions:
How large are the avoided emissions if proposed coal plants
are canceled and existing units retire more rapidly than they
have in the past? What reductions in the operational lifetimes
of coal plants are compatible with individual countries’ near-
term NDCs and the long-term 2 °C or 1.5 °C Paris goals? How
would these lifetime limits change if, instead of canceling
proposed units, countries continue to bring plants online that
are currently in the construction, planning, and permitting
stages?

We first build a plant-by-plant dataset of existing and proposed
coal units, with global coverage and particular detail for several
key countries, using existing public datasets as well as indepen-
dent data gathering and verification (see Data in Methods). We
incorporate this bottom-up data in the Global Change Assess-
ment Model (GCAM, jgcri.github.io/gcam-doc) to specify dif-
ferent coal trajectories and quantify the committed emissions21,22

from coal power plants (see GCAM in Methods). Next, we
evaluate the gaps between these emissions and the near- and
long-term Paris goals, including the gaps for key countries in
meeting their NDCs. Finally, we quantify the operational lifetime
limits for the global coal fleet to close these gaps if no new plants
come online, units under construction are built, or all projects
proceed to operation, including those in the planning and per-
mitting stages.

Our analysis includes four scenarios (see Scenarios in Meth-
ods). Continued Coal Growth examines a case where proposed
plants come online and all plants live out historical lifetimes of
approximately 50 years. We compare this scenario to the NDC,
well-below 2 °C, and 1.5 °C scenarios. The NDC scenario assumes
all individual countries meet their NDC goals—translated into
national GHG caps—by 2030. The well-below 2 °C and 1.5 °C

scenarios, respectively, limit end-of-century radiative forcing to
2.6Wm−2 and 1.9Wm−2 via a global carbon price on energy-
related emissions beginning in 2025. These scenarios are among
many in the literature. However, given the scale and speed of the
changes required, the general insights emerging from our analysis
are robust across scenarios.

We find that, while many countries are still actively planning,
authorizing, and constructing new coal power plants, this addi-
tional capacity is inconsistent with the long-term Paris goals and
even the relatively less stringent near-term NDCs. Cost-effective
pathways for meeting the well-below 2 °C or 1.5 °C goals require
canceling new coal projects and reducing operational lifetimes of
existing units to 35 and 20 years, respectively. The NDCs permit
some new plants to be built, but these units add more pressure to
accelerate retirement for all units. For example, if all units cur-
rently under construction proceed to operation, operational life-
time limits will be reduced by 5 years, to 30 years for a 2 °C goal
and 15 years for 1.5 °C.

Results
The current state of global coal power. Despite the stagnation
or decline in coal use in the United States (US) and European
Union (EU), growth in coal power capacity continues globally
and in some places it is rapid. Total installed capacity has more
than doubled from 1000 GW globally in 2000 to over 2000 GW
in 2015 (ref. 23). More than 60 countries are actively planning,
permitting, and constructing coal plants (Fig. 1a). We find a
total of nearly 600 GW of new capacity is scheduled to come
online by 2030, including 223 GW already under construction
and 377 GW in the early development phase (Supplementary
Fig. 1). Coal plants in the earlier planning and permitting
stages are of particular interest because changing course for
these units is likely easier than for plants already under con-
struction and can avoid further locking in a carbon-intensive
energy system.

Recent regional trends reflect a shift in coal power
prioritization from the US and EU to many fast-developing
countries in Asia24. By 2017, China far exceeded any other
country with a cumulative 981 GW installed25. The US had the
second largest amount of installed capacity at 279 GW26,
followed by India at 219 GW27,28, and the EU at 155 GW29.
Five countries—China, India, Indonesia, Vietnam, and Turkey
—account for about three-quarters of newly proposed coal
capacity (Fig. 1b). Even excluding large quantities of suspended
and shelved projects, China and India are anticipating large
capacity expansions, at 218 GW and 91 GW, respectively.
Indonesia is expecting to more than double its current coal
operations with 43 GW. Vietnam and Turkey are planning a
four- and fivefold increase in coal capacity, with 38 GW and 29
GW, respectively.

