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To keep global warming below 1.5°C, unabated coal power should significantly decline by 203012
and in most scenarios cease by 2050%3. The members of the Powering Past Coal Alliance (PPCA),
launched in 2017 at the UNFCCC Conference of the Parties, commit to “phasing out existing
unabated coal power generation and a moratorium on new coal power generation without
operational carbon capture and storage”*. The Alliance has been hailed as a “political
watershed”> and a new “anti-fossil fuel norm”¢. Here we estimate that the premature retirement
of power plants pledged by PPCA members would cut 1.6 GtCO>, which is 150 times smaller than
globally committed emissions from existing coal power plants. We also investigate the prospect
of major coal consumers joining the Alliance by systematically comparing PPCA members to
non-members. PPCA members extract and use less coal and have older power plants, but this
alone does not fully explain their pledges to phase-out coal power. In addition, the members of
the Alliance are wealthier and have more transparent and independent governments. Thus, what

sets them aside from major coal consumers such as China and India are both the smaller costs of

coal phase-out and the higher capacity to bear these costs.



The PPCA includes 30 national and 22 subnational jurisdictions and covers 4.4% of the global coal
capacity. Twenty-four PPCA members do not operate coal power plants nor have they built new power
plants since the early 2000s. Two other PPCA members, Belgium and Scotland phased-out coal power
already in 2016. We find that most PPCA members pledge to retire coal plants when their average age
approaches the average coal plants lifetimes and that these pledges are in line with recent trends (Table 1,
Supplementary Figure 1). Moreover, the number of newly constructed coal power plants in PPCA
countries have declined since 1990 (Supplementary Figure 2) and several PPCA members planned to
phase-out coal power already before the launch of the Alliance’™!!. The Netherlands is a clear outlier to

this trend with a pledge to retire three coal plants commissioned in 201512,

How many coal power plants would be retired prematurely as a result of PPCA pledges depends on the
assumed plant lifetimes. Since the lifetimes have been recently rising (Supplementary Figure 3), for our
reference estimate we use national average lifetimes since 2000 (Table 1). Given these lifetimes, the PPCA
pledges would lead to premature retirement of 46% of coal power plants in PPCA members or 2% of the

global coal power capacity.

Emissions avoided as a result of premature retirement depend on assumed plant lifetimes, emission
factors, efficiencies and load factors, as well as on what substitutes coal power. Under our reference
estimate, which assumes national average lifetimes and load factors, technology-specific efficiencies
(Methods) and zero-emission substitution, PPCA pledges result in 1.6 GtCOzavoided emissions between
2019 and 2050. Over 70% of the avoided emissions are in four countries: Italy, the Netherlands, Israel
and Canada (Supplementary Table 1). Italy, the Netherlands, Israel and Hawaii are the only four
jurisdictions where the cumulative avoided emissions are larger than their current annual CO, emissions.
Beyond 2050, the PPCA pledges would result in an additional 0.1 GtCO- of avoided emissions

concentrated in South Chungcheong, South Korea.

The two largest uncertainties of this estimate are plant lifetimes and coal power substitutes. Under the
standard plant lifetime range (30-50 years!3.!4), the avoided emissions would be 0.5-2.5 GtCO; and under
the widest reported lifetime range (20-60 years's) — 0.1-4.5 GtCO; (Supplementary Text 1, Supplementary

Figure 4, Supplementary Table 3). Varying the plant efficiencies and load factors by 10% leads to a
2



variation from the reference estimate by +/- 0.3 GtCO,. Finally, if coal power is substituted not by low-

emission technologies or demand reduction but instead by natural gas, the avoided emissions would drop

in half.

These estimates can be compared to the globally committed emissions from currently operating coal
power plants, which are estimated at 206 GtCOz under a 40-year lifetime, 296 GtCO> under a 50-year
lifetime!5 and therefore at ca 242 GtCO; under 44-year lifetime (the lifetime in our reference estimate).
This is approximately 150 times larger than the reference effect of the PPCA pledges (see Supplementary
Table 3 for other lifetime assumptions). The PPCA pledges would reduce annual coal-fired generation by
94 TWh by 2030 (17-230 TWh given lifetime uncertainty) compared to the scenario with no premature
retirement. This can be contrasted to the expected reductions in annual coal power generation in 2°C
scenarios, which is around 10,000 TWh wotldwide (2,800 TWh in OECD), and in 1.5°C scenarios —
12,000 TWh worldwide (3,400 TWh in OECD) (Figure 1 — reductions are calculated as differences
between medians of Business as Usual and respective scenatios from the IPCC 1.5°C scenatio

databasel6.17).



