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Abstract

Recent natural gas price surges prompted the adoption of various policies, such as a natural gas price

cap, aimed at preserving climate goals and preventing increases in wholesale electricity prices. How-

ever, it is unclear whether such policies are effective. Here, we take advantage of the unexpected spike

in natural gas prices around the time of the Russian invasion into Ukraine to estimate the effects

of such a spike on coal generation, carbon emissions, and wholesale electricity prices, highlighting

its heterogeneous impacts in 13 EU countries that still rely on both coal and gas for electricity pro-

duction. We use these estimates to show that the effectiveness of the gas price cap is limited, and

instead propose an emergency response mechanism that would simultaneously safeguard the EU’s

climate policy and protect households from excessive fluctuation in natural gas prices. The pro-

posed mechanism introduces an emergency auction reserve price within the existing EU Emissions

Trading System, triggered automatically under predefined rules whenever gas prices reach unusually

high levels. Revenues generated by the reserve price would be used to provide relief to consumers.

Our results demonstrate that a modest emergency reserve price could serve as an effective response

mechanism and that this approach overcomes key shortcomings of the widely used natural gas price cap.

Keywords: European energy crisis, excessive natural gas prices, decarbonization, wholesale electricity prices,
emergency response mechanisms, emission trading
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Episodes of extraordinarily high natural gas prices in international energy markets can compromise the
effectiveness of climate policy and the pace of decarbonization, prompting the switch from gas to coal
in the generation of electricity [1]. Higher natural gas prices can also lead to increases in wholesale
electricity prices, impacting consumers and the rest of the economy [2]. Due to its dependence on Russian
gas, the European energy system faces unique challenges [3]. The unexpected spike in natural gas prices
following the Russian invasion of Ukraine in February 2022 underscores such challenges. In a year, gas
prices increased by nearly 600 percent - from 18 euros per megawatt-hour (EUR/MWh) in March 2021
to 124 EUR/MWh in March 2022, achieving record high levels of about 300 EUR/MWh by September
2022 (Figure 1 Panel A). In this period, coal prices also surged by nearly 500 percent, reflecting gas-to-
coal substitution (Figure 1 panel C). Despite an almost doubling of carbon price levels under the EU
Emissions Trading System (EU ETS) from 45 EUR/tonne to 75 EUR/tonne (Figure 1 Panel D), coal
power generation raised by 42 percent EU-wide (Figure 1, Panel B). Wholesale electricity prices also
increased steadily from about 82 EUR / MWh to more than 200 EUR / MWh (Figure 1, panel E). While
since September 2022 natural gas prices have declined (Figure 1, Panel A), over the course of 2025, prices
for gas futures contracts with delivery in the year 2026 are still almost 100 percent higher than pre-crisis
level, suggesting a new normal of higher gas prices. At the same time, future increases in the global
demand for natural gas, as well as geopolitical challenges, could well revive price volatility and trigger
renewed price spikes, as seen in early March 2026 when gas prices roughly doubled within a week to about
66 EUR/MWh following the escalation of the Iran conflict.

In response to the challenges that higher natural gas prices pose in relation to electricity prices and
carbon emissions, some European nations have called for a faster transition away from fossil fuels through
aggressive investments in carbon-free technologies to reduce Europe’s exposure to natural gas markets [4].
Others, like Poland, have urged a delay in stricter climate action amid the crisis. The EU has implemented
a uniform cap on natural gas prices at 180 EUR/MWh in late 2022, and considered various electricity price
controls starting in October 2023 ([5],[6],[7]). These interventions have come under scrutiny as critics are
unsure if they provide a clear solution to the soaring prices of natural gas and its impacts on consumers
([8, 9]). In principle, countries that have implemented an ETS to regulate greenhouse gas emissions have
the potential to effectively address the challenges that high gas prices pose within the design of the ETS.
However, in practice, no existing ETS has a direct response mechanism that could alleviate the effects of
international energy price crises by automatically triggering an emergency mechanism in the auctions of
carbon permits. Such a rule-based mechanism could apply an emergency auction reserve price that would
set to contain the gas-to-coal switch. In addition, the revenues generated through this auction reserve
price could be used to provide relief to consumers.

Three largely disconnected strands of literature are relevant for designing policies that mitigate the
effects of unexpected natural gas price spikes on decarbonization and electricity prices. First, a substan-
tial body of work examines the importance of fuel switching, particularly gas-to-coal switching, in energy
transitions [10–15], highlighting that high natural gas prices induce coal use and associated CO2 emissions.
Second, another literature analyzes the pass-through of fuel costs to wholesale electricity prices [16], typ-
ically in country-specific contexts, including the United States [17], Spain [16], Germany [18] and Nordic
countries [19], showing that high natural gas price translate to electricity price increases that can bur-
den consumers. Third, a separate line of research studies long-term stabilization mechanisms in emissions
trading systems—such as price floors, ceilings, and collars—that aim to reduce intertemporal volatility in
abatement costs [20]. Despite their relevance to a common policy challenge, these three strands have not
been systematically integrated. As a result, we lack a unified framework for assessing how an emissions
trading system can be made resilient to short-lived but extreme episodes of natural gas price spikes. Our
contribution is such a unified framework that lies at the intersection of these literatures. It allow us to con-
ceptualize and compare alternative policy options that aim to simultaneously protect consumers against
high energy prices and not compromise decarbonization goals. Identifying robust emergency response
mechanisms is important because political economy pressures, stemming from commitment challenges
and distributional concerns, intensify during periods of energy price crisis. Absent evidence-based guid-
ance for predictable, rule-based response mechanisms, policymakers revert to ad hoc interventions that
risk distorting incentives and weakening long-term climate policy commitments.

In this paper, we propose an emergency response mechanism within the existing emissions trading
architecture that would enhance the resilience of the climate policy against the energy crisis, and compare
its effects against gas price caps, which to date are the most widely used policy to tackle the impacts of
unexpected high energy prices. We propose an empirical framework that provides the analytical toolkit to
quantify how excessive natural gas price spikes compromise climate policy and to conceptualize and assess
different policy responses based on their environmental effectiveness and capacity to address wholesale
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electricity prices. The 2022 energy crisis following the Russian invasion of Ukraine provides the empir-
ical context upon which we bring this framework to bear on the data. We first take advantage of the
unexpected, plausibly exogenous spike in natural gas prices around the time of the Russian invasion to
Ukraine of February 2022 to estimate the causal effects of such a spike on coal generation and resulting
carbon emissions, highlighting its heterogeneous impacts across 13 EU countries that still rely on both
coal and gas for electricity production. Specifically, we employ regression techniques using rich hourly
electricity market data. Second, by combining our empirical estimates with estimates of the impacts of
natural gas prices on wholesale electricity prices, we examine the emissions and wholesale price effects of
the 180 EUR/MWh natural gas price cap already implemented by the EU. Third, we propose an alter-
native emergency response mechanism within the EU ETS and contrast its performance against the EU
gas price cap. This emergency response mechanism would build on the existing framework of the Market
Stability Reserve, which already provide the institutions for rule-based interventions in the auctioning of
emission permits in the EU ETS. It would be triggered automatically according to a predefined rule when-
ever gas prices reach levels substantially above their historical trends. Upon activation of the emergency
mechanism, emission permits would be auctioned temporarily only if bids exceed a prespecified minimum
price—what we refer to as the emergency reserve price. This reserve price would be set to keep the relative
price of gas to coal constant at a defined historical reference level. The proposed emergency mechanism
is designed as a “second-best” policy that preserves the political and dynamic integrity of the ETS under
conditions of market stress, and that constrain policymakers from resorting to ad hoc interventions.

Compared to the existing gas price cap, the proposed mechanism offers some advantages. First, a small
increase in the price of carbon is relatively more effective in reducing carbon emissions than a cap on the
price of gas. Two underlying channels of adjustment drive this difference. Both instruments explore what
we term the substitution effect by limiting substitution away from gas toward coal. However, a gas price
cap effectively subsidizes the price of wholesale electricity, leading to an increase in demand and resulting
emissions. We term this effect the output effect. In contrast, a higher carbon price induced by the proposed
emergency reserve price contracts the electricity demand and reduces carbon emissions by raising the price
of electricity. In other words, only with the emergency mechanism proposed here will the substitution
and output effects reinforce each other, maximizing the potential of emissions reductions. Second, the
emergency response mechanism has the advantage of generating revenues, which can be used to alleviate
the consequences of higher electricity prices. Taken together, we show that a modest emergency levy of
12.18 EUR/tonne on top of the regular carbon price in the EU ETS could serve as an effective response
mechanism to reduce excess emission from the gas price spikes. Such a mechanism would generate greater
relief to consumers than a natural gas price cap.

Results

In Figure 2, we show how the episode of extraordinarily high natural gas prices during the 2021/2022
crisis has affected CO2 emissions from coal and therefore the pace of decarbonization in the electricity
sector (panels A-D), and wholesale electricity prices (panels E-G), which affect consumers and the rest of
the economy. Our focus is on the 13 EU countries that still rely on coal and gas for electricity production.
In addition, our analysis focuses on the period between April 2021 and May 30 2022 to isolate the effect of
natural gas price spikes triggered by plausibly exogenous geopolitical events (see Figure 1). The restriction
to this time period also minimizes any empirical challenge arising due to other observed or unobserved
time-varying factors, such as potential confounding policy responses to the crisis or (longer-term) changes
in generation capacity in different countries (see Supplementary Discussions 1.1 and 1.2).

CO2 emission increase from natural gas price surge

Figure 2 panels A and B quantify the excess coal generation and the excess CO2 emissions from natural
gas to coal switching in the generation of electricity induced by the unexpected, plausibly exogenous surge
in the price of natural gas around the time of the Russian invasion of Ukraine in the period between
April 2021 and May 2022. Excess coal generation and excess CO2 emissions are presented relative to a
counterfactual scenario, in which the relative price of natural gas to coal – subsequently referred to as
relative gas price – remains at the low pre-crisis price level (34% lower than in the crisis period). For
instance, for Germany we calculate that annual CO2 emission are about 43,572 kt or 27% above this
counterfactual scenario. The overall increase in emissions of 19% or 73,587 kt in all our sample countries
provides clear evidence that the episode of extraordinarily high relative gas prices in the aftermath of the
Russian invasion of Ukraine compromised the pace of decarbonization of the electricity sector in the EU.
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Quantified excess coal generation and excess CO2 emissions are determined by the product of the
responsiveness of coal-fired power generation to the relative gas prices shown in Figure 2D and the
quantity of coal-fired electricity generated shown in Figure 2F (see Methods). Our estimates of the price
responsiveness of coal generation (see Methods for the underlying regression techniques) suggest a large
heterogeneity across the 13 EU countries in the magnitude of the gas-to-coal switching occurring in
response to high relative gas prices. We find the greatest effects for Italy (0.75) and Spain (0.71). The
estimate of 0.75 for Italy suggests that the generation of coal increases by 75% if the relative price of gas
increases by one unit. The effects are more moderate in Finland, Germany, and Denmark, while they are
much less pronounced in Eastern and Southeastern EU countries. A high relative price responsiveness of
coal generation translates into a high relative increase in coal generation and CO2 emissions. This is why
we observe in Figure 2B the largest relative emission increase induced by the rise in the price of natural
gas in Italy and Spain (50% and 48%). However, the absolute emission increase in these two countries
is limited. This is because the total amount of coal-fired power generation drives the absolute emission
effect and the dependence on coal is relatively low in Italy and Spain (Figure 2F). In contrast, more
coal dependent countries such as Germany, Poland, Czechia, and Bulgaria show high absolute emission
increases - despite their medium to small responsiveness to relative gas prices.

Electricity price increase from natural gas price surge

In addition to the increasing emissions resulting from the substitution from natural gas to coal power
generation, high natural gas prices also pass through to higher wholesale electricity prices. Figure 2E
quantifies the excess wholesale electricity price increase induced by the 2021/2022 natural gas price surge
relative to the counterfactual scenario, in which the relative gas price remains at the low precrisis price
level. We find the greatest effects for the southern EU countries, where Greece stands out with an increase
in electricity price of 131 € / MWh (245%). The price increase is lowest in Northern Europe, such as 59
€/MWh (120%) in Finland.

The quantified excess electricity prices are determined by the pass-through rate of natural gas prices
to wholesale electricity prices (Figure 2F) and the level of wholesale electricity price (Figure 2G). Our
estimates of the pass-through rates (see Methods for discussion of underlying regression techniques) again
suggest important heterogeneity in the extent to which high natural gas prices trigger higher electricity
prices across the 13 EU countries. We find the greatest effects for Italy (1.96) and the Netherlands (1.9)
and the least effects for Poland (0.79) and Bulgaria (0.54). The estimate of 1.96 for Italy suggests that
an increase of 1 EUR / MWh in the natural gas price results in an increase of 1.96 EUR / MWh in the
wholesale electricity price. Because the heterogeneity in the electricity price levels is limited (Figure 2G),
it is mainly the pass-through rate that drives the relative and absolute increase in wholesale electricity
prices observed in Figure 2E.

Heterogeneity in the adjustment

In Figure 3, we decompose the channels of adjustment behind the average effects for the gas-to-coal
substitution and the electricity price in response to the higher relative natural gas price by showing hourly
estimates for the responsiveness of coal generation (left panel) and the responsiveness of electricity price
measured by pass-through rates (middle panel) for six selected countries with different combinations of
electricity (right panel). It shows clear hourly patterns in the two responsiveness estimates. The electricity
load is one driver of these temporal patterns. In times of high load during the morning and evening peaks,
we generally observe a higher responsiveness of either coal generation (i.e. more gas-to-coal switching)
or electricity prices (i.e. a higher pass-through of natural gas prices). The mix of electricity generation
technologies is a second driver of temporal heterogeneity. For example, in times with abundant intermittent
renewables (IRE), we generally observe a lower response of coal generation to the relative price of gas.
Taken together, three different cases of adjustment can be identified from the temporal response patterns.