Committed coal emissions and the Paris goals. We incorporate
our data on current and proposed coal units into GCAM to
quantify the committed emissions2122 from coal power plants and
compare these emissions to the near- and long-term Paris goals
(see Methods). However, we emphasize that committed emissions
are not inevitable. They can be greatly reduced by canceling
proposed coal units and retiring existing ones at accelerated rates.
We compare these emissions to the modeled coal emissions under
of the NDC, well-below 2 °C and 1.5 °C scenarios to estimate the
emissions gap, the amount by which committed emissions must
be reduced in each year to meet these near- and long-term cli-
mate goals cost-effectively.

Coal plants, once in place, can run for several decades. Coal
projects that are under development today thus have the
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potential to generate emissions throughout the century, with
implications for achieving near- and long-term climate goals.
Specifically, completing all proposed projects would lead to 3.6
GtCO2e in additional GHG emissions in 2030 if plants operate
through the end of the historical average lifetime (~50 years).
This quantity is larger than the 2.1 GtCO2e emissions gap in
the coal power sector for meeting aggregate, economy-wide
NDC targets in 2030 (Fig. 2a). Even canceling projects at early
permitting and planning stages, where construction has not yet
begun, can reduce emissions by roughly the amount of the
current gap.

However, the cost-effective emissions gaps in the coal power
sector to meet the long-term 2 °C and 1.5 °C goals are greater
than those for the NDCs, reaching 5.6 and 11.4 GtCO2e,
respectively, in 2030 (Fig. 2a). It is widely recognized that the
NDCs lack sufficient ambition to achieve the long-term goals of
the Paris Agreement30,31. We find that even without

implementing any new projects, the 2030 emissions from the
existing coal fleet far exceed what would be consistent with the
long-term Paris goals. To close this gap, canceling all new
projects, even including those already under construction, is not
enough. Achieving long-term climate goals requires accelerated
retirement of existing infrastructure.

The story across key countries and regions is consistent with
our global results: the committed emissions from current and
proposed coal generation are inconsistent with the near- and
long-term Paris goals. Although some NDCs allow more room
for new coal plants than others, they will all be difficult to achieve
if capacity remains at the levels projected by our unit-level
analysis. For some countries (including China and India),
achieving the NDC targets requires reducing proposed coal
projects. For others (including the US, EU, Japan, and South
Korea), it also depends on shutting down existing facilities. More
importantly, no country can stay on track with the long-term
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Paris goals without accelerating coal retirement along with
canceling new projects (Fig. 2b).

Lifetime limits for coal power plants. Historically, coal plants
have retired at an average lifetime of 46 years globally29, but in
many cases they can operate for 50–60 years or longer32 (Fig. 3a).
Looking at individual plants, 320 GW or 16% of global installed
capacity is expected to shut down by 2030, counting both
announced retirements and plants whose lifetimes would exceed
50 years. However, achieving the 2 °C goal requires a 720 GW or
36% reduction in capacity by 2030, and achieving the 1.5 °C goal
requires a 1890 GW or 94% reduction (Supplementary Fig. 2). If
no new capacity comes online, global coal phase-out can be
aligned with the 2 °C goal by reducing operational lifetimes to 35
years; that is, all units retire after 35 years of service, including

immediate retirement for plants whose lifetimes exceed this limit
(Fig. 3c).