Table 1. Pledged phase-out dates, number, capacity and age of coal power in PPCA countries.
The pledged phase-out dates are compiled from national sources referenced in Column 2. (Reports of
Belgium’s 2016 phase-out'8 conflicts with the IEA that still reports a small amount of coal use in
electricity in 201719). All power plant age and lifetime data are calculated based on Platts20. Average
fleet ages are weighted by generation capacity and calculated as of 2019. The theoretical average
and minimum ages at phase-out are calculated by adding the 2019 ages to the number of years
between 2019 and the phase-out date. The average lifetime is calculated as the mean of plants
retiring since 2000 (“-“ marks countries with less than four retired plants — see Methods). See
Supplementary Table 1 for sub-national jurisdictions.

Country (or state) Pledge Number & (GWe) Weighted average Theoretical Average lifetime &
of operating coal & (minimum) age average & (minimum
power plant of existing fleet (minimum) age retirement age)
units20 at phase-out since 2000

Belgium phased-out (2016)® - - - -

France phase-out 202118 51 (3.2) 37 (27) 39 (29) 40 (18)

Austria phase-out 20221821 9 (0.8) 36 (20) 39 (23) 32 (29)

Sweden phase-out 20221821 3 (0.1) 35 (29) 38 (32) -

Italy phase-out 2025821 34 (10.5) 32(9) 38 (15) 48 (36)

U.K. phase-out 20251821 45 (15.3) 47 (28) 53 (34) 44 (34)

Ireland phase-out 202518 3(0.9) 33 (32) 39 (38) -

Canada phase-out 203022 33 (9.1) 33 (5) 44 (16) 41 (33)

Denmark phase-out 203018 9 (2.5) 33 (21) 44 (32) 40 (33)

Finland phase-out 2030'82! 20 (2.6) 39 (25) 50 (36) -

Netherlands phase-out 20301821 6 (4.8) 10 (3) 21 (14) 36 (28)

New Zealand phase-out 203023 9 (0.5) 36 (25) 47 (36) -

Portugal phase-out 203018 6 (1.9) 30 (24) 41 (35) -

Israel phase-out 203024 10 (4.9) 28 (18) 39 (29) -

Mexico no specific date2s 18 (5.5) 25 (9) - -

Angola, Costa Rica, El No operating coal - - - -
Salvador, Ethiopia, Fiji, power plants

Latvia, Liechtenstein,

Lithuania, Luxembourg,

Marshall Islands, Niue,

Senegal, Switzerland,

Tuvalu, Vanuatu




Figure 1. Impact of the PPCA pledges. Panel (a) shows the historical and projected age structure of
the coal fleet for PPCA members (both national and subnational). The solid bars show the historical
age structure and the future projection based on historically observed lifetimes with no new
construction (see Methods). The dashed line adds additional premature retirements in accordance
with the PPCA pledges (Table 1 and Supplementary Table 1). See Supplementary Figure 5 for the
projected age structure under alternative mean lifetimes. Panel (b) shows the impact of PPCA
pledges on the global and OECD coal power generation in the business as usual (BAU) and climate
stabilization scenarios from ref. 16,17 where the bar height is the median value and the error bar is
the full range in the scenarios (see Methods). The OECD panel shows the reference, low and high
estimates of the PPCA impact depending on the assumed plant lifetimes.
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To examine the prospects of additional countries joining the PPCA, we focus on the 69 countries
(including 14 PPCA members) that currently produce at least 1% of their electricity supply from coal (see
Methods). Of the greatest relevance to climate mitigation is the likelihood for the largest coal consumers,

18 countries which together account for over 90% of coal-based power (Coall8 — Supplementary Tables

4, 5), to join the PPCA.