First, for coal-dependent countries, such as Poland and Czechia, we show a negative correlation between
coal generation responsiveness and electricity price responsiveness. In particular, during hours of high
electricity load (shown as dashed line in the right panel), we observe a high coal generation responsiveness
but a lower electricity price responsiveness. This suggests that these two Eastern European countries
use their coal capacity to balance out fluctuations in gas prices, and the available coal capacity keeps
electricity prices from rising. A similar adjustment mechanism can be observed in Greece, where, however,
coal capacity is not sufficient to prevent electricity price increases in the evening peak.

Second, for countries with a high share of IRE but also nuclear energy, namely Finland and Spain,
we instead find a positive correlation between the coal generation responsiveness and the electricity price
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responsiveness. During periods of high electricity load, these two countries do not have sufficient coal
capacity that could be used to replace more expansive gas generation, and thus the higher generation
costs must be passed through higher electricity prices.

Finally, Germany is an example of a country with a relatively high share of IRE but still a high
share of coal. With a correlation between the coal generation responsiveness and the electricity price
responsiveness close to zero, the country falls between the two cases with a clear positive and negative
correlation, suggesting that in times of high relative gas prices, it can use gas-to-coal switching to prevent
some of the electricity price increase but not to a larger extent as Poland and Czechia. It is worth noting
that coal-fired plants generally lack the fast-ramping capabilities of gas-fired units that make the latter
particularly well suited to balancing intermittent renewable generation, which can constrain the extent of
fuel switching.

Trade-off between gas-to-coal switch and higher electricity price

The pattern with trade-offs between switching to more coal generation or paying higher electricity prices
discussed for the six selected countries generalizes across all our sample countries (see Supplementary
Figures 20 to 26). To show this, Figure 4A presents a relative responsiveness score that is based on the
negated correlation coefficient between the hourly estimates for the coal responsiveness and for the price
pass-through (see Methods). The higher the score, the more negatively correlated the response of the
coal and the pass through of the price. In addition to Czechia, Poland and Greece, all other Eastern
European countries but also Italy and the Netherlands are among the group of countries with a high
relative responsiveness score. In most cases, these countries rely on coal to balance out high natural gas
prices and keep electricity prices from rising. However, in some countries such as Italy (Supplementary
Figure 24) and the Netherlands (Supplementary Figure 25) and in some periods of the day (such as late
afternoon in Greece, but also Czechia and Poland), the high responsiveness score reflects cases with rising
electricity prices because coal generation does not respond.

In contrast, a second group of countries is characterized by a negative score (i.e. a positive correla-
tion between the coal responsiveness and the price pass-through), which suggests that the switch from
gas to coal generation in these countries is insufficient to stop electricity prices from increasing or that
the country uses some alternative generation technology that prevents gas-to-coal switching. This group
includes Finland and Spain, but also Croatia and Denmark, i.e., those countries that have a high share
of decarbonized electricity and a relatively low coal capacity.

Figure 4B and 4C suggest that the electricity mix is the determinant of the trade-off countries face
when dealing with higher relative natural gas prices. A higher reliance on coal generation is correlated
with a higher responsiveness score and a higher share of decarbonized energy is correlated with a lower
score (specifically, high shares of wind and hydro energy are correlated with a lower score; Extended Data
Fig. 4).

Effectiveness of EU gas price cap is limited

In response to the 2021/2022 natural gas price surge, the EU implemented a price cap, aiming to ”limit
episodes of excessive gas prices”.1 The so-called ”Market Correction Mechanism” is automatically acti-
vated if the month-ahead price for natural gas on the Title Transfer Facility (TTF) trading platform
exceeds 180 EUR/MWh for three working days.2 Even though the EU-wide mechanism was only applied
from February 2023 when the crisis was already subsiding, it remains relevant to understand how it would
have worked if it had already been active in 2022 when natural gas prices still soared. Figure 5A shows
results for this policy counterfactual. It indicates that the emissions savings from a natural gas price cap
in 2022 would have been low in most countries except Germany. For the EU in total, we estimate minor
CO2 emission savings of 7,717 Kt CO2. The environmental effectiveness is low despite the fact that the
180 EUR/MWh threshold would have been triggered 115 times in the year, as 2022 stands out as the
period with record natural gas prices hitting an all-time high of more than 300 EUR/MWh (see Figure 1
& Supp. Fig. 14).

Figure 5B highlights the channels exploited by the natural gas price cap and underscores why its
effectiveness is limited. It shows two opposing effects of the cap. First, there is an emission-reducing

1Council Regulation (EU) 2022/2578 of 22 December 2022 establishing a market correction mechanism to protect Union citizens
and the economy against excessively high prices. https://eur-lex.europa.eu/eli/reg/2022/2578/oj

2The second market event triggering the mechanism is when the month-ahead TTF price is 35 EUR/MWh higher than a global
reference price for LNG for the same three working day. Once activated, the cap is valid for at least 20 working days. It will be
automatically deactivated if gas prices are below 180€/MWh for the last three consecutive working days.
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substitution effect. By capping natural gas prices, less gas-fired power generation is substituted by coal-
fired generation, and this results in lower CO2 emissions. However, there is a second, emissions-increasing
output effect. The lower gas prices imposed by the cap are passed through to lower wholesale electricity
prices, which increases electricity demand and, thus, increases CO2 emissions. Figure 5C shows the induced
electricity price decrease that causes this output effect.

Small carbon price increase can effectively reduce excess emissions

Strengthening the carbon price in the existing EU Emissions Trading System (EU ETS) is an alternative
policy option that could more effectively address excess CO2 emissions. A higher price on carbon makes
coal effectively more expensive than natural gas, and thus works in the same direction as a price cap
on natural gas which makes natural gas cheaper. We calculate that the additional price of carbon that
would generate the same substitution effect that the cap on the price of natural gas yields amount to
12.18 EUR/tonne (see Methods). In comparison, the average carbon price in the EU ETS in 2022 was 80
EUR/tonne.

Figure 5A shows that the cap-equivalent carbon price would deliver more significant CO2 emission
reductions because, in sharp contrast to the natural gas price cap, there is a negative output effect (Figure
5B). This is because electricity prices would increase to some extent (Figure 5C), which reduces electricity
demand. For the EU in total, we estimate that the 12.18 EUR/tonne carbon price would reduce CO2

emission by 14,048 kt of CO2, which is a reduction nearly twice that of the gas price cap.

Consumer relief from gas price cap vs. carbon price with revenue recycling

Finally, Figure 5D compares the financial burden and relief from the gas price cap and the equivalent
carbon price. The addition of a carbon price of 12.18 EUR/tonne imposes higher electricity costs on
consumers (blue bar), and the increase in the electricity price is more pronounced in countries with a high
relative responsiveness score (see Extended Data Figure 1). However, the 12.18 EUR/tonne carbon price
also raises additional revenues (pink bar) that can be used for consumer compensation. These revenues
are significantly larger than the aggregate burden (pink bar > blue bar), with the break-even value of
revenue to burden being 8 percent on average. Thus, a recycling of revenues could fully offset the carbon
cost burden and provide an additional consumer relief of considerable magnitude (equal to the difference
between the blue and pink bars, as seen in Figure S6). The natural gas price cap also provides consumer
relief through lower electricity prices (green bar). However, the financial compensation from a full revenue
recycling of the additional carbon price of 12.18 EUR/tonne would far exceed that from the gas price cap.
For example, in Spain only 32% of the revenues would be required to deliver the same level of consumer
relief as the gas price cap (as indicated by the percentage values under each country’s bars). Even under
a pessimistic scenario in which administrative and transaction costs associated with such recycling reduce
the available revenues for compensation by half, revenue recycling would still provide greater relief than
the gas price cap in almost all countries.

In sum, our analysis suggests that a moderate strengthening of the EU ETS combined with a financial
compensation of consumers equal to all additional carbon revenues outperforms a gas price cap both in
terms of environmental effectiveness but also providing a consumer relief during the crisis.

Discussion

Our study reveals the critical importance of understanding the relationship between natural gas price
spikes, coal-fired generation, and resulting excess CO2 emissions. The results confirm that the use of
natural gas as a transition fuel has potential shortcomings ([22], [23]). In particular, we provide convincing
empirical evidence that episodes of extraordinary high gas prices compromise the pace of decarbonization
by generating excess CO2 emissions in electricity production. The response of coal-fired generation to
spikes in gas prices is related to the share of coal in the electricity energy mix, the diversity of energy
sources in electricity production, and how responsive a country is to natural gas prices. Countries with a
mix of electricity generation that still rely relatively more on coal and are more sensitive to gas prices tend
to experience the largest excess CO2 emissions. Given the complementarities between natural gas and
renewables, countries that invested in renewables as a decarbonization strategy are still at risk of increased
CO2 emissions due to their high responsiveness to natural gas prices, but the resulting increase in excess
emissions is relatively smaller given their limited coal capacity. Taken together, these results point to the
importance of accelerating coal phase out and diversifying energy sources, since coal can have a comeback
during times with extraordinary high natural gas prices. In this sense, the analysis complements recent
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literature that stresses the need of promoting a zero-carbon electricity sector to achieve climate goals
[24],[25].

Because European electricity systems are physically constrained and highly interconnected, fuel-
switching possibilities are shaped by transmission capacity, congestion, ramping constraints, and inter-
connector availability. Our empirical strategy relies on realized hourly generation and price data during
the crisis period. These observed market outcomes already incorporate prevailing physical and institu-
tional constraints within each national system. Accordingly, the estimated fuel-switching elasticities reflect
substitution that was feasible under actual system conditions. Cross-country heterogeneity in estimated
responses therefore captures differences in generation portfolios, grid structure, interconnection capac-
ity, and operational flexibility. Our analysis is thus reduced-form and equilibrium-based, rather than a
simulation of unconstrained engineering dispatch.

Several important policy insights can be drawn from our findings. First, the effectiveness of the existing
EU gas price cap is limited. Our framework reveals the underlying mechanisms that lead to this result.
By lowering the price of gas relative to coal, the gas price cap promotes a substitution effect that leads to
a reduction of emissions. However, to the extent that gas price caps lower the overall wholesale electricity
price, electricity demand and emissions increase. This output effect partly neutralizes the substitution
effect, compromising the effectiveness of the gas cap. This insight suggests that the gas price cap suffers
from some of the same limitations noted in studies that examined the effectiveness of low carbon fuel
standards ([26]), and Clean Energy Standards ([27]).

Second, a small carbon price in the existing EU emission trading system can overcome the limitations
of the gas price cap. In the 2022 crisis, a carbon price of 12.18 EUR/tonne would reduce CO2 emissions
more than twice as much as from a gas price cap. This carbon price can generate the same substitution
effect as the gas price cap. But because wholesale electricity prices increase with a carbon price, the
output effect will instead reinforce the substitution effect. This insight suggests potentially important
reforms for the existing EU ETS. A fundamental implication of our study is that the EU ETS, as well as
most existing emissions trading schemes, would benefit from an explicit emergency mechanism to address
international energy price crises. Recent policy debates in Italy—including a reform proposals to decouple
carbon costs from wholesale electricity prices in order to reduce consumer bills, and broader public calls to
reconsider elements of the EU ETS to better balance decarbonization goals with energy costs—underscore
the relevance of a predictable, rule-based mechanism that preserves the credibility and integrity of the
ETS under conditions of market stress.

Political economy considerations are the ”second-best” rationale for our proposal of a rule-based
emergency mechanism. In a first-best setting, temporary surges in coal use and emissions would not pose
a concern, as the emissions cap in the EU ETS fixes cumulative emissions. However, this perspective
overlooks two important real-world dynamics. First, high energy prices trigger policy debates about the
political commitments to the EU ETS cap. Because the cap is not static but subject to periodic updates
and unexpected policy revisions, the literature has long recognized that policymakers governing an ETS
face a classic time-inconsistency problem with ex-post incentives to renege on ex-ante commitments [28,
29]—with these pressures intensifying during periods of crisis [30, 31]. The proposal of Poland and other
Eastern European countries to abandon the scheduled tightening of the EU ETS cap following the onset
of the war in Ukraine [32] exemplifies the commitment problem that can arise during crisis. Although the
proposal failed to gain majority support, the political debate surrounding the long-term cap’s stringency
induced uncertainty among market participants. Such uncertainty has been shown to deter investment
in clean technologies, potentially undermining the dynamic efficiency of the ETS [33]. The proposed
emergency mechanism for the EU ETS would act as a commitment device designed to preserve the
political and dynamic integrity of the ETS under conditions of market stress. Second, the first-best
perspective neglects policymakers’ concerns about the political repercussion of distributional impacts
associated with high energy prices during crisis. These concerns often trigger calls for relaxing climate
policy or for alternative interventions that promise financial relief. Absent of a readily available mechanism
to address them, policymakers tend to adopt ad hoc measures that distort incentives and are limited
in their effectiveness. The EU’s introduction of the gas price cap in 2022 is a salient example of such
an ad hoc intervention. The emergency mechanism would act as rule-based device aimed at providing a
predictable response to distributional concerns, which should constrain policymakers from resorting to ad
hoc interventions.

Currently, the EU ETS lacks a dedicated emergency mechanism. However, the Market Stability Reserve
(MSR) of the EU ETS already provides an institutional framework for rule-based interventions, and
extending its mandate presents an administratively feasible way to integrate the proposed emergency
levy into the existing governance architecture. The MSR automatically adjusts the supply of emission
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allowances (EUAs) according to quantity-based rules: when the number of allowances in circulation falls
below a specified threshold, allowances are released from the MSR for auctioning, and when it exceeds an
upper threshold, a fraction of the surplus is withdrawn.3 The emergency mechanism could be incorporated
into the MSR via an additional price-based rule: when natural gas prices exceed a prespecified threshold,
allowances would be auctioned with a predetermined top-up. Price-based mechanism of this type are
well established in the literature [34–36] and already implemented in the UK, California, or in the U.S.
Regional Greenhouse Gas Initiative—indicating that existing institutions have the administrative capacity
to implement such schemes. Even within the EU ETS, Article 29a in principle already provides for a
price-based emergency intervention linked to the carbon price: if EUA prices rise “more than twice” the
two-year average and the increase is not ”justified by fundamentals”, the European Commission may
release additional allowances. However, this rule is discretionary and has never been used. By contrast,
the emergency mechanism proposed here would be rule-based and linked to natural gas price levels.