Further reducing operational lifetimes to 20 years aligns with
the 1.5 °C goal. These lifetimes are at the lower limits of the
historical range in any country (Fig. 3a). Even the current
average Chinese plant lifetime of 24 years—reflecting policy
pressures to shut down small, dirty units to address local air
quality concerns33—exceeds this limit. Moreover, bringing new
plants online implies further reductions in coal fleet lifetimes.
If plants currently under construction are completed as
scheduled, the operational lifetime (for both existing and new
units) is shortened by 5 years, to about 30 years for the 2 °C
goal and about 15 years for the 1.5 °C goal (Fig. 3d). These
lifetimes are further reduced by another 5 years if the plants in
the planning and permitting stages are also built (Supplemen-
tary Fig. 3).
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Our analysis applies the same lifetime limits to all units, but it
has different implications across countries. Most of the US and
EU coal fleets came online in the 1970s and 1980s, whereas the
majority of Chinese and Indian capacity was installed more
recently, beginning around 2005 in China and 2010 in India
(Fig. 3b). Therefore, with the same lifetime limits, aging units in
developed countries shut down first, while newer fleets in
developing countries can stay online till later. A 35-year limit
eliminates 89% and 79% of existing capacity in the US and EU by
2030, respectively, but only 12% and 20% in China and India
(Supplementary Fig. 4). However, this headroom is limited for
meeting the 1.5 °C goal. A 20-year limit increases US and EU
retirements to 95% and 89%, respectively, by 2030 and
substantially reduces capacity in China and India to 65% and
43% of current levels (Supplementary Fig. 4). While unit age
imperfectly captures the likelihood of retirement, retired plants
tend to be older, smaller, less efficient, and highly polluting,
making it unprofitable to comply with environmental regula-
tions34 or compete with alternative technologies35.

Discussion
Our assessment has uniquely quantified operational lifetime
limits of coal plants to cost-effectively meet near- and long-term
climate goals, by incorporating plant-level data into a global
integrated assessment model. We find that, compared to the
historical average lifetime of approximately 50 years, retiring
existing units once they reach a 35-year lifetime can limit

warming to 2 °C; with a 1.5 °C limit, this lifetime is reduced to
20 years. These lifetime limits are 15 and 30 years shorter,
respectively, than the typical average lifetime, an important
insight for decision-makers assessing new energy investments.
We also find that the NDCs lack sufficient ambition not only in
emissions reductions but also by permitting near-term infra-
structure investments that are inconsistent with long-term goals.
The risk of implementing new projects is large—even allowing
plants currently under construction to come online would further
reduce lifetime limits for all units by 5 years, and limits are
reduced by ten years if projects in earlier development stages also
move forward.

As countries continue to pursue coal power for various reasons
—including rich domestic resources36, growing energy demand37,
and concerns about grid stability and reliability—the possibility of
accelerated retirements and shorter operational lifetimes raises
questions on the financial viability of new coal investments. Coal
power is increasingly seen as unprofitable and uneconomic: 42%
of coal plants currently operate at a loss18. This trend will likely
continue with the implementation of climate policies and rapid
cost reductions in low-carbon technologies38. Early retirements
could further reduce earnings and compound financial losses. The
opportunity costs of these retirements depend on plant location;
there is significant variability in lifetimes and payback periods
across countries and individual units18. Country-level average
lifetimes may vary by 15 years in either direction, compared to
the global average (Fig. 3a). Historical lifetimes may also not be
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representative of future values due to changing technical, eco-
nomic, and political constraints.

There exist diverse views on whether CCS should be part of a
deep decarbonization strategy, and we do not take a position in
this paper. Some countries may attempt to deploy CCS to extend
the use of coal. However, retrofits of existing plants can be
expensive39, and renewables may be less costly than new or
retrofitted CCS plants in many locations40. How quickly con-
ventional fossil fuel generation must be phased out also
depends in part on the quantity of negative emissions, for
example using bioenergy with CCS (BECCS), in the latter half
of the century. Our core scenarios constrain the use of bioe-
nergy to a maximum of 200 EJ per year globally. This limits
negative emissions from BECCS to approximately −15 GtCO2

by 2100. Placing more stringent limits on negative emission
technologies (whose large-scale deployment in energy models
has been criticized on feasibility and sustainability grounds41)
will require further accelerating the phase-out of coal. Speci-
fically, reducing the annual bioenergy ceiling from 200 EJ to
150 EJ decreases the lifetime limit by about 5 years (Supple-
mentary Fig. 5), a comparable effect to bringing all plants
currently under construction online.