To systematically compare PPCA members with other countries, we examine national characteristics
potentially affecting the likelihood of coal power phase-out (Supplementary Table 6, Supplementary Text
2). Figure 2a illustrates that PPCA members have smaller shares of coal in electricity supply, particularly
compared to Coall8 countries. Thus, it is easier for PPCA countries to substitute coal power with other
technologies, especially given their lower electricity demand growth (Figure 2e). Additionally, PPCA
countries produce less coal (Figure 2b) and rely more on coal imports (Figure 2c), which means that coal

phase-out would have a smaller effect on mining employment, coal-dependent regions, and energy



security, which could suffer if domestic coal is replaced by imported fuels or electricity2627. Furthermore,
fewer PPCA countries have young coal fleets (Figure 2d) associated with higher risks of stranded

infrastructure assets!? and resistance from power plant owners2.

In addition to facing lower barriers to coal phase-out, PPCA members have higher capacities to
overcome these barriers, i.e. higher GDP per capita (Figure 2g) and functioning of government (FoG)
index, which reflects the absence of undue influence on elected government, government transparency,
and checks against political corruption?® (Figure 2h). These characteristics enable PPCA members to
more effectively formulate and implement coal phase-out policies (Supplementary Text 2). Exposure to
air pollution in PPCA countries is /ower than in both Coall8 and the rest of the world (Figure 2e¢), thus air
pollution is not likely a direct driver of PPCA membership (Supplementary Text 3). Due to the high
correlation and interdependence between explanatory variables (Supplementary Figure 0), identifying key

drivers of PPCA membership requires additional statistical analysis.



Figure 2. Difference between PPCA and Coal18 countries. Boxes represent interquartile ranges
for the respective variables and country groups; thick lines within boxes represent medians; vertical
lines and dots represent data points outside the interquartile ranges. Panel (a) shows share of coal in
electricity supply. Panel (b) shows coal production per capita. Panel (c) shows import independence
of coal supply. Panel (d) shows the average age of coal power plant units. Panel (e) shows the
change in electricity demand (2006-2016). Panel (f) shows air pollution. Panel (g) shows GDP per
capita. Panel (g) shows Functioning of government. See Methods for data sources and calculations.
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To evaluate which variables probabilistically explain a country’s membership in PPCA, we conduct a
multivariate logistic regression analysis using PPCA membership as a binary dependent variable and 11
independent variables including 8 shown in Figure 2 plus EU membership, share of non-hydro
renewables and share of coal in non-transport final energy use (Methods, Supplementary Table 6,
Supplementary Text 2). According to this analysis, FoG and GDP per capita have a significant positive
effect on PPCA membership (Supplementary Tables 7, 8 and 9). The strength of the coal sector —
measured by coal production per capita, coal share in electricity generation and in non-transport final
energy use — have a significant negative effect on PPCA membership, especially when considered
collectively. Air pollution has a paradoxical negative effect on PPCA membership and the effect of the
remaining five variables is considerably less pronounced (Supplementary Table 10). The best-fit model

with fewest explanatory variables includes the share of coal in electricity and FoG (Supplementary Tables



7, 8 and 9, Supplementary Text 3). The effect of these two variables on PPCA membership is illustrated

in Figure 3.

Figure 3. Functioning of Government index and share of coal in electricity generation in PPCA
members, Coal18 and other countries. The size of the circles indicates the current coal power
capacity. Coal18 countries are bolded and circled in black (Supplementary Tables 4 and 5). Countries
with subnational units which have joined the PPCA are marked with an asterisk (Supplementary Table
1). The dashed line and the shaded area illustrate the results of the logistic regression analysis. The
area to the left and above the dashed line shows the predicted probability of belonging to the Alliance
above 50% according to Model 1.4 (Supplementary Table 7). The shaded area shows where the
probability of belonging to the Alliance is at least 5%. See Methods for definition and calculation of
variables.
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According to this analysis, the five Coal18 countries with a greater than 5% probability of joining PPCA
are Spain, Germany, Japan, the US, and Australia. Spain gets 13% of its electricity supply from primarily
imported coal and has an old power plant fleet. It recently announced an agreement to shut down all coal
mines by the end of 20192 and its National Climate and Energy plan states that coal plants will not

supply electricity beyond 203030

Germany, which has coal power capacity similar to all PPCA members combined, a higher share of coal
in electricity than any of the PPCA members (46%), a younger fleet (30 years weighted average age), and

produces about one-half of its coal domestically!, has recently formulated a plan to phase-out coal power