The implementation of the emergency mechanism within an extended MSR framework requires defining
three rules. The first defines the criterion for identifying excessive high natural gas prices that would trigger
the mechanism. A simple option is to specify a fixed absolute price level, such as the 180 EUR/MWh
threshold used for the EU gas price cap. An alternative option, following the logic of Article 29a, is to
define the threshold based on a proportional increase in natural gas prices (or in the relative price of
natural gas to coal) relative to a historical reference period—for instance, a rise exceeding twice the two-
year average natural gas price. Once the average natural gas price over the preceding month exceeds the
prespecified threshold, the emergency mechanism is activated automatically. Upon activation, a second
rule determines a reserve price that applies temporarily to all EUA auctions. Under this rule, allowances
in auctions are only released when the bid price exceeds the prespecified minimum—what we refer to as
the emergency reserve price. A simple way to set this reserve price is to add a fixed top-up, such as 10 EUR
per ton, to the average bid price in the previous auction round. A more flexible alternative, adopted in our
policy counterfactual analysis above, is to define the top-up based on the actual carbon price increment
required to keep the relative price of natural gas to coal (i.e., the gas-to-coal price ratio) constant at a
specified historical reference level—for instance, again, the two-year average relative price of natural gas
to coal. The calculation of this equivalent carbon price is straightforward for any combination of natural
gas and coal prices (see Methods). 4 A third rule determines the duration of the emergency activation.
Following the design of Article 29a, we propose a fixed period of six consecutive months. After six months,
the price situation would be reassessed.

From a political feasibility perspective, a challenge of the emergency mechanism is that it raises
electricity prices precisely during periods of already high energy costs. However, our analysis has shown
that the emergency reserve price generates revenues far exceeding the aggregate household costs from
the resulting electricity price increase. In our counterfactual analysis for the 2022 energy crisis, only
about 8 percent of the revenue would have been needed to fully offset the rise in consumer costs. This
demonstrates that, even after accounting for administrative costs of the scheme, the emergency mechanism
has substantial potential to provide meaningful relief to households. Recent literature on public support
for carbon pricing ([37],[38],[39]) suggests that designing a revenue recycling scheme is necessary condition
for the political acceptability of such policies. While the EU lacks a legal framework for direct financial
transfers to citizens, existing EU ETS compensation funds already provide an institutional foundation
for a refund mechanism. Notably, the Social Climate Fund (SCF), established to offset costs from carbon
pricing [40], could serve this purpose.5 It is financed through ETS auction revenue and it distributes these
funds to EU Member States according to a formula designed to mitigate distributional tensions across the
diverse EU economies. Member States then use the funds they receive conditionally on national Social
Climate Plans approved by the EU, which determine how citizens are compensated. All revenues generated
by the proposed emergency mechanism (net of administrative costs) could be channeled into the SCF.
It would be in the self-interest of Member States to utilize the additional revenues from the emergency
mechanism to provide financial support directly to households in times of crisis.

We acknowledge some limitations of proposed emergency mechanism. First, while we focus on the
potential of providing relief to consumers by recycling the revenues of the emergency mechanism, our
study abstracts from consumers’ attitudes towards taxation and trust on the ability of the regulator to

3More specifically, the rule is based on the Total Number of Allowances in Circulation (TNAC). If the TNAC exceeds 833 million,
24% of the surplus is placed in the MSR. If the TNAC falls below 400 million, 100 million allowances are released.

4Specifically, this calculation is as follows:

Mean2022

[

PGas + (PETS + ∆C) · EFGas

PCoal + (PETS + ∆C) · EFCoal

]

= Mean2022GasCap(Relative Price)

5The SCF was established in the context of extending the EU ETS to buildings and road transport.
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actually deliver on the promise of recycling the revenues to provide consumer relief. In fact, studies high-
light that public acceptability of carbon taxation depends, in part, on explicit ex ante clarity of its revenue
use ([41],[42]). In the context of the COVID pandemic, state capacity to transfer funds directly to citi-
zens has been identified as a key prerequisite for a credible compensation policy [43]. This raises broader
questions about the long-term reliance on indirect redistribution mechanisms in the EU, such as the SCF
or similar COVID-era assistance programs, particularly in the context of future crisis responses. Second,
we also abstract from potential behavioral failures that may lead consumers to disproportionately pay
attention to the increase in wholesale electricity prices that result from a higher carbon tax and poten-
tially underestimate the true benefits that recycling revenues can provide ([44]. Third, we abstract from
potential competitiveness effects from higher electricity prices for industry that may require additional
compensation mechanisms. Forth, we acknowledge that the proposed emergency mechanism would add
another layer to the already complex EU ETS architecture. However, it could build exclusively on existing
MRS institutions, and unintended interaction with the current framework are unlikely. This is because
the MSR’s quantity-based rules are designed to address longer-term structural imbalances in the EU ETS.
Activation is determined by the total number of allowances in circulation, but there is a two-year gap
between the year it is measured and the year of the MSR intake or release. By contrast, the proposed,
price-based emergency mechanism would respond immediately to excessive gas prices and operate only
for a short, predefined period, such as six months. Given this limited and temporary nature, it is unlikely
that the emergency intervention would materially influence the MSR activation two years later.

Finally, our analysis focuses on short-run operational responses during a crisis episode and does not
explicitly model long-run capital adjustment. Nevertheless, the proposed emergency mechanism may have
implications beyond the short run. By preserving a credible and undistorted carbon price signal during
periods of extreme gas price volatility, the mechanism can help maintain stable investment incentives for
renewables, storage technologies, demand response, and electrification. In contrast, recurrent interventions
that suppress electricity prices through gas price caps risk weakening long-run investment signals and
increasing policy uncertainty. At the same time, the relevance of the mechanism is likely to evolve as the
electricity system decarbonizes. In the short run, when coal and gas plants remain central to marginal elec-
tricity supply, large gas price shocks can induce substantial fuel-switching toward more carbon-intensive
generation. However, as investment in renewables, storage, and demand flexibility expands and the fos-
sil share of marginal generation declines, extreme gas price movements should have a smaller impact on
aggregate emissions and wholesale prices. In such a setting, the emergency mechanism would be activated
less frequently. The instrument is therefore inherently transitional and state-dependent: its importance
diminishes as reliance on fossil fuels declines.
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Methods

Data and Sample

The majority of our data for the econometric analysis is obtained from the association of European Trans-
mission System Operators (ENTSO-E) for each Transmission System Operator (TSO)—TSOs generally
correspond to countries, with the exception of Germany and Denmark, which are split into four and two
respectively. We obtain hourly data on wholesale electricity prices (EUR/MWh), electricity generation
by technology (MWh), and Load (MWh). Hourly energy generation is obtained for each available source
in each country and includes biomass, coal, lignite, natural gas, dispatchable hydro, nuclear, oil, solar,
geothermal, wind, hydro-run-of-river, waste, and “other”. We focus on those 14 European Union coun-
tries that utilize hard coal or lignite, in addition to natural gas, in their electricity mix (Supp. Fig. 9 &
Extended Data Fig. 3). This is a requirement for our empirical approach to work as we aim to quantify
the substitutability between coal sources and natural gas. As such, we are left with Bulgaria, Croatia,
Czechia, Denmark, Spain, Finland, Germany, Greece, Hungary, Ireland, Italy, the Netherlands, Poland,
and Romania. The island states of Malta and Cyprus do not have available electricity generation data,
while Ireland is left out of the policy analysis (Figures 4 & 5) due to missing electricity price data.

Price data of natural gas, coal and carbon prices are obtained from the Intercontinental Exchange
(ICE). The natural gas price data (in units of EUR/MWh) refer to the TTF month-ahead daily futures
price (the benchmark gas price of European markets). The coal price data (in units of EUR/tonnes) refer
to the ARA month-ahead daily futures price. The appropriate conversion to EUR/MWh is used under the
assumption of 8.14 tonnes of coal per MWh. Similarly, the carbon price, which refers to the daily futures
price for EU allowances in the EU ETS, is in units of EUR/tonnes CO2, and converted using an EU-wide
average emissions factor of 0.3 gCO2 per KWh, based on the 2018-2021 average emissions intensity of EU
countries. In the policy analysis, we use country-specific emission factors given each country’s electricity
generation mix.

Our sample comprises a total of 10,224 hours spanning the time period of April 2021-May 2022. We
focus on data from this time period as it reflects a period in which natural gas prices experienced massive
exogenous shocks in no small part due to the ramping up and eventual conflict in Ukraine and can thus be
treated as plausibly exogenous, before any wholesale market distortive mechanisms were put in place (see
Supp. Discussion 1). Hence, this allows us to elucidate electricity generator responses to commodity prices
and the environmental impact of the natural gas price crisis. We note that the beginning of our sample
period coincides with the late phase of the COVID-19 pandemic, when economic activity and natural gas
demand in the EU were still depressed, exerting downward pressure on gas prices. Our analysis therefore
spans two distinct crisis episodes with opposing price dynamics: a negative demand shock associated with
the late-COVID period and a subsequent positive price shock following the invasion of Ukraine. Given
the short time period and the longtime it takes to construct new fossil fuel facilities, it is reasonable to
assume that the capacity mix is virtually unchanged. While most countries have near complete datasets
for this time period, Finland, Croatia, and Ireland have the most missing data, with a total non-missing
dataset of 8,882, 7,981, and 9,974 respectively. The remaining countries have all less than 50 hours of
missing data (Extended Data Fig. 5). For the electricity price pass-through regressions, all countries have
complete data (Extended Data Fig. 6).

Econometric Model of Coal Responsiveness

We use the aforementioned exogenous variation in prices to run our main regression specification separately
for each country from April 1 2021 - May 30 2022 as follows:
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Our preferred specification utilizes hourly electricity generation and load data, and daily commodity
price data. CoalGent refers to the log transformed generation of aggregated coal and lignite at any given
hour. Our regressor of interest is the price ratio of natural gas to coal, also known as the relative price. The
relative price is inclusive of carbon prices, proportional to the amount of CO2 coal or natural gas (one third
of that from coal) emits. In doing so, we implicitly assume that endogeneity between the carbon price and
fuel switching is negligible, which is supported by evidence showing that fuel-switching behavior accounts
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for only a small share of carbon price variation [45–48] and that carbon prices are largely determined by
political and institutional factors affecting allowance supply rather than by contemporaneous emissions
demand [29–31]. The cubic form of the relative price is used to allow for the flexibility of generator
responses to thresholds of these prices that may experience potential nonlinearities. That is, at a certain
price point coal generation may experience changing behavior unexplained by a linear model, due to
ramping constraints. This is in line with previous work on coal capacity factor responsiveness to relative
prices in the US context [12]. Alternative specifications including only the quadratic or the linear term are
included (Supp. Table 14), in which the fit is worse than the cubic form through a larger BIC statistic. At
the same time, it remains highly plausible that other functional forms (e.g., fourth or fifth power) could
also yield qualitatively similar results and we choose this avenue as it is most in line with the extant
literature[12].

Identification is based on month-of-year, hour-of-day, and day-of-week fixed effects, included as ζm, δh,
and γw, respectively. We thus rely on within-hour and within-month variation across our sample period
and natural gas price shocks due to events outside of the energy sector’s domain. We further control
for load (flexibly) and intermittent renewable energy generation (solar, wind, and hydro-run-of-river).
To address possible heteroskdasticity and serial correlation in commodity prices and coal generation we
cluster standard errors at the level of variation in the treatment variable (natural gas and coal prices),
which is daily. We run further robustness checks with different variations of fixed effects, covariates, and
functional form, as shown in Supp. Tab. 1-13 for all countries. We further run robustness checks with
different time period samples, as shown in Supp. Tab. S16-S19. While most countries show consistent
results, few are insignificant when the sample window is shortened before the massive price spikes in 2022,
suggesting that a certain relative price threshold was needed to be reached to see the substitution effect.

To validate our choice of standard errors clustering for heteroskedasticity and autocorrelation concerns,
the ACF of the regression residuals for each country confirm strong intraday correlation, and the PACF
show dependence of the first few lags, in line with operational fuel-switching dynamics and inertia or
ramping of coal generation (Supp. Tab. 22-23). An additional check including a lagged regressor of the
relative price of the previous day (24 hours before) is included, yielding virtually identical results (Supp.
Tab. 20), providing no evidence of delayed fuel-switching adjustments, suggesting that generation decisions
respond to contemporaneous fuel prices rather than lagged price signals. An additional robustness check
is concluded by running the pooled regression (Supp. Tab. 21) to get an average estimate for all countries,
including country fixed effects and thus controlling for any EU-wide shocks. This elasticity estimate (0.21)
is significant and similar to the average of the 14 country specific estimates (0.26).

To ease interpretation, we calculate marginal effects using the delta method and present them as the
focal estimate of interest. Through this, we are able to estimate the substitution effect for each country i.
Specifically, the marginal effect is calculated as:
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This marginal effect, µi, which represents the responsiveness of the coal generation to the relative price
of gas and coal, is then multiplied by the average generation of coal and lignite of each country during the
sample period (due to the log-scaling) to obtain a value that reflects the change in coal generation per unit
of relative price increase. Utilizing the change in relative price for the specified period, we can calculate
the change in coal generation in each country at this time (Fig. 2A). Based on the standard emission
factors (Lignite as 1100 gCO2/KWh and hard Coal as 830 gCO2/KWh), we obtain the induced change
in CO2 emissions (Fig. 2B). The overall increase across our sample of countries is calculated as the sum
of excess emissions for our sample countries during this time period. We further calculate the marginal
effect µih at each hour of the day for each country, by including an hourly interaction term (Fig. 3).