Specific policy efforts that target coal use are critical for
avoiding the committed emissions from global coal plants,
beyond the pledges made in the current round of NDCs. Recent
examples include country- and state-level plans to shut down coal
plants though the Powering Past Coal Alliance42,43, national
limits on coal consumption44 and new construction45, reductions
in multilateral development banks’ financing of coal projects46,
rising citizen opposition to coal mining47 and coal-related air
pollution48, and public initiatives such as Keep It in the Ground49

and Beyond Coal50. These developments highlight awareness of
the consequences of coal use and suggest that targeting fossil fuel
infrastructure may be a politically feasible approach to emissions
reductions51. Information about the lifetime limits for achieving
climate goals can provide further support for these policies.

Developing countries will face additional challenges in the near
future, with electricity demand expected to grow and a large
amount of new coal infrastructure already in place. Efforts to
accelerate coal retirements in those countries can seek to mini-
mize trade-offs with energy access and economic development by
pursuing parallel initiatives to deploy low-carbon energy and
energy efficiency and address air quality and human health
concerns. However, serious political and societal conversations on
the energy transition will likely be needed in all countries to
underpin a rapid and full coal phase-out52, particularly since
many older and inefficient coal units in countries like China have
already retired53. While significant progress has been achieved by
widely implementing air pollutant controls33, coal power
expansion may not be effectively scaled down without direct
efforts to cancel new projects and accelerate retirement of existing
fleets worldwide54.

Methods
Data. Our data are based on unit-level assessments of existing and newly proposed
coal plants worldwide. Data on existing plants are primarily taken from the Global
Coal Plant Tracker by Global Energy Monitor29. We cross-check with aggregate
data from other sources25–28 and modify the data at the national level as needed. In
this analysis, we use the year when individual units began operating (Fig. 3b) to
estimate retirements based on a fixed lifetime.

For newly proposed coal power plants, we conduct primary, plant-by-plant data
collection on six key countries of interest—China, India, Indonesia, Japan, South
Korea, and the US. We track the proposed new capacity at different stages of
project development. Globally, about 37% of proposed plants have already started
construction, more than 16% have been authorized by their government
(permitted), about 28% are going through the permitting process, and the
remaining 19% are at very early planning stage (Supplementary Fig. 1). We also
gather unit-level data on the proposed capacity, combustion technology, local air

pollutant control technology, location, developer(s), project utilization, and other
characteristics. All information is updated as of September 2018. We identify the
proposed projects and gather information from various data sources, including
national and local energy development plans, public notices of project permitting
processes (such as environmental impact assessments), coal industry status reports,
power company websites, and a variety of news channels.

The Global Change Assessment Model. GCAM (jgcri.github.io/gcam-doc/) is an
integrated assessment model that represents and links the world economy, energy,
agriculture, land use, water, and climate systems. It is designed to explore inter-
actions between complex systems and gain insights about long-term trends. GCAM
has been widely used to produce scenarios for international and national assess-
ments, including the Intergovernmental Panel on Climate Change (IPCC)
reports1,55–57, the Representative Concentration Pathways (RCPs)58, and the
Shared Socioeconomic Pathways (SSPs)59. We use GCAM 5.0 in this analysis. In
this version, the world economy and energy systems operate across 32 geo-political
regions, and land allocation and agricultural production are modeled across 235
land and water units.

Specifically, GCAM takes in assumptions about population growth and
changes in labor productivity, along with representations of resources,
technologies, and policies, and solves for the equilibrium prices and quantities of
various energy, agricultural, and GHG markets in each 5-year period from 2010
(the calibration year) to 2100 at different spatial resolutions. Primary energy (i.e.,
coal and other fossil fuels), agricultural products, and biomass are traded globally.
GCAM tracks emissions of 16 GHGs, aerosols, and short-lived species
endogenously based on the resulting energy, agriculture, and land systems activity.
Emissions are then passed to the climate carbon-cycle module and converted to
concentrations, radiative forcing, temperature, and other responses to the climate
system60.