8



by 2038 or 2035%! and has signaled interest in joining the PPCA%, Similarly to the PPCA countries,
Germany plans to close older plants in the coming decade: the units proposed to close in 2022 will be on
average 406 years old and in 2030 — 41 years old, as compared to the recent average lifetime of 41 years.
However, the final stage of the phase-out would break with this pattern by closing many of the recently-
constructed power plants. The average age of the remaining units, comprising about 1/3 of the current
capacity, would be 30 years in 2038 (Supplementary Figure 7, Supplementary Text 4). An evaluation
planned for 2032 may reverse this decision or accelerate it to 2035. The German coal exit would avoid
0.6-1.6 GtCO; emissions between 2019-2050 depending on the final phase-out date and how much coal
will be substituted by natural gas. The plan recommends a provision of €40 bln in aid to affected regions
plus compensation to affected companies, electricity users and workers33-35, It is not yet determined how
much of this aid would be additional to already existing programs. However, the magnitude of the
potential commitments indicates the scale of the challenge of implementing a politically acceptable coal

phase-out3¢:37 (Supplementary Text 4).

Another Coall8 country similar to the PPCA members is Japan: it has both coal share and FoG almost
identical to that of the Netherlands, as well as an older power plant fleet relying entirely on imported coal.
While Japan abandoned its plans for coal phase-out following the downward revision of its nuclear power
targets after the Fukushima accident%, the Environment Minister recently announced it will oppose
new construction of coal plants®). The US and Australia share some of the PPCA countries’
characteristics, have subnational units which have joined the PPCA (Supplementary Table 1), and have
been reducing coal power generation!. However, both countries are major coal producers (e.g. Australia
produces about 15 times more coal per capita than Canada)!® and the current administrations in both
countries are pro-coal*'#2. The other 12 countries similar to the PPCA members have smaller power plant
fleets and even if all of these joined, it would only increase the capacity under PPCA from 4.4 to 5.3% of

the global total.

Our analysis highlights a difference between PPCA members and major coal users in emerging Asian
economies, where the shift away from coal is most critical for keeping global warming under 1.5°C or

2°CL13, For example, the median age of coal power fleets across PPCA countries is 33 years compared to



12 years in China (46% of global coal capacity), 14 years in India (11%), 12 years in Indonesia (1.4%), and
8 years in Vietnam (0.7%) (Supplementary Table 4). The electricity demand change in 2006-2016 was
116% in China, 90% in India, 87% in Indonesia, and 171% in Vietnam while in PPCA counttries it was
1.5% on average. China in particular has large coal production (about 1.5 times per capita larger than
Canada)"?, supplies 69% of its electricity from coal, but at the same time has much lower GDP per capita
and FoG than PPCA countries. Thus, the lack of China’s promise to phase-out coal power and its
recently reactivated construction of coal power plants*} are not surprising, despite certain steps to
stabilize coal use*45, China and some other Coall8 countries do seek to reduce coal power, e.g. through
co-firing with biomass or partial substitution with natural gas, even though a nation-wide coal power

phase-out is not currently on their agenda (Supplementary Table 5).

Our analysis contributes to a broader understanding of the global climate governance — centered on the
Paris agreement — which involves “shallow” coordination between countries guided by national interests
rather than by joint gains*. One common suggestion for deepening climate cooperation is with climate
clubs whereby a group of countries jointly commit to stronger climate mitigation-8.IThe literature
suggests that access to clean technologies, reduced air pollution and similar benefits could incentivize
countries to join climate clubs*-48. By analyzing the PPCA we provide a new perspective to this debate.
Our analysis shows that it is not the benefits of PPCA membership but the costs of phase-out and
capacities to bear these costs that differentiate PPCA members from non-members. Specifically, countries
pledge to phase-out coal only when potential stranded assets, employment losses, regional impacts and
other costs are lower. The exceptions are the Netherlands and Germany, which makes it especially
important to analyze the lessons and the feasibility of replicating the mechanisms of these countries’ coal

phase-out elsewhere (see ref. 49 for emerging discussion on Germany).