Econometric Model of Pass-Through

Pass-through of natural gas prices to wholesale electricity prices in European countries is driven by
whether natural gas is the marginal fuel on the merit order system at any given hour. The level of pass-
through dictates the change in wholesale electricity price, which in turn influences the studied effects of
each policy. Our preferred econometric model of electricity price pass-through is discussed below, based on
previous work by quantifying this level of pass-through across European countries during the crisis ([49]).
The model regresses hourly electricity prices on daily natural gas prices, with alternative models used
to examine the robustness of our estimates (see Extended Data Fig. 6 for main estimates).Each country
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is estimated separately to determine the market-wide pass-through of natural gas prices to wholesale
electricity prices, as well as for every hour of the day by including an hourly interaction term. Through
this, we are also able to calculate the excess electricity price during our sample period, compared to the
counterfactual when natural gas prices were at pre-crisis levels (Fig. 2E).

For each country i, we separately estimate the following regression specification:

p
Electricity
i,t = βh

i p
Gas
i,t + γ1,iIREi,t + γ2,iLoadi,t + γ3,iLoad

2
i,t + δm,i + ηd,i + ζh,i + ϵi,t (3)

where hourly electricity price p
Elecricity
t is regressed on daily natural gas prices pGas

t , exogenous con-
trols including hourly intermittent renewable energy generation of solar,wind, and hydro-run-of-river
IntermittentRenewablest (dispatchable hydro is not included, since it is endogenous), hourly load Loadt
and its quadratic Load2it, month fixed effects δm, hour fixed effects ζh, and day-of-week fixed effects ηd (see
Supplementary Discussion for an exception of month fixed effects regarding Greece). This is estimated for
the period of April 2021-June 2022, with a robustness check of January 2022-December 2022 and January
2021-December 2022 (see Supp. Tab. 21-22).

The coefficients of interest, βh, that we obtain for each country i are the changes in hourly h wholesale
electricity price (EUR/MWh) per 1 EUR/MWh increase in TTF natural gas prices. Month and hour fixed
effects are a key control variable as they control for any systematic, unobservable trends over the time
sample that may be correlated with gas and electricity prices (e.g. drought, planned nuclear outages).
Day-of-week fixed effects ηdh similarly control for any systematic, unobservable hourly differences in prices
on different days of the week (e.g. weekday vs weekend). Thus, within the same month, on the same
day of the week, with the same intermittent renewable energy generation and load, we are statistically
comparing two otherwise identical hours, but for the difference in daily gas prices.

Relative Responsiveness Index

To understand the hourly interplay between coal and natural gas usage in each country, we construct
an index that relates the hourly coal responsiveness to the hourly natural gas price pass-through coeffi-
cients. Specifically, we utilize the Pearson correlation coefficient with the 24 time points for each country,
calculated as the covariance of the two estimates, divided by the product of their standard deviations as:
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whereby A is the hourly coal responsiveness, and B is the hourly pass-through coefficient (the left and
center panels of Fig 3. for a subset of countries and Supp. Fig. 20-26 for the rest), and n is the number
of observations (24). Intuitively, this is negated to ensure that a more positive score is also a more
”responsive” country to the competition between coal and natural gas. A score of 1, which reflects a
perfectly negatively correlation, is interpreted either as that country being very reliant on coal to balance
out the fluctuations in gas price and prevent electricity prices from rising, or that coal generation does not
increase and thus wholesale prices increase. Conversely, a score of -1 can be interpreted as that country
using both coal and natural gas at any given hour and the coal is insufficient in preventing prices from
rising. Further, a higher relative responsiveness score can suggest that when coal generation does down
(e.g., due to a policy such as the one we suggest) wholesale electricity prices are more likely to go up.
On the other hand, a low score suggests that coal is not eliminating this vulnerability to higher price. In
presence of a gas cap, when coal generation goes down, the price responsiveness effects are diminished.

Policy analysis

We use our estimates of coal responsiveness, µi, and pass-through, βh
i , for each country, to assess the

environmental and economic impact of counterfactual policies imposed on natural gas or carbon prices
during 2022, as shown in Figure 3. It is important to note that in each of these policy scenarios, we assume
that while the cap or tax is imposed all other prices remain the same and are not directly affecting coal
or natural gas prices. We subsequently explain the calculation of the responses shown in Figure 5.

First, each policy creates a so-called ”substitution effect” of an emissions change from the change in coal
generation in response to the relative price of natural gas to coal (Supp. Fig 4). The effect is determined
through the responsiveness of coal generation to the relative price based on our estimates for µi (Extended
Data Fig. 5) and the coal generation of each country. For instance, a cap on the price of natural gas makes



14 Emergency Response Energy Crisis Mechanisms

coal relatively more expensive and thus disincentivizes its usage in lieu of the alternative. A certain level of
a carbon price can have the same effect, since coal is more emissions intensive and thus a 1 EUR increase
in the carbon price makes coal relatively more expensive in relation to natural gas. We determine that
equivalent additional carbon tax to be 12.18 EUR/tonnes, through an iterative approach. That is, the
additional carbon price that would have been needed in 2022 to cause the exact same coal-to-gas switch
as the natural gas price would. Specifically, the added price of carbon is found for which the relative price
(inclusive of carbon price) during the year of 2022 is equivalent to the average relative price under the
hypothetical natural gas cap in this period, as shown in SI Equation (1). The underlying assumptions are
the assumed average emission factors of natural gas, in comparison to coal. The iterative approach entails
a grid-approach of 10000 points calculating the new relative price with incremental carbon prices (from
0.1 EUR/tonne to 20.0 EUR/tonne) until it equated the relative price under the natural gas price cap in
2022.

Second, each policy induces a change in the wholesale electricity price (Fig. 5C). This is determined
through the change in natural gas price multiplied by the level of pass-through of natural gas to electricity
prices,βh

i , (Extended Data Fig. 6). The pass-through of the change in price from carbon is assessed through
its impact on the price of natural gas, in which we assume 0.37 EUR/ton CO2 is passed through for every
1 EUR/MWh of natural gas, given its relative lower emitting nature than coal. Taking Germany (DE)
as a numerical example, the natural gas cap reduces the average wholesale price of electricity for 2022 by
13.2 EUR/MWh, while the equivalent carbon tax increases it by 3.2 EUR/MWh, using the pass-through
coefficient of the natural gas to electricity price of 1.61 multiplied by the change in natural gas during this
period (8.2 EUR/MWh), or the change in carbon tax adjusted via the country-specific emissions factor
(2.0 EUR/MWh for Germany after the conversions), respectively.

Third, through the impact on the wholesale electricity price each policy induces demand effects for
electricity and thus change in emissions – the so-called ”output effect” (Fig. 5B). Intuitively, an increase
in the wholesale electricity price will yield a certain reduction in emissions given that a higher price
disincentives the consumption of electricity. By assuming an average short-run elasticity of demand of
electricity price coherent with the extant literature of -0.06, we are able to calculate this effect for each
policy, given each country’s average emissions factor (the average emissions from an additional KWh
generated in each country’s grid). Though previous studies for this estimate vary considerably [50–57],
we use a conservative estimate, with different assumptions yielding qualitatively similar results (Supp.
Fig. 6). Continuing the example of Germany, we arrive at an output effect increase of 712 MWh and -172
MWh respectively for the natural gas cap and the equivalent carbon tax, by multiplying the change in
electricity wholesale price (-13.2 or 3.2 EUR/MWh from above) by the elasticity (0.06) and average load
(54.96 MWh) and dividing by the average electricity price (236.1 EUR/MWh). This is then converted
to emissions from generation using the country specific emissions factor (tCO2/MWh). The sum of the
output and the substitution effect (7580 ktonnes CO2/year) reflecting the total emissions change for each
policy is depicted in Fig. 5A, specifically a reduction of 6867 ktonnes CO2/year for the natural gas price
cap and a reduction of 7752 ktonnes CO2/year for the carbon levy.

Forth, each policy can induce a relief and burden on consumers (Fig. 5D). This impact is assessed
through the change in wholesale electricity price adjusted via each country’s average load and country-
specific average emissions factor, to obtain units of EUR and allow for appropriate comparisons. That
is, a given additional carbon levy will increase the amount of revenue equivalent to the carbon levy
(in units of EUR/MWh by adjusting for the average country-specific emissions factor) multiplied by
average load (MWh), while similarly burden the country by an additional amount corresponding to the
increase in wholesale electricity price multiplied by average load. Continuing the case of Germany, the
revenue is equivalent to 12.18 times the average load (54.96 MWh) divided by the emissions factor (0.441
tCO2/MWh) times 1000 for unit conversions for a total of 1518,000 EUR. The relief is similarly calculated
as the average load times the price change under the gas cap times 1000 to convert units, yielding 130,000
EUR for Germany. The burden is calculated as the average load times the price change under the carbon
levy times 1000 to convert units, yielding 176,000 EUR for Germany. As shown, approximately 12 percent
of the revenue is needed to offset the burden from the increase in electricity price for Germany. On average
across countries, this value is just 8 percent, while the relief generated from the natural gas cap is a 32
percent of the value of the revenue.

Data availability

The datasets (.dta files) used and/or generated during the current study are available in the following
public repository, https://github.com/ZissisM/EU EmissionsPenalty.

https://github.com/ZissisM/EU_EmissionsPenalty
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Code availability

All analyses reported in this study used the statistical software Stata (v. 16.1). All codes (.do files) used for
analysis and figure creation are available publicly at https://github.com/ZissisM/EU EmissionsPenalty.
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A)

B)

C)

D)

Fig. 1 The spike in natural gas prices in the wake of the Russian invasion to Ukraine and the resultant coal
generation, coal prices, carbon prices, and wholesale electricity prices in the EU. The box represents our sample
period with plausibly exogenous spikes in natural gas prices triggered by geopolitical events highlighted by gray areas. Each
panel highlights average price levels at the beginning and height of crisis, from April 1 2021 to May 30 2022. From the large
spikes in natural gas prices one can clearly see the resulting rises in coal generation, carbon price, coal price, and wholesale
electricity price. Policymakers thus face two different challenges– mitigating emissions from increased coal generation and
mitigating the widespread consequences from increased electricity prices. A) Reference prices for natural gas in Europe
based on month-ahead futures for natural gas (blue line) and natural gas futures contract with delivery in 2024, 2025, and
2026 (gray, yellow, and green lines) traded at the TTF hub. Prices are interpolated for non-market days. B) Average coal
generation for our sample of 14 EU countries averaged at a daily level during our sample period. C) Coal price based on
month-ahead futures (ARA) at the daily level. D) Carbon price based on futures for EU allowances (EUAs) in the EU
Emission Trading Scheme (EU ETS) traded at ICE ECX at the daily level during our sample period. E) Average wholesale
electricity price for our sample of countries averaged at a daily level during our sample period.
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Fig. 2 Excess Emissions and Electricity Price from natural gas price surge. The crisis created two different paths
of vulnerability: excess emissions and excess wholesale electricity prices. We estimate the responsiveness of coal generation
to the relative price of natural gas to coal and the price pass-through of natural gas to wholeale electricity price (see
Methods), allowing us to quantify the excess CO2 emissions and wholesale electricity price induced by the gas price surge
across EU countries during the 2021/2022 crisis (see Extended Data Fig. 5 and 6 for point estimates). A) Excess coal and
lignite generation during April 1 2021 - May 30 2022. This refers to the additional amount of coal generated in surplus
of the predicted coal under ”non-crisis price environment.” This is calculated by subtracting the estimated amount of coal
generated under counterfactual scenario where relative gas prices are equivalent to the pre-crisis period January - March
2021 (a price ratio 34% lower during this period at 1.25 as opposed to 1.88; see Supp. Fig for excess calculations using
alternative baselines) – from the actual observed coal generation (panel D). The relative percentage increase is compared
to this pre-crisis period as a baseline. B) The excess carbon emissions generated from excess coal generation depicted in
panel A, using standard emission factors for lignite and hard coal (see Methods). C) Average coal responsiveness estimates
per country during April 1 2021-May 30 2022, as seen in Extended Data Fig. 1. D) Average coal generation per country
during April 2021-June 2022, with vertical box plots capturing the ±1.5∗IQR (the interquartile range) with bounds at the
25th percentile (Q1) and 75th percentile (Q3). The center line of the box represents the median (50th percentile). Whiskers
extend to the smallest and largest values within 1.5 × IQR of the lower and upper quartiles, respectively. See Supp. Fig. 17
for same panel excluding the outliers Germany and Poland. E) Excess wholesale price during April 2021-May 2022. This
refers to the additional price of electricity in surplus of the predicted price under a ”non-crisis price environment.” This is
calculated by subtracting the estimated wholesale electricity price predicted under a counterfactual low gas scenario (price
from January-March 2021) using the country pass-through estimates (panel F) from the actual observed wholesale price
(panel G). F) Average price pass-through estimates per country during April 2021-May 2022, as seen in Extended Data
Fig. 2. G) Average wholesale electricity price per country during April 2021-June 2022, with vertical box plots capturing
the ±1.5∗IQR (the interquartile range) with bounds at the 25th percentile (Q1) and 75th percentile (Q3).
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Fig. 3 Channels of adjustment suggested by hourly coal responsiveness, natural gas price pass-through, and
energy shares for six representative countries. A) - F) Estimated hourly coal responsiveness coefficients (left panels),
estimated pass-through coefficients by hour (middle panels) and the average share of different generation technologies used
by hour (right panels) for the following countries: Czechia, Poland, Greece, Germany, Finland and Poland, using our main
specifications for each country (Extended Data Fig. Figure 5 & 6) while including an hourly interaction term with our
regressor of interest. These countries were selected to highlight the varying nature of the interrelationship between coal
responsiveness and price responsiveness, while also providing geographic diversity. For each country, dots in the first two
panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while the vertical lines
capture 95% confidence intervals (±1.96 times the standard error of each point estimate). The statistical test used is a two-
sided t-test. The coefficients that are statistically distinct from either 0 or 1 at the 1% or 5% significance level are indicated
with three stars or two stars, respectively. In the right panel, “intermittent renewable” includes solar, wind, and hydro-run-
of-river. The dashed line displays the average hourly load. The exact sample size for each country is depicted in Extended
Data Fig. 5 & 6. For the remaining country-specific figures see Supplemetary Fig. 20-26.
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Fig. 4 Relative Responsiveness Index reflecting trade-off between gas-to-coal switch and higher electricity
price. For each country separately, a relative responsiveness score is calculated based on the hourly estimates of each
responsiveness. A) Score of relative responsiveness for all countries. This is defined as the negated Pearson correlation
coefficient between the 24 hourly estimates of coal responsiveness and price pass-through (as depicted in Figure 3A and 3B
for a subset of countries; see Methods for more information on the index calculation). The higher the relative responsiveness
score, the more negatively correlated coal responsiveness and natural gas price pass-through to electricity are. As such, it
indicates that this country is reliant on coal to balance out the fluctuations in natural gas prices and keep electricity prices
from rising. This is in contrast to a negative score, which suggests that coal generation is insufficient to stop the electricity
price from increasing. B) Correlation between relative responsiveness and share of coal in electricity production. A higher coal
usage is correlated with a higher score. C) Correlation between relative responsiveness and share of decarbonized electricity
production (solar, wind, hydro, and nuclear energy). A higher decarbonized energy share is correlated with a lower score.
Breaking down the decarbonized share, a higher hydro or wind share is correlated with a lower score, while nuclear and solar
have a slight positive correlation (Extended Data Fig. 4). Scatter plots include a fitted line of a linear regression estimated
via OLS (blue line), and a fitted line estimated using the robust MM-estimator (orange line). The robust MM-estimator is
preferred when the data has outliers and likely-influential but non-representative points [21].
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Fig. 5 Policy counterfactual analysis comparing the gas price cap (180 EUR/MWh) and the substitution-
equivalent carbon price (12.18 EUR/tonne) over the period January 2022-December 2022. Equivalent carbon
price represents the additional price that would generate the same substitution effect that the cap on the price of natural
gas yields during 2022. A) Comparison of total emissions change under each policy per country, including the substitution
and output effect. B) Comparison of underlying output effect and substitution effect under each policy per country. The
output effect per country is calculated using electricity price pass-through estimates and assumed elasticity of demand (-
0.06), based on prior literature, while Supplementary Fig. 6 provides alternative estimations based on lower and higher
assumptions. C) Comparison of wholesale electricity price change under each policy per country using our pass-through
estimates (see Methods). Pass-through under the equivalent carbon price is assumed to work via the corresponding increase
in natural gas price, and we assume it remains unchanged aside from the increase in corresponding carbon price (see Supp.
Fig. 8 for changing assumption of carbon price pass-through to electricity price). D) Comparison of the change in revenue
and financial burden and relief of each policy per country. For the gas price cap, the relief that results from the policy-
induced lowers electricity prices. For the equivalent carbon price, the burden from the additional carbon pass-through and
the revenues that could be used for consumer relief is shown. The revenue is significantly greater than the relief provided
by the natural gas cap, as seen in the percentage value shown under each country’s bars which shows the share of revenue
left after covering the relief from the gas cap. All values are normalized by average load per country, while the revenue and
burden are adjusted with country specific emissions factors.