In this study, we use bottom-up data at the individual unit level to derive
alternative pathways for coal technologies in GCAM. We first determine the
generation trajectory for each plant in our database. A coal unit built in a year is
assumed to continue to operate until the end of an exogenously specified lifetime at
a region-specific, constant capacity factor (Supplementary Table 1). We then
aggregate unit-level trajectories to obtain coal generation pathways at the level of
the GCAM regions and model periods. These trajectories are implemented as
constraints on the model’s output and used to quantify the committed emissions
(with GCAM efficiency assumptions, Supplementary Table 2). Results are
compared against GCAM’s standard Paris Pledge scenarios (see Scenarios below)
to calculate the emission gaps in 2030 and identify the lifetime limits that are
compatible with the well-below 2 °C and 1.5 °C goals.

Scenarios. We assess and compare GHG emissions from conventional coal power
generation across four scenarios: Continued Coal Growth, NDC, well-below 2 °C,
and 1.5 °C. Energy demand trajectories in all four scenarios are based on a middle-
of-the-road socioeconomic pathway (SSP2)61. However, since coal generation
projections and/or temperature targets are implemented in our scenarios, the fuel
mix in energy supply, as well as the associated GHG emissions from power gen-
eration, may differ from that in the SSP2.

The Continued Coal Growth scenario assumes power generation from
conventional coal will follow current national trends, while all other sectors follow
the reference scenario without additional emissions reduction efforts. Historical
data on coal generation are calibrated up to the year 2015 in GCAM, using
country-level data62. After 2015, we use unit-level data to simulate existing capacity
up to 2018 and proposed capacity that will be deployed up to 2030. Specifically, all
capacity currently under construction comes online by 2020, all capacity that is
permitted or still in the permitting process comes online by 2025, and all the
planned capacity (including the suspended projects in China as well as the shelved
projects in India) comes online by 2030. Retirement of existing capacity is
estimated based on current plans and policies in China63, the US64, and the EU42,
and based on a 50-year power plant lifetime for all other countries. Future coal
generation by region is calculated by applying current, region-specific capacity
factors (Supplementary Table 1).

The NDC scenario translates all individual country commitments under the
Paris Agreement into national emission constraints by 2030. The analysis is based
on a scenario developed in Fawcett et al.3. This scenario assumes that countries
meet their NDC goals—translated into national GHG emission caps—by 2030.
After 2030, countries continue to decarbonize their economies at the same annual
decarbonization rate (i.e., reduction in carbon intensity per unit gross domestic
product) observed between 2020 and 2030, with a minimum decarbonization rate
of 2% per year beyond 2030.

The well-below 2 °C and 1.5 °C scenarios are implemented by limiting end-of-
century radiative forcing to 2.6Wm−2 and 1.9Wm−2 (ref. 65). Starting in 2025,
emissions reductions are pursued cost-effectively across regions via a universal
global carbon price on energy-related emissions. This is different from the
regionally differentiated approach in the NDC scenario. Cumulative emissions in
the well-below 2 °C scenario peak at 900 GtCO2 in 2070 and decline to 600 GtCO2

in 2100. The 1.5 °C scenario peaks at 420 GtCO2 in 2050 and declines below zero
by 2100. These limits correspond to cumulative CO2 emissions that are below the
budgets suggested by the IPCC1.
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The use of bioenergy is constrained to a maximum of 200 EJ globally over the
simulation period. This limits the maximum level of negative emissions from
bioenergy plus carbon capture and storage (BECCS) to approximately −15 GtCO2

by 2100 (Fig. 4c). This bioenergy constraint can avoid potentially unrealistic large-
scale deployment of negative emissions technologies66. Limiting BECCS during the
second half of the century induces more aggressive emissions reductions in the
near term. Our results are within the range of coal generation pathways in
scenarios developed by different integrated assessment models from the IPCC
1.5 °C scenario database67 (Fig. 4d) and track recent history more accurately than
many of the scenarios.

Data availability
The source data underlying Figs. 1 and 2 and Supplementary Figs. 1 and 2 are provided

as a Source Data file. All data used for this analysis are available from publicly available

sources cited or from the authors upon reasonable request.

Code availability
Code used in GCAM and R for this work is available from the authors upon reasonable

request.
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