We also show that lower costs of coal’s demise are not sufficient to trigger phase-out pledges. A small
coal sector and aging power plants provide a space for policy choice to either accelerate phase-out or to
prop a declining coal sector with extra government support. The difficult process of coal phase-out is
more likely to be pursued by independent and transparent governments in wealthy countries which have

capacities to bear substantial political, social and economic costs, as Germany’s case illustrates. Therefore,

10



even the declining competitiveness of coal>*5! will not automatically lead to its demise, particularly in non-
liberalized markets with governments under influence from the coal sector. On the contrary, such
governments may choose to boost the use of uncompetitive coal through favorable regulations and
supportive subsidies as in some post-Soviet countries’2-54. Returning to the more general question of why
countries join climate clubs, our findings indicate that the affordable “entrance fee” may matter more

than lucrative “membership benefits”.
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Methods

Data sources

We compiled pledged phase-out dates for PPCA members from national and sub-national sources (see
Table 1 and Supplementary Table 1)18:21-23.25.55-57 All power plant data are from the World Electric Power
Plant Database from S&P Global Platts2. (We used the S&P Global Platts database rather than the
EndCoal tracker5” because Platts has historical data from before 2000 which allowed us to calculate
historical retirement ages — e.g. Supplementary Figure 3). All other energy data are from the International
Energy Agency (IEA) for the year 2016 unless specified otherwise. Economic data are from the World
Bank and for the year 201658 and the Functioning of Government data is from Freedom House for the
year 200628. We were not able to obtain economic data for North Korea, which would otherwise be in
our sample for statistical analysis, thus we excluded it. The scenario data are from the IPCC’s 1.5°C

reportl617,
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For the Coall8 countries, we evaluate whether there are coal phase-out plans in by: searching for
“Country name + coal plan” and “Country name + coal phase-out” and consulting the Nationally
Determined Contribution>® and most recent National Communications® submitted to the United
Nations Framework on Climate Change since the Paris Agreement or the National Energy and Climate

Plans submitted to the European CommissionS! ( Supplementary Table 5).

Calculating power plant age profiles and average retirement age

To calculate the average age of the existing fleet, we only include plants which are classified as operating
(Status = OPR). We calculate the age of each plant by subtracting the year of its construction from 2019.
We then take the average (weighted by nameplate capacity). To calculate the “theoretical average &

(minimum) age at phase-out”, we add the number of years from the pledged phase-out date and 2019 to

the current average age of the existing fleet.

Average power plant lifetimes are calculated for each PPCA member and Germany as a mean across all
retired power plants for which retirement information is available since 2000. For countries with fewer
than 4 data-points, a mean across all power plants lifetimes in PPCA countries (42 years) is used; for
subnational jurisdictions with fewer than 4 data-points, national averages are used if they have 4 data-
points or more, and global averages are used otherwise. We use a similar procedure to estimate standard

deviations of retirement ages.

These data are used to estimate the share of power plants which would be retired prematurely due to the
pledges from PPCA members (Table 1 and Supplementary Table 1). We assume that plant retirement age
follows a normal distribution with historical means and standard deviations. For our reference estimate,
we use national and subnational historic retirement ages and standard deviations calculated as described
above. In future scenarios, all operating plants start retiring from 2019, and the retirement date of a plant
is determined by its expected lifetime in 2019, which is estimated using truncated normal distribution
(Supplementary Figure 8). It ensures that plants already past the respective national average age do not
retire immediately at the start of the period — they still have a positive expected lifetime determined by the

remaining “tail” of the distribution.
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In the phase-out scenario, in additional to the business as usual retirement described above, all plants
surviving to the respective national, state, or provincial phaseout year are retired in that year. For
Germany, the phase-out scenarios correspond to the multi-stage coal phase-out plan proposed by the
Coal Commission® (Supplementary Text 4). For our sensitivity analysis, we also use fixed average
lifetimes for all plants in all PPCA members (20, 30, 40, 50, and 60 years), applying the same truncated
normal distribution retirement procedure and using the standard deviation of plant lifetimes in all PPCA
countries scaled proportionally to the average lifetime (so that the ratio of the standard deviation to the

mean remains constant). In this analysis, we include national, state and provincial PPCA member pledges.

Calculating avoided emissions from plant retirement

To calculate the avoided emissions from premature retirement, we calculate the avoided generation from
each prematurely retired plant by multiplying its capacity by the number of years between the premature

and the baseline retirement dates and by the load factor. We use average national load factors for 2007—

2016 by dividing coal-fired power plant output!® by installed coal capacity?’. For states and provinces, we
use national load factors'? by installed coal capacity? for each year. For states and provinces, we use

national load factors.