Bulgaria

Czechia

Germany

Denmark

Spain

Finland

Greece

Croatia

Hungary

Italy

Netherlands

Poland

Romania

-.5

0

.5

1

R
e

la
ti
v
e

 R
e

s
p

o
n

s
iv

e
n

e
s
s
 I
n

d
e

x

-.01 0 .01 .02 .03

Relative Wholesale Electricity Price Increase: Additional Carbon Tax

A)

Bulgaria

Czechia

Germany

Denmark Spain

Finland

Greece

Croatia

Hungary

Italy

Netherlands

Poland

Romania

-.5

0

.5

1

R
e

la
ti
v
e

 R
e

s
p

o
n

s
iv

e
n

e
s
s
 I
n

d
e

x

-.1 -.05 0 .05

Relative Wholesale Electricity Price Decrease: Gas Cap

B)

Bulgaria

Czechia

Germany

Denmark Spain

Finland

Greece

Croatia

Hungary

Italy

Netherlands

Poland

Romania

-.5

0

.5

1

R
e

la
ti
v
e

 R
e

s
p

o
n

s
iv

e
n

e
s
s
 I
n

d
e

x

0 1 2 3 4

Wholesale Electricity Price Increase (EUR/MWh): Additional Carbon Tax

C)

Bulgaria

Czechia

Germany

DenmarkSpain

Finland

Greece

Croatia

Hungary

Italy

Netherlands

Poland

Romania

-.5

0

.5

1

R
e

la
ti
v
e

 R
e

s
p

o
n

s
iv

e
n

e
s
s
 I
n

d
e

x

-15 -10 -5 0

Wholesale Electricity Price (EUR/MWh) Decrease: Gas Cap

D)

Extended Data Fig. 1: A) Relationship between the relative responsiveness index and the relative wholesale

price change (compared to a pre-crisis baseline price) under an additional carbon tax (12.18 EUR/tonne),

during 2022. B) Relationship between the relative responsiveness index and relative wholesale price change

(compared to a pre-crisis baseline price) under 180 EUR/MWh Gas Cap, during 2022. C) Relationship

between the relative responsiveness index and the wholesale price change under an additional carbon tax

(12.18 EUR/tonne), during 2022. D) Relationship between the relative responsiveness index and wholesale

price change under 180 EUR/MWh Gas Cap, during 2022.
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Extended Data Fig. 2: Average intensity (regression coefficients) of coal responsiveness and natural gas

price pass-through for all countries during our sample period.
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Extended Data Fig. 3: Illustration of the energy generation mix for all countries during our sample period.

Coal refers to both hard coal and lignite, as used in our analysis, while Hydro refers to both dispatchable

and run-of-river.
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Extended Data Fig. 4: Relationship between relative responsiveness and breakdown of decarbonized

energy sources. A) Relationship between the relative responsiveness index and the nuclear energy gen-

eration share. B) Relationship between the relative responsiveness index and the hydro energy generation

share. C) Relationship between the relative responsiveness index and the solar energy generation share. D)

Relationship between the relative responsiveness index and the wind energy generation share.
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(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO

Relative 

Price 

1.959*** 1.279*** 2.431*** 1.277** 4.605*** 3.269*** -0.244 0.455 0.092 4.324*** -2.109*** -1.883*** 0.589*** 0.135 

Intermittent 

Renewables 

(GWh) 

-0.150*** -0.055*** -0.024*** -0.157*** -0.025*** -0.063*** -0.064*** -0.066*** 0.059** -0.040*** -0.335*** -0.110*** -0.054*** -0.055***

Load (GWh) 0.311*** 0.123*** 0.075*** 0.086 0.047 0.696*** 0.455*** 0.248** 0.168** 0.043** 0.083* 0.265*** 0.135*** 0.430*** 

(0.045) (0.044) (0.008) (0.161) (0.035) (0.122) (0.087) (0.118) (0.077) (0.019) (0.050) (0.023) (0.009) (0.044) 

Load Squared 

(GWh) 

-0.019*** -0.001 -0.000*** 0.014 -0.001 -0.021*** -0.011* -0.036 -0.006 -0.000 0.013 -0.010*** -0.002*** -0.023***

Observations 10,223 10,224 10,224 10,223 10,193 8,882 10,213 7,981 10,210 10,224 9,974 10,206 10,224 10,173 

R-squared 0.896 0.782 0.809 0.555 0.547 0.825 0.390 0.209 0.143 0.532 0.630 0.732 0.911 0.492 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week

FE

YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal

Effect

0.259 0.224 0.411 0.302 0.705 0.463 0.179 0.0836 0.0454 0.747 0.0295 0.0868 0.103 0.0206 

SE Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

(0.019) (0.017) (0.001) (0.010) (0.004) (0.018) (0.024) (0.023) (0.026) (0.005) (0.016) (0.012) (0.001) (0.006) 

(0.244) (0.460) (0.855) (0.401) (0.270) (0.603) (0.759) (0.642) (0.078) (0.194) (0.280) (0.307) (0.541) (0.592) 

(0.004) (0.002) (0.000) (0.016) (0.001) (0.005) (0.006) (0.023) (0.007) (0.000) (0.010) (0.001) (0.000) (0.003) 

Extended Data Fig. 5: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price). The marginal effect, which is the estimate

of interest, is derived through the delta method from the relative price coefficients, using the mean value

of relative price during our sample period. The statistical test used is the two-sided t-test. * indicates

significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance at the

1% level.
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Extended Data Fig. 6: Estimates of the main regression results of natural gas price pass-through to whole-

sale electricity prices for all countries during our main sample period. The Natural Gas price coefficients

represent the impact of an increase in the price of natural gas (in EUR/MWh) on the wholesale electricity

price (in EUR/MWh) for each country. The statistical test used is a two-sided t-test. * indicates significance

at the 10% level, ** indicates significance at the 5% level, and *** indicates significance at the 1% level.

Standard errors are clustered at a daily level. See Supplementary Discussion 1.2 for missing country excep-

tion.
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1 Supplementary Discussion

1.1 Electricity and Commodity markets

In this supplementary discussion we provide additional information on natural gas, coal, and

wholesale electricity markets in Europe.

Natural Gas Markets Prior to the nineties, natural gas markets across Europe were heavily reg-

ulated by government-owned and controlled firms. The next decade resulted in a series of market

liberalizations and deregulations, culminating in the European Union directive in 1998 (98/30/EC),

eventually creating multiple trading hubs across the nation where market participants act to set a

price and delivery dates for natural gas. Several legislative actions further strengthened competi-

tion across the EU, bolstering the requirements meant to disentangle the supply from distribution

of natural gas [Broadstock et al., 2020, Heather, 2021].

Since the early 2010s, the Dutch Title Transfer Facility (TTF) hub has grown substantially to

become the leading hub in Europe (surpassing the British National Balancing Point) and become

one of the global pricing benchmarks for natural gas alongside the Japan Korea Marker (JKM)

and US Henry Hub [Heather, 2021]. Due to its proximity to storage facilities and important port

terminals, it proved to be the most connective to other European ports and markets. The TTF is

priced in EUR/MWh, which traders prefer to pence/therm that is done in NBP contracts Heather

[2020].

The physical infrastructure between and within countries determines the level of natural gas

connectivity and the ease of arbitrage between prices at different locations. While natural gas

pipelines were the main methods of transportation, re-gasification terminals have been increas-

ing in number due to the rising popularity of LNG. Price differences at all European Hubs with

sufficient trading volume are minimal and usually the cost of transportation; even more so, these

differences are decreasing due to the development of swap contracts between gas shipping traders.

As such, these hubs are strongly correlated and increasing convergent [Neumann and Cullmann,

2012, Asche et al., 2013, Heather, 2016, Garaffa et al., 2019, Broadstock et al., 2020, Jotanovic

and D’Ecclesia, 2021]. Most European natural gas has historically been sourced from Russia and

Norway via physical pipelines. Following the onset of the war, from summer 2022 on (i.e. out-

side of our estimation sample period), Norway and other suppliers such as Algeria and the United

Kingdom have increased their supply flow to European countries, while countries such as the US

and Qatar have exponentially increased their sales of liquid natural gas to make up for this lack of

supply.

The pricing of natural gas is thus determined on these international hub markets that are often

results of not only demand and supply forces, but also market speculation of traders. As such,
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geopolitical events in that may rattle markets or actors that supply natural gas can greatly impact

the price. While actions of a significant market seller of natural gas can evidently affect the price of

natural gas (i.e., Russian army buildup and invasion of Ukraine), it is also true that any geopolitical

tension in proximity to these actors can also induce volatile and price spikes (i.e., sociopolitical

instability in Israel and Gaza). Importantly, these massive price fluctuations are often due to ex-

ogenous factors, unrelated to the workings of the natural gas market. Most relevant to the period of

our paper, Russia disrupted EU gas supplies starting in Q3 2021 through Gazprom not refilling gas

storage sites and randomly interrupting deliveries via pipelines such as Nordstream. Our empirical

strategy exploits these geopolitical events that induce exogenous variation in gas prices to estimate

key response mechanisms for policy analysis.

In particular, we use the TTF month-end futures prices, which are most used by gas-fired

generators to hedge the spark spread risk [Martínez and Torró, 2018]. These prices are thus the

ones most observed by market participants and used to determine the profit margin earned by

buying natural gas and producing electricity [Emery and Liu, 2002, Spodniak and Bertsch, 2020].

Furthermore, futures prices are shown to be more reactive to market information than spot prices,

since the futures market is easily accessible to financial traders, without interest in physical delivery

[Silvapulle and Moosa, 1999, Bohl et al., 2011, Nick, 2016]. As such, short-term (month) futures

provide the most valid price signals, while spot prices are often impacted by unpredictable short-

run conditions against which generators are hedged via future trading Nick [2016].

Coal markets Since before the inception of the European Union, coal has been at the forefront of

European markets. The European Coal and Steel Community (pre-cursor of the European Union)

set the foundations of European integration and economic cooperation. Today, the most liquid and

utilized coal hub is the Amsterdam Rotterdam Antwerp (ARA) hub, imported through Northwest-

ern Europe. This is the largest derivative market for coal, referring to steam coal that takes into

consideration the internatioanl transportation costs (CIF, Cost Insurance and Freight) [Sribna et al.,

2019]. The prices set at this hub are used as a benchmark for European generators, and thus these

prices reflect the fuel cost utilized in electricity production under hard coal. The units for this price

are in USD/metric tonne, and thus we convert to EUR/MWh based on an assumed heat rate and

conversion factor of tonnes to MWh of 8.14. Similarly to the TTF hub gas prices, month-end fu-

tures are the most liquid contract on the market. In contrast to the natural gas markets, coal markets

are much less volatile. Lignite is not traded on these markets as much of it is sourced in place, but

generally follows the coal benchmark prices.

Though to a lesser extent than natural gas markets, European coal prices are affected by interna-

tional geopolitical conditions, such as the Russian invasion of Ukraine, or even supply constraints

in major producers and exporters, such as Australia or Indonesia.
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Electricity markets Prior to liberalization reforms in European markets, each country’s power

sector operated according to its own rules under heavy regulation consisting of vertically-integrated

utilities responsible for generation, transmission, distribution, and retail of electricity. European

Union directives prompted this liberalization by creating competitive wholesale markets with nu-

merous private generators in lieu of vertically integrated monopolies [Roggenkamp and Boisseleau,

2005, Glachant and Perez, 2011]. Furthermore, it created common rules for countries to allow for

integration towards a single power market. While the current state of integration is far from perfect,

the foundations in place allow for the partial interconnection of electricity across borders.

Most importantly, the common framework led to the creation of the day-ahead and intraday

electricity markets [EU4Energy Initiative, 2022]. The day-ahead market consists of generators

bidding for electricity at a specific hour of the day of the following day, under different demand

forecasts, while the intraday market allows for balancing bids to the deviations in supply and

demand from the day-ahead forecasts. While the intra-day market is essential to match supply and

demand at all times of the day, the day-ahead market primarily acts to set the wholesale electricity

price as it is directly impacted by the price of fuels used by generators that participate, which is

why it remains the focal point of most paper analyses (including this one).

Every noon, an auction is held to determine the quantities and prices of electricity supplied

for the next 24 hours the following day. Generators bid the price in EUR/MWh at which they are

willing to supply a quantity of electricity at a given time, determined by its operational cost (mainly

consisting of fuel costs and emissions costs). The market operator matches each generators’ bids

to the supply of electricity, creating the merit order, which essentially reflects the ascending order

of costs of fuels of the different generators. Thus, the lower-bidding (and hence lower marginal

cost) generators are dispatched first (e.g., intermittent renewables, nuclear, etc.). The intersection

of the supply curve of generators with the forecasted demand sets the wholesale electricity market-

clearing price for each hour of the day. The last, and most expensive, generator dispatched at

each hour is termed the "marginal generator," as it sets the market price due to the uniform-price

auction. Thus, all generators, including those with much less marginal costs, are paid the exact

same price for electricity supply. Given that the fuel cost is often the prime determinant of bids,

the wholesale market price of electricity is highly dependent on these commodity prices, such as

natural gas. Thus, the composition of the electricity mix is another determinant of a market’s level

of pass-through of natural gas prices to electricity prices.

1.2 Dataset and sample

The data on hourly wholesale electricity prices,load, and generation were collected via API from

ENTSO-E, which covers European Transmission System Operators (TSO) across 35 European
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countries. A unique API key was obtained to download these data for 14 EU countries using the

EntsoePandas Python client and appropriate zone codes (EIC) outlined on their website 1 Electric-

ity generation sources used include natural gas, hard coal, lignite coal, nuclear, solar, wind, and

hydro-run-of-river. As mentioned in the Methods, Irish electricity prices could not be obtained and

thus Ireland is only analyzed during the first part of our paper (Fig. 2). Settlement prices of futures

for natural gas, coal, and carbon allowances in the EU ETS were obtained from Thomson Reuters

Eikon. For days in which these prices are unavailable due to market closures, the previous day

closing value is used, which reflects the appropriate market opportunity cost of using the fuel that

the point in time. All commodities are converted to EUR/MWh for calculations (see Methods).

Our sample period for this study was chosen as April 1 2021 to May 31 2022, as it best re-

flects the onset of the natural gas price shock from the Russian army buildup of preparation of the

Ukraine invasion, up to three months after the invasion in which governments started enacting poli-

cies that would confound commodity and wholesale markets. For one, the REPowerEU package,

meant as an EU-wide comprehensive response to the crisis, was proposed in May 2022. Proposals

such as the natural gas price cap, were meant to be implemented starting early 2023. While vari-

ous initiatives were proposed earlier by national governments, they are primarily targeted towards

shielding and relieving consumer retail bills, as opposed to wholesale markets. Almost all coun-

tries provided some form of partial retail price compensation to companies and households, as well

as VAT reduction, starting December 2021, but sought not influence the wholesale market. Specif-

ically, many countries targeted vulnerable households for subsidies. It was not until the summer

of 2022 that talk of capping prices in the wholesale market was pronounced (with some countries

eventually adopting windfall taxes on energy producers or wholesale electricity price caps). A key

example is the so-called "Iberian exception", which came into place during the summer of 2022

and essentially capped natural gas, and thus wholesale electricity prices.2 Thus, during this period

we can plausibly justify the natural gas price spikes to be exogenous. For robustness checks of

different sample periods see Supp. Tab 15.

1.3 Robustness Checks

1.3.1 Econometric Model of Coal Responsiveness

We conduct a series of robustness checks to verify the validity of our results. In terms of our main

regression for the responsiveness of coal generation to the relative gas price, Supp. Tab. 1-13

illustrate the marginal effect estimates with different specifications for each country, such as the

1https://transparency.entsoe.eu/content/static_content/Static%20content/web%20api/Guide.
2For a comprehensive list of policies enacted by countries see: https://www.bruegel.org/dataset/

national-policies-shield-consumers-rising-energy-prices

5

https://transparency.entsoe.eu/content/static_content/Static%20content/web%20api/Guide.
https://www.bruegel.org/dataset/national-policies-shield-consumers-rising-energy-prices
https://www.bruegel.org/dataset/national-policies-shield-consumers-rising-energy-prices


addition of monthly fixed effects, day-of-week and hourly fixed effects, the inclusion of covariates

such as load, intermittent renewables, and nuclear energy generation, as well as the clustering

of standard errors, to arrive at our preferred specification in column (5). Importantly, while the

inclusion of these control variables has a noticeable (though qualitatively similar) impact on the

magnitude of the coefficient in most countries, the inclusion of monthly fixed effects (column 4) is

shown to have the largest impact on the estimates for most countries, with the largest differences

in the Netherlands (Supp. Tab. 11), Ireland (Supp. Tab 9), and Croatia (Sup. Tab. 2) . Since a

threat to our estimation strategy could be unobservable variables that are potentially correlated with

both coal generation and commodity prices and trending over time, month fixed effects restrict our

identifying variation to be strictly within a month. For example, we statistically allow comparisons

between prices on June 7 and June 20, but not between September 5 and August 6. 3 Clustered

errors yields qualitatively similar results as robust standard errors, with the exception of Croatia

and Romania (Supp. Tab. 12). Furthermore, using Newey standard errors yields qualitatively

similar results to our main specification of clustering standard errors by day, which is the unit of

variation of the treatment variable (natural gas and coal prices). To validate our choice of standard

errors clustering for heteroskedasticity and autocorrelation concerns, the ACF of the regression

residuals for each country confirm strong intraday correlation, and the PACF show dependence of

the first few lags, in line with operational fuel-switching dynamics and inertia or ramping of coal

generation (Supp. Tab. 22-23). An additional check including a lagged regressor of the relative

price of the previous day (24 hours before) is included, yielding virtually identical results (Supp.

Tab. 20). .

We further conduct robustness checks for the sample period analyzed with the main estimates

for each subperiod shown in Supp. Tab. 15. Specifically, we shorten the time period in four differ-

ent ways (Supp. Tab 16-19). While our results remain qualitatively similar across all subperiods,

certain countries (Czechia, Denmark, Spain, Finland) exhibit a significant responsiveness effect

only during the entire sample period, which may indicate that in these countries either certain

thresholds of the relative price need to be reached in order to see a substitution effect, or that these

thresholds were already reached and there is no significant substitution change observed during

the smaller subsamples. On the other side, Hungary is shown to have significant responsiveness

effect for all smaller subsamples but not the full sample, which may indicate idiosyncrasies or

confounders in the Hungarian market that obstruct us from observing the desired estimate. Never-

3An exception to the month fixed effects approach is Greece, where (in contrast to the rest of Eu-

rope) a smoothing price mechanism based on the average price of the previous month’s TTF price is

applied (see https://www.rae.gr/anakoinoseis/31535/ and https://www.kathimerini.gr/economy/

562016074/sta-ypsi-oi-times-toy-fysikoy-aerioy-gia-olo-to-2023/). As such, month fixed effects

would absorb all the meaningful variation in natural gas prices, and so we instead use a linear time trend to control

for any spurious unobserved trends. This is also done for the econometric model of natural gas price pass-through.
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theless, our full sample period reflects a plethora of relative price variation that allows us to uncover

the substitutability of these countries, with most countries showing qualitatively similar patterns.

Lastly, we assess a robustness check with different functional forms using our main specification

and sample period (Supp. Tab. 14). While for the vast majority of countries the BIC is minimized

with our main specification compared to the less complex ones omitting the squared or linear term,

few countries exhibit similar BICs with the quadratic specification (Romania, Hungary, Croatia).

A few countries also have a minimum BIC under the levels specification, where the dependent

variable coal generation is not log-transformed. However, to account for the large variation in coal

capacity of different countries we use a log-transform for interpretation purposes. An additional

robustness check is concluded by running the pooled regression to get an average estimates for

all countries, including country fixed effects and thus controlling for any EU-wide shocks. This

elasticity estimate (0.21) is significant and similar to the average of the country specific estimates

(0.26).
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Bulgaria 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 3.71*** 3.38*** 3.49*** 1.96*** 1.96*** 1.96*** 

 (0.081) (0.070) (0.063) (0.055) (0.244) (0.055) 

Relative Price Squared -1.22*** -1.16*** -1.19*** -0.69*** -0.69*** -0.69*** 

 (0.031) (0.027) (0.025) (0.021) (0.094) (0.021) 

Relative Price Cubed 0.13*** 0.12*** 0.13*** 0.08*** 0.08*** 0.08*** 

 (0.004) (0.003) (0.003) (0.003) (0.012) (0.003) 

Intermittent Renewables 

(GWh) 

 -0.13*** -0.18*** -0.15*** -0.15*** -0.15*** 

  (0.007) (0.006) (0.006) (0.019) (0.006) 

Nuclear (GWh)   -0.00***    

   (0.000)    

Load (GWh)  0.37*** 0.45*** 0.31*** 0.31*** 0.31*** 

  (0.022) (0.017) (0.015) (0.045) (0.015) 

Load Squared (GWh)   -0.03*** -0.02*** -0.02*** -0.02*** 

   (0.002) (0.001) (0.004) (0.001) 

       

Observations 10,223 10,223 10,223 10,223 10,223 10,223 

Adjusted R-squared 0.549 0.650 0.749 0.895 0.895  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.618 0.481 0.504 0.259 0.259 0.259 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 1: Coal responsiveness regression estimates for Bulgaria under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Croatia 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 0.58*** 0.49*** 0.49*** 0.45*** 0.45 0.45*** 

 (0.071) (0.072) (0.072) (0.134) (0.401) (0.139) 

Relative Price Squared -0.23*** -0.19*** -0.19*** -0.13*** -0.13 -0.13*** 

 (0.027) (0.028) (0.028) (0.047) (0.141) (0.049) 

Relative Price Cubed 0.02*** 0.02*** 0.02*** 0.01* 0.01 0.01* 

 (0.003) (0.003) (0.003) (0.005) (0.015) (0.005) 

Intermittent Renewables 

(GWh) 

 -0.07*** -0.07*** -0.07*** -0.07*** -0.07*** 

  (0.011) (0.011) (0.010) (0.023) (0.010) 

Load (GWh)  0.08** 0.08** 0.25*** 0.25** 0.25*** 

  (0.039) (0.039) (0.055) (0.118) (0.055) 

Load Squared (GWh)   -0.01 -0.04*** -0.04 -0.04*** 

   (0.009) (0.012) (0.023) (0.012) 

       

Observations 7,981 7,981 7,981 7,981 7,981 7,981 

Adjusted R-squared 0.085 0.096 0.096 0.205 0.205  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect -0.0277 -0.0267 -0.0267 0.0836 0.0836 0.0836 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 2: Coal responsiveness regression estimates for Croatia under alternative model speci-

fications, with column (5) being our main preferred specification. The dependent variable is log-transformed

coal generation The marginal effect, shown on the bottom, is our main estimate of interest, derived through

the delta method from the Relative Price Coefficients. The statistical test used is a two-sided t-test. * indi-

cates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance

at the 1% level.
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Czechia 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 1.53*** 1.82*** 1.94*** 1.28*** 1.28*** 1.28*** 

 (0.063) (0.053) (0.055) (0.062) (0.280) (0.063) 

Relative Price Squared -0.37*** -0.56*** -0.59*** -0.43*** -0.43*** -0.43*** 

 (0.024) (0.021) (0.021) (0.025) (0.111) (0.025) 

Relative Price Cubed 0.03*** 0.06*** 0.06*** 0.05*** 0.05*** 0.05*** 

 (0.003) (0.003) (0.003) (0.003) (0.013) (0.003) 

Intermittent Renewables 

(GWh) 

 -0.15*** -0.15*** -0.05*** -0.05*** -0.05*** 

  (0.005) (0.005) (0.007) (0.017) (0.007) 

Nuclear (GWh)   -0.00***    

   (0.000)    

Load (GWh)  0.14*** 0.15*** 0.12*** 0.12*** 0.12*** 

  (0.014) (0.014) (0.015) (0.044) (0.015) 

Load Squared (GWh)^2   -0.00*** -0.00 -0.00 -0.00 

   (0.001) (0.001) (0.002) (0.001) 

       

Observations 10,224 10,224 10,224 10,224 10,224 10,224 

Adjusted R-squared 0.548 0.702 0.703 0.781 0.781  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.489 0.386 0.410 0.224 0.224 0.224 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 3: Coal responsiveness regression estimates for Czechia under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.