We then apply technology-specific efficiencies to the power output of each plant to estimate coal
consumption (in energy units) using the average between two different references (see Supplementary
Table 11)6263, We then use emission rates for the thermal content of different coal types for power plants
with known fuel types to estimate avoided emissions (Supplementary Table 12)¢4. For plants with
unknown fuel type, we use 95.3 kg/MBTU which is the average across all cutrently operating plants with
known fuel type, weighted by installed capacity. Finally, total avoided emissions are calculated by
summing across all plants between 2019 and 2050 (at which point all coal power plants in PPCA member
countries with pledged phase-out date would be retired).We then apply worldwide technology-specific
efficiencies (differentiating between sub-critical, super-critical and ultra supercritical generation
technologies) to the power output of each plant to estimate coal consumption (in energy units) using the

average between two different references (see Supplementary Table 11)6263, Where the technology is not
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indicated, sub-critical technology is assumed. We then use emission rates for the thermal content of
different coal types for power plants with known fuel types to estimate avoided emissions (Supplementary
Table 12)64. For plants with unknown fuel type, we use 95.3 kg/MBTU which is the average actoss all
currently operating plants with known fuel type, weighted by installed capacity. Finally, total avoided
emissions are calculated by summing across all plants between 2019 and 2050 (at which point all coal
power plants in PPCA member countries with pledged phase-out date would be retired). For calculating
potential emissions from natural gas in case it substitutes coal power we use the US average efficiency of

gas-fired power plants in 2007-2017 (43%)% and the CO» emission factor for gas 53.07 kg/Mbtu6s.

Scenario comparison

In Figure 1 (panel b), we compare how coal generation changes under the PPCA pledges to climate
scenarios from the literature!6.!7, For the “BAU” or Business as Usual scenarios, we selected all scenarios
which had, “Current policies”, “No policies”, “Baseline”, or “BAU” in their name or definition. For the
“2°C” scenarios, we selected all scenarios in the Categories: “Higher 2C” and “Lower 2C”. For the
“1.5°C” scenarios, we selected all scenarios in the Categories: “1.5C low overshoot”, “1.5C high

overshoot” and “Below 1.5C”.

Variable definition for comparative analysis and logistic regression

Selection of variables for logistic regression and comparative analysis is explained in Supplementary Text

2. The following is the list of variables in our logistic regression and data sources:

e! Coal.Share — share of coal in electricity supply in 2016. Calculated as a ratio of electricity
produced from coal to the total domestic electricity supply. Data source: ref. 19.

¢! Prod.PC — coal production per capita, toe/petson, in 2016. Data soutces: coal production — ref.
19, population — ref. 58.

e Coal. TFC - share of coal in non-transport final energy consumption. Calculated as share of coal
in total final energy consumption excluding the transport sector (i.e. capturing coal use in

industry, residential and public and commercial sectors) in 2016. Transportation sector was
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excluded to avoid the extent of transport sector affecting the final results. Data source: ref. 19.
Coal.Indep — import independence of coal supply. Calculated as a ratio of domestic coal
production to the total domestic supply of coal. If the ratio is greater than one (i.e. the country is
a net coal exporter), the indicator equals one by definition (meaning “full independence of
supply”). Data source: ref. 19.

Demand10 — change in electricity demand over 10 years (2006-2016). Calculated as an absolute
difference between the total electricity demand in 2016 and 2006 divided by the total electricity
demand in the base year (2006). Data source: ref. 19.

Age — weighted (by installed capacity) average age of operating coal-fired power plants. Plant age
is as of 2019. Data source: ref. 20.

NHR.Share — share of non-hydro renewables in total electricity supply in 2016. Data source: ref.
19.

PM2.5.Exp — air pollution, measured as mean annual exposute to PM2.5 (ug/m?), in 2016. Data
source: ref. 58.

GDP.PC — GDP per capita (in 1 000 current USD) in 2016. Data source: ref. 58.

FoG — Functioning of government as measured by an index published by Freedom House,
which measures on the scale from 0 to 12 the absence of undue influence on elected authorities,
effectiveness of safeguards against political corruption, and openness and transparency of

government operation. Data source: ref. 28.