10



Denmark 

 (1) (2) (3) (4) (5) 

VARIABLES      

      

Relative Price -0.22 0.87*** 0.87*** 1.28*** 1.28** 

 (0.135) (0.131) (0.131) (0.137) (0.541) 

Relative Price Squared 0.26*** -0.18*** -0.18*** -0.38*** -0.38* 

 (0.054) (0.053) (0.053) (0.054) (0.214) 

Relative Price Cubed -0.03*** 0.02** 0.02** 0.04*** 0.04 

 (0.006) (0.007) (0.007) (0.007) (0.026) 

Intermittent Renewables (GWh)  -0.15*** -0.15*** -0.16*** -0.16*** 

  (0.003) (0.003) (0.003) (0.010) 

Load (GWh)  0.17*** 0.17*** 0.09 0.09 

  (0.064) (0.064) (0.070) (0.161) 

Load Squared (GWh)   0.01 0.01* 0.01 

   (0.008) (0.008) (0.016) 

      

Observations 10,223 10,223 10,223 10,223 10,223 

Adjusted R-squared 0.193 0.373 0.373 0.553 0.553 

Month FE NO NO YES YES YES 

Hour FE NO NO NO YES YES 

Day-of-Week FE NO NO NO YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Marginal Effect 0.375 0.383 0.383 0.302 0.302 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 4: Coal responsiveness regression estimates for Denmark under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Germany 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 1.68*** 2.40*** 2.09*** 2.43*** 2.43*** 2.43*** 

 (0.102) (0.068) (0.072) (0.075) (0.307) (0.076) 

Relative Price Squared -0.47*** -0.80*** -0.68*** -0.79*** -0.79*** -0.79*** 

 (0.039) (0.027) (0.029) (0.030) (0.122) (0.031) 

Relative Price Cubed 0.04*** 0.08*** 0.07*** 0.08*** 0.08*** 0.08*** 

 (0.005) (0.003) (0.004) (0.004) (0.015) (0.004) 

Intermittent Renewables 

(GWh) 

 -0.02*** -0.02*** -0.02*** -0.02*** -0.02*** 

  (0.000) (0.000) (0.000) (0.001) (0.000) 

Nuclear (GWh)   -0.00***    

   (0.000)    

Load (GWh)  0.05*** 0.05*** 0.08*** 0.08*** 0.08*** 

  (0.003) (0.003) (0.003) (0.008) (0.003) 

Load Squared (GWh)   -0.00*** -0.00*** -0.00*** -0.00*** 

   (0.000) (0.000) (0.000) (0.000) 

       

Observations 10,224 10,224 10,224 10,224 10,224 10,224 

Adjusted R-squared 0.256 0.750 0.753 0.808 0.808  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.443 0.364 0.343 0.411 0.411 0.411 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 5: Coal responsiveness regression estimates for Germany under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Finland 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 4.18*** 4.56*** 4.31*** 3.27*** 3.27*** 3.27*** 

 (0.216) (0.171) (0.175) (0.108) (0.460) (0.109) 

Relative Price Squared -1.18*** -1.66*** -1.58*** -1.10*** -1.10*** -1.10*** 

 (0.083) (0.066) (0.067) (0.040) (0.168) (0.041) 

Relative Price Cubed 0.11*** 0.19*** 0.18*** 0.12*** 0.12*** 0.12*** 

 (0.010) (0.008) (0.008) (0.005) (0.019) (0.005) 

Intermittent Renewables 

(GWh) 

 -0.08*** -0.06*** -0.06*** -0.06*** -0.06*** 

  (0.008) (0.008) (0.005) (0.018) (0.005) 

Nuclear (GWh)   0.00***    

   (0.000)    

Load (GWh)  1.48*** 1.40*** 0.70*** 0.70*** 0.70*** 

  (0.056) (0.057) (0.041) (0.122) (0.042) 

Load Squared (GWh)   -0.05*** -0.02*** -0.02*** -0.02*** 

   (0.003) (0.002) (0.005) (0.002) 

       

Observations 8,882 8,882 8,882 8,882 8,882 8,882 

Adjusted R-squared 0.319 0.543 0.545 0.824 0.824  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 1.015 0.467 0.433 0.463 0.463 0.463 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 6: Coal responsiveness regression estimates for Finland under alternative model speci-

fications, with column (5) being our main preferred specification. The dependent variable is log-transformed

coal generation The marginal effect, shown on the bottom, is our main estimate of interest, derived through

the delta method from the Relative Price Coefficients. The statistical test used is a two-sided t-test. * indi-

cates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance

at the 1% level.
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Greece 

 (1) (2) (3) (4) (5) 

VARIABLES      

      

Relative Price -0.74*** -1.38*** -1.38*** -0.24 -0.24 

 (0.160) (0.155) (0.155) (0.188) (0.855) 

Relative Price Squared 0.29*** 0.60*** 0.60*** 0.19** 0.19 

 (0.065) (0.063) (0.063) (0.074) (0.336) 

Relative Price Cubed -0.03*** -0.07*** -0.07*** -0.02*** -0.02 

 (0.008) (0.008) (0.008) (0.009) (0.040) 

Intermittent Renewables (GWh)  -0.11*** -0.11*** -0.06*** -0.06*** 

  (0.005) (0.005) (0.006) (0.024) 

Load (GWh)  0.05** 0.05** 0.46*** 0.46*** 

  (0.024) (0.024) (0.035) (0.087) 

Load Squared (GWh)   0.02*** -0.01*** -0.01* 

   (0.002) (0.003) (0.006) 

      

Observations 10,213 10,213 10,213 10,213 10,213 

Adjusted R-squared 0.040 0.303 0.303 0.388 0.388 

Month FE NO NO NO NO NO 

Hour FE NO NO NO YES YES 

Day-of-Week FE NO NO NO YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Marginal Effect 0.0813 0.0659 0.0659 0.179 0.179 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 7: Coal responsiveness regression estimates for Greece under alternative model speci-

fications, with column (5) being our main preferred specification. The dependent variable is log-transformed

coal generation The marginal effect, shown on the bottom, is our main estimate of interest, derived through

the delta method from the Relative Price Coefficients. The statistical test used is a two-sided t-test. * indi-

cates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance

at the 1% level.
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Hungary 
(1) (2) (3) (4) (5) (6)

VARIABLES 

Relative Price 0.31*** 0.34*** 0.43*** 0.09 0.09 0.09 

(0.075) (0.074) (0.076) (0.069) (0.270) (0.069) 

Relative Price Squared -0.10*** -0.13*** -0.17*** -0.00 -0.00 -0.00

(0.029) (0.029) (0.029) (0.026) (0.102) (0.026) 

Relative Price Cubed 0.01*** 0.02*** 0.02*** -0.00 -0.00 -0.00

(0.003) (0.003) (0.004) (0.003) (0.012) (0.003) 

Intermittent Renewables (GWh) -0.01 -0.01 0.06*** 0.06** 0.06*** 

(0.006) (0.006) (0.011) (0.026) (0.011) 

Nuclear (GWh) -0.00***

(0.000)

Load (GWh) 0.22*** 0.23*** 0.17*** 0.17** 0.17*** 

(0.030) (0.029) (0.029) (0.077) (0.029) 

Load Squared (GWh) -0.02*** -0.01** -0.01 -0.01**

(0.003) (0.003) (0.007) (0.003) 

Observations 10,210 10,210 10,210 10,210 10,210 10,210 

Adjusted R-squared 0.008 0.041 0.048 0.139 0.139 

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.0524 0.0263 0.0267 0.0454 0.0454 0.0454 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

Supplementary Tab. 8: Coal responsiveness regression estimates for Hungary under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Ireland 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price -2.02*** 0.63*** 0.63*** -2.11*** -2.11*** -2.11*** 

 (0.171) (0.132) (0.132) (0.219) (0.759) (0.221) 

Relative Price Squared 1.03*** -0.03 -0.03 0.91*** 0.91*** 0.91*** 

 (0.070) (0.054) (0.054) (0.081) (0.276) (0.081) 

Relative Price Cubed -0.14*** -0.01 -0.01 -0.11*** -0.11*** -0.11*** 

 (0.009) (0.007) (0.007) (0.009) (0.032) (0.009) 

Intermittent Renewables 

(GWh) 

 -0.32*** -0.32*** -0.33*** -0.33*** -0.33*** 

  (0.004) (0.004) (0.005) (0.016) (0.005) 

Load (GWh)  0.08*** 0.08*** 0.08*** 0.08* 0.08*** 

  (0.011) (0.011) (0.017) (0.050) (0.017) 

Load Squared (GWh)   0.04*** 0.01*** 0.01 0.01*** 

   (0.002) (0.004) (0.010) (0.004) 

       

Observations 9,974 9,974 9,974 9,974 9,974 9,974 

Adjusted R-squared 0.125 0.583 0.583 0.629 0.629  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.249 0.408 0.408 0.0295 0.0295 0.0295 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 9: Coal responsiveness regression estimates for Ireland under alternative model speci-

fications, with column (5) being our main preferred specification. The dependent variable is log-transformed

coal generation The marginal effect, shown on the bottom, is our main estimate of interest, derived through

the delta method from the Relative Price Coefficients. The statistical test used is a two-sided t-test. * indi-

cates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance

at the 1% level.
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Italy 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 4.30*** 3.42*** 3.42*** 4.32*** 4.32*** 4.32*** 

 (0.125) (0.123) (0.123) (0.135) (0.603) (0.135) 

Relative Price Squared -1.51*** -1.19*** -1.19*** -1.42*** -1.42*** -1.42*** 

 (0.053) (0.051) (0.051) (0.053) (0.239) (0.053) 

Relative Price Cubed 0.17*** 0.14*** 0.14*** 0.15*** 0.15*** 0.15*** 

 (0.007) (0.007) (0.007) (0.007) (0.030) (0.007) 

Intermittent Renewables 

(GWh) 

 -0.03*** -0.03*** -0.04*** -0.04*** -0.04*** 

  (0.001) (0.001) (0.002) (0.005) (0.002) 

Load (GWh)  0.02*** 0.02*** 0.04*** 0.04** 0.04*** 

  (0.004) (0.004) (0.005) (0.019) (0.006) 

Load Squared (GWh)   0.00 -0.00*** -0.00 -0.00*** 

   (0.000) (0.000) (0.000) (0.000) 

       

Observations 10,224 10,224 10,224 10,224 10,224 10,224 

Adjusted R-squared 0.314 0.407 0.407 0.529 0.529  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.630 0.499 0.499 0.747 0.747 0.747 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

 

 

 

 

 

 

 

 

  

Supplementary Tab. 10: Coal responsiveness regression estimates for Italy under alternative model specifi-

cations, with column (5) being our main preferred specification. The dependent variable is log-transformed

coal generation The marginal effect, shown on the bottom, is our main estimate of interest, derived through

the delta method from the Relative Price Coefficients. The statistical test used is a two-sided t-test. * indi-

cates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates significance

at the 1% level.
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Netherlands 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 0.96*** 1.37*** 0.77*** -1.88*** -1.88*** -1.88*** 

 (0.139) (0.126) (0.116) (0.145) (0.642) (0.147) 

Relative Price Squared 0.03 -0.18*** 0.03 0.88*** 0.88*** 0.88*** 

 (0.056) (0.050) (0.047) (0.056) (0.244) (0.056) 

Relative Price Cubed -0.03*** -0.00 -0.03*** -0.12*** -0.12*** -0.12*** 

 (0.007) (0.006) (0.006) (0.007) (0.029) (0.007) 

Intermittent Renewables 

(GWh) 

 -0.09*** -0.09*** -0.11*** -0.11*** -0.11*** 

  (0.004) (0.004) (0.003) (0.012) (0.003) 

Nuclear (GWh)   0.00***    

   (0.000)    

Load (GWh)  0.26*** 0.25*** 0.27*** 0.27*** 0.27*** 

  (0.011) (0.012) (0.010) (0.023) (0.010) 

Load Squared (GWh)   -0.01*** -0.01*** -0.01*** -0.01*** 

   (0.001) (0.000) (0.001) (0.000) 

       

Observations 10,206 10,206 10,206 10,206 10,206 10,206 

Adjusted R-squared 0.318 0.463 0.496 0.731 0.731  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.728 0.654 0.558 0.0868 0.0868 0.0868 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 11: Coal responsiveness regression estimates for Netherlands under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Romania 
(1) (2) (3) (4) (5) (6)

VARIABLES 

Relative Price -0.15*** -0.34*** -0.35*** 0.13*** 0.13 0.13*** 

(0.049) (0.042) (0.044) (0.049) (0.194) (0.049) 

Relative Price Squared 0.07*** 0.12*** 0.12*** -0.04** -0.04 -0.04**

(0.019) (0.017) (0.017) (0.019) (0.075) (0.019)

Relative Price Cubed -0.01*** -0.01*** -0.01*** 0.00** 0.00 0.00*

(0.002) (0.002) (0.002) (0.002) (0.009) (0.002)

Intermittent Renewables 

(GWh) 

-0.07*** -0.07*** -0.06*** -0.06*** -0.06***

(0.002) (0.002) (0.002) (0.006) (0.002) 

Nuclear (GWh) 0.00 

(0.000) 

Load (GWh) 0.35*** 0.35*** 0.43*** 0.43*** 0.43*** 

(0.016) (0.016) (0.016) (0.044) (0.016) 

Load Squared (GWh) -0.02*** -0.02*** -0.02*** -0.02***

(0.001) (0.001) (0.003) (0.001)

Observations 10,173 10,173 10,173 10,173 10,173 10,173 

Adjusted R-squared 0.004 0.285 0.285 0.490 0.490 

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.00643 -0.0488 -0.0499 0.0206 0.0206 0.0206 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

Supplementary Tab. 12: Coal responsiveness regression estimates for Romania under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Poland 

 (1) (2) (3) (4) (5) (6) 

VARIABLES       

       

Relative Price 0.19*** 0.62*** 0.62*** 0.59*** 0.59*** 0.59*** 

 (0.061) (0.024) (0.024) (0.023) (0.078) (0.023) 

Relative Price Squared -0.01 -0.21*** -0.21*** -0.19*** -0.19*** -0.19*** 

 (0.024) (0.010) (0.010) (0.009) (0.030) (0.009) 