Logistic regression analysis

We conduct a multivariate statistical analysis using a two-sided logistic model to analyze which variables

best predict PPCA membership and which countries are most likely to join in the future. The binary

outcome variable is PPCA membership. Our sample includes the 68 countries which supply at least 1%

of their electricity from coal and for which all our independent variables are available (this excludes North

Korea, for which there was no GDP data available). Though PPCA membership of other countries using

negligible quantities of coal power is symbolically important, its tangible impacts on climate mitigation are
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likely to be insignificant.

In the first step we analyze all possible models (2036) including at least two of the 11 explanatory
variables. Models where PM2.5.exp is statistically significant show its unexpected negative correlation with
PPCA membership. This is in contrast to the presumed causal mechanism and thus possibly indicates a
model deficiency. PM2.5.exp is therefore excluded from further analysis (Supplementary Text 2,

Supplementary Text 3).

In the second step we analyze all possible models (1013) involving a combination of at least 2 of the
remaining 10 variables. These machine-generated models are ranked by the Akaike information criterion
(AIC) which estimates the goodness of fit and also rewards model parsimony by penalizing additional
independent variables®’; a lower AIC means better model fit. In addition, we test how many ‘false
predictions’ of membership in PPCA each model produces (a prediction is a false negative if an actual
PPCA member has less than 50% of probability to be a PPCA member according to a given model and
false positive if a non-member is predicted by the model to be a member with higher than 50%

probability — Supplementary Table 7).

This machine-generated procedure follows the general logic of step-wise regression using backwards
elimination, starting with a model containing all of our independent variables and then testing a number
of reduced models by dropping statistically insignificant variables one-by-one and testing different

variable combinations (as illustrated in Supplementary Table 7)%8.

The best-fit parsimonious model resulting from this procedure includes FoG, GDP.PC, Prod.PC,

Coal. TFC and Coal.Share; the best-fit model with only two variables, includes Coal.Share and the FoG
(models 1.3 and 1.4, Supplementary Table 7, 8 and 9). We also use the likelihood ratio test’® to make sure
that no significant information is lost when dropping variables from the best-fit and 2-variable model (i.e.
that the variables dropped from the full model are not statistically significant collectively). Finally, to
investigate collective statistical significance of the variables characterizing the coal sector (Coal.Share.
Coal. TFC, and Prod.PC) and which highly correlate with each other (Supplementary Figure 6) we

conduct an additional likelihood ratio test® focused on these variable (Supplementary Text 3).
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Limitations

Our paper focuses on the impact and potential diffusion of a specific policy measure: deliberate, nation-
wide, time-bound, universal phase-out of unabated coal power. We do not analyze other policies (e.g.
carbon tax) that can reduce emissions from coal power or indirectly lead to closure of coal power plants.
We also do not analyze potential closures of coal power plants due to market dynamics, technological

change, and other factors not explicitly reflected in deliberate phase-out policies.

In our reference estimate of avoided emissions, we presume that phased-out coal generation will be
compensated by nearly-zero carbon measures such as electricity demand reduction or, in a sensitivity
estimate, by natural gas power. However, we do not analyze the whole range of substitution options,
some of which may lead to much higher emissions. This can occur, for example, as a result of a
“waterbed effect” when decline in coal generation in PPCA countries could lead to an increase in coal
generation elsewhere either because of a drop in coal prices or due to an increase in opportunities to

export coal-based electricity to those countries.

On the other hand, our analysis may underestimate the potential effect of PPCA by not including the
cancellation of planned or possible coal power plants. Though we show that the majority of PPCA
countries have not built many new coal power plants in the last two decades (and thus are unlikely to
have had many concrete plans for construction) we could not obtain reliable and systematic information
on how many coal power plants were cancelled during the planning stage, when and whether the

membership in PPCA could have played any role.

With respect to explaining PPCA membership and discussing its potential for its further expansion our
first limitation stems from our focus on nation-states. Explaining PPCA memberships of sub-national
jurisdictions as well as private corporations would require a different explanatory framework and different
variables. The second limitation is more generally connected with statistical analysis which identifies
correlation between variables rather than causal relationships. Although we base our variable selection on
plausible causal mechanisms and a rich theoretical and empirical literature (Supplementary Text 2),

validating these mechanisms would require detailed case-study research.
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