Relative Price Cubed -0.00 0.02*** 0.02*** 0.02*** 0.02*** 0.02*** 

 (0.003) (0.001) (0.001) (0.001) (0.003) (0.001) 

Intermittent Renewables (GWh)  -0.06*** -0.06*** -0.05*** -0.05*** -0.05*** 

  (0.000) (0.000) (0.000) (0.001) (0.000) 

Load (GWh)  0.13*** 0.13*** 0.14*** 0.14*** 0.14*** 

  (0.003) (0.003) (0.003) (0.009) (0.003) 

Load Squared (GWh)   -0.00*** -0.00*** -0.00*** -0.00*** 

   (0.000) (0.000) (0.000) (0.000) 

       

Observations 10,224 10,224 10,224 10,224 10,224 10,224 

Adjusted R-squared 0.123 0.877 0.877 0.911 0.911  

Month FE NO NO NO YES YES YES 

Hour FE NO NO NO YES YES YES 

Day-of-Week FE NO NO NO YES YES YES 

SE Robust Robust Robust Robust Day 

Clustered 

Newey 

Marginal Effect 0.135 0.0908 0.0908 0.103 0.103 0.103 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 13: Coal responsiveness regression estimates for Poland under alternative model

specifications, with column (5) being our main preferred specification. The dependent variable is log-

transformed coal generation The marginal effect, shown on the bottom, is our main estimate of interest,

derived through the delta method from the Relative Price Coefficients. The statistical test used is a two-

sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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Country Main (BIC) Quadratic
(BIC)

Linear (BIC) Levels (BIC)

Bulgaria 0.259 (-15781) 0.215 (-14788) 0.125 (-13896)
Czech Republic 0.224 (-10530) 0.199 (-10307) 0.141 (-10081)
Germany 0.411 (-6633) 0.366 (-6169) 0.204 (-4991)
Denmark 0.302 (7979) 0.281 (7994) 0.195 (8072)
Spain 0.705 (4722) 0.612 (5298) 0.322 (6485)
Finland 0.463 (7641) 0.419 (7850) 0.256 (8181)
Greece 0.209 (12839) 0.209 (12839) 0.200 (12831)
Croatia 0.084 (-8001) 0.069 (-8004) 0.006 (-7936)
Hungary 0.045 (-2380) 0.047 (-2389) 0.013 (-2360)
Italy 0.747 (5517) 0.656 (6002) 0.413 (6818)
Ireland 0.029 (7713) 0.162 (7863) 0.178 (7855)
Netherlands 0.087 (7061) 0.153 (7310) 0.107 (7327)
Poland 0.103 (-27843) 0.092 (-27644) 0.049 (-26997)

0.565 (371) 
0.627 (12335) 
5.481 (44168) 
0.198 (-2926) 
0.503 (-2141) 
0.151 (-19702) 
0.072 (-701) 
0.110 (-30657) 
0.006 (-26844) 
1.205 (14661) 
0.040 (-12084) 
0.338 (16598) 
1.322 (22270)

Romania 0.021 (-15124) 0.018 (-15130) 0.008 (-15129) 0.002 (-11768)

Average 0.264 0.206 0.155 0.436

Supplementary Tab. 14: Coal responsiveness regression estimates under different functional forms. The

marginal estimate (derived through the delta method) is shown for each country, with the BIC in parenthesis.

A more negative BIC indicates better fit. The main functional form includes a cubic, qudaratic, and linear

term of the relative price. The quadratic column includes a quadaratic and a linear term, and the linear

column includes only a linear term. The levels column is the same as the main regression but, in contrast to

the others, the dependent variable of coal generation is in levels rather than logs. The sample size for each

country is shown in Extended Data Fig. 5.
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Country January 2021-
January 2022

April 2021-
November 2021

April 2021-
January 2022

April 2021-
March 2022

(Main Spec.)
April 2021-
June 2022

Bulgaria 0.307*** 0.602*** 0.277*** 0.203*** 0.259***

Czech Republic 0.0197 0.224***

Germany

-0.0414 
0.295***

-0.0421 
0.608*** 0.259*** 0.411***

Denmark -0.0137 0.145

-0.0224 
0.292*** 

0.0337 0.00214 0.302***

Spain -0.279 0.705***

Finland

-0.174 
0.289

-0.184 
0.251

-0.163 
0.265** 0.463***

Greece 1.449*** 0.451*** 0.179***

Croatia 0.0231 0.0141 0.0836*

Hungary 0.420*** 0.380* 0.0454

Italy 1.369*** 1.164***

-0.172* 

0.0258 
0.323*** 

0.825*** 0.747***

Ireland 0.150 0.0295

Netherlands

-0.113 
0.109

-0.0685 
0.104 0.0882 0.0868

Poland 0.0904***

-0.426 
2.034*** 

0.0923 
1.086*** 

1.742*** 

0.0374 
0.0657 
0.156*** 0.0894*** 0.0834*** 0.103***

Romania -0.192 -0.0937 -0.191 -0.0723* 0.0206

Average 0.301 0.351 0.161 0.142 0.265

Supplementary Tab. 15: Main (marginal) coal responsiveness estimate shown for each country under

different time periods, using the main regression specification. The statistical test used is a two-sided t-

test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates

significance at the 1% level. More detailed regression results for each time period are shown in Supp. Tab.

16-19.
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April 2021 - January 2022 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative 

Price 

1.520*** -0.696* 1.262** -0.891 -1.557** 1.406 1.354 -0.008 2.195*** 5.689*** -1.108 0.064 0.499*** -0.574* 

 (0.383) (0.411) (0.529) (1.063) (0.764) (1.139) (1.005) (0.384) (0.760) (1.406) (0.882) (0.939) (0.153) (0.311) 

Relative 

Price Squared 

-0.495*** 0.273* -0.363* 0.394 0.588** -0.449 -0.348 0.024 -0.708*** -1.791*** 0.427 0.060 -0.160*** 0.133 

 (0.136) (0.148) (0.193) (0.360) (0.252) (0.375) (0.355) (0.142) (0.259) (0.487) (0.309) (0.322) (0.051) (0.112) 

Relative 

Price Cubed 

0.052*** -0.030* 0.033 -0.047 -0.071*** 0.047 0.034 -0.006 0.071** 0.186*** -0.048 -0.016 0.016*** -0.010 

 (0.015) (0.016) (0.022) (0.039) (0.027) (0.040) (0.040) (0.016) (0.028) (0.054) (0.034) (0.035) (0.005) (0.013) 

Intermittent 

Renewables 

(GWh) 

-0.135*** -0.067*** -0.024*** -0.143*** -0.024*** -0.112*** -0.073*** -0.056** 0.091** -0.025*** -0.325*** -0.103*** -0.053*** -0.043*** 

 (0.023) (0.021) (0.001) (0.013) (0.003) (0.021) (0.028) (0.027) (0.035) (0.006) (0.017) (0.013) (0.002) (0.006) 

Load (GWh) 0.279*** 0.246*** 0.104*** 0.268 0.109*** 1.152*** 0.189** 0.362** 0.141 -0.019 -0.278*** 0.269*** 0.157*** 0.339*** 

 (0.057) (0.049) (0.009) (0.183) (0.031) (0.135) (0.090) (0.143) (0.097) (0.014) (0.039) (0.040) (0.010) (0.054) 

Load Squared 

(GWh) 

-0.016*** -0.008*** -0.001*** 0.001 -0.002*** -0.040*** 0.007 -0.056** -0.003 0.001*** 0.071*** -0.010*** -0.002*** -0.018*** 

 (0.005) (0.003) (0.000) (0.018) (0.000) (0.006) (0.006) (0.028) (0.009) (0.000) (0.010) (0.002) (0.000) (0.003) 

               

Observations 7,344 7,344 7,344 7,344 7,326 6,002 7,344 5,847 7,330 7,344 7,240 7,326 7,344 7,293 

R-squared 0.912 0.818 0.822 0.565 0.683 0.848 0.320 0.322 0.155 0.535 0.579 0.751 0.914 0.542 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week 

FE 

YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal 

Effect 

0.277 -0.0224 0.292 0.0337 -0.184 0.251 0.451 0.0141 0.380 1.164 -0.0685 0.104 0.0894 -0.191 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 16: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price), during April 1 2021-December 31 2021.

The marginal effect, which is the estimate of interest, is derived through the delta method from the relative

price coefficients, using the mean value of relative price during this period. Standard errors are clustered

at the daily level, which is the unit of variation of the treatment variable. The statistical test used is the

two-sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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January 2021 - December 2021 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative Price 1.389*** -0.773* 1.259** -0.837 -1.225 1.438 4.498*** -0.029 2.209*** 5.795*** -1.205 -0.008 0.477*** -0.617** 

 (0.385) (0.406) (0.525) (1.074) (0.754) (1.162) (1.057) (0.381) (0.764) (1.372) (0.887) (0.955) (0.153) (0.310) 

Relative Price 

Squared 

-0.434*** 0.302** -0.369* 0.346 0.464* -0.451 -1.155*** 0.036 -0.708*** -1.758*** 0.452 0.094 -0.153*** 0.156 

 (0.135) (0.148) (0.195) (0.364) (0.244) (0.379) (0.360) (0.141) (0.259) (0.468) (0.311) (0.327) (0.051) (0.111) 

Relative Price 

Cubed 

0.045*** -0.033* 0.034 -0.039 -0.057** 0.047 0.105** -0.007 0.071** 0.178*** -0.050 -0.020 0.015*** -0.013 

 (0.015) (0.017) (0.022) (0.039) (0.026) (0.040) (0.040) (0.016) (0.028) (0.052) (0.034) (0.035) (0.005) (0.012) 

Intermittent 

Renewables 

(GWh) 

-0.138*** -0.071*** -0.025*** -0.126*** -0.027*** -0.112*** -0.063** -0.037 0.087** -0.022*** -0.332*** -0.101*** -0.055*** -0.043*** 

 (0.026) (0.022) (0.001) (0.013) (0.003) (0.027) (0.028) (0.025) (0.040) (0.006) (0.019) (0.015) (0.002) (0.007) 

Load (GWh) 0.299*** 0.250*** 0.101*** 0.379* 0.094*** 1.120*** 0.244** 0.343** 0.044 -0.039*** -0.281*** 0.270*** 0.164*** 0.302*** 

 (0.070) (0.051) (0.009) (0.193) (0.035) (0.138) (0.095) (0.159) (0.122) (0.015) (0.044) (0.042) (0.011) (0.063) 

Load Squared 

(GWh) 

-0.022*** -0.010*** -0.001*** -0.014 -0.001** -0.038*** 0.004 -0.067** 0.006 0.001*** 0.073*** -0.010*** -0.003*** -0.015*** 

 (0.006) (0.003) (0.000) (0.019) (0.001) (0.006) (0.006) (0.031) (0.012) (0.000) (0.011) (0.002) (0.000) (0.004) 

               

Observations 6,600 6,600 6,600 6,600 6,583 5,258 6,600 5,103 6,586 6,600 6,496 6,582 6,600 6,549 

R-squared 0.907 0.810 0.826 0.557 0.660 0.836 0.409 0.348 0.145 0.544 0.559 0.748 0.912 0.537 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal Effect 0.307 -0.0414 0.295 -0.0137 -0.174 0.289 1.449 0.0231 0.420 1.369 -0.113 0.109 0.0904 -0.192 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 17: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price), during January 1 2021-December 31 2021.

The marginal effect, which is the estimate of interest, is derived through the delta method from the relative

price coefficients, using the mean value of relative price during this period. Standard errors are clustered

at the daily level, which is the unit of variation of the treatment variable. The statistical test used is the

two-sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and ***

indicates significance at the 1% level.
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April 2021 - March 2022 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative 

Price 

1.352*** -0.123 1.336*** -0.926 -2.074*** 1.459 -1.825* -0.017 1.956*** 4.889*** -0.661 -1.016 0.461*** -0.530* 

 (0.334) (0.398) (0.488) (0.951) (0.791) (0.939) (0.932) (0.327) (0.652) (1.304) (0.903) (0.907) (0.139) (0.295) 

Relative 

Price Squared 

-0.459*** 0.050 -0.407** 0.386 0.806*** -0.454 0.643* 0.034 -0.628*** -1.620*** 0.360 0.508 -0.144*** 0.183* 

 (0.119) (0.142) (0.173) (0.324) (0.270) (0.317) (0.350) (0.117) (0.224) (0.457) (0.306) (0.321) (0.047) (0.104) 

Relative 

Price Cubed 

0.050*** -0.004 0.039** -0.045 -0.097*** 0.047 -0.066 -0.007 0.063*** 0.175*** -0.047 -0.069* 0.014*** -0.020* 

 (0.013) (0.016) (0.019) (0.035) (0.029) (0.034) (0.041) (0.013) (0.024) (0.051) (0.033) (0.036) (0.005) (0.012) 

Intermittent 

Renewables 

(GWh) 

-0.129*** -0.062*** -0.024*** -0.159*** -0.020*** -0.120*** -0.074*** -0.059** 0.082*** -0.024*** -0.329*** -0.096*** -0.053*** -0.043*** 

 (0.018) (0.017) (0.001) (0.011) (0.003) (0.016) (0.025) (0.023) (0.030) (0.005) (0.016) (0.011) (0.001) (0.005) 

Load (GWh) 0.321*** 0.208*** 0.092*** 0.161 0.098*** 1.102*** 0.152* 0.329** 0.169* -0.014 -0.320*** 0.265*** 0.154*** 0.361*** 

 (0.049) (0.045) (0.008) (0.167) (0.029) (0.131) (0.086) (0.133) (0.086) (0.014) (0.035) (0.030) (0.009) (0.053) 

Load Squared 

(GWh) 

-0.020*** -0.005** -0.001*** 0.011 -0.001*** -0.038*** 0.008 -0.051** -0.006 0.000** 0.082*** -0.010*** -0.002*** -0.019*** 

 (0.004) (0.002) (0.000) (0.017) (0.000) (0.006) (0.006) (0.026) (0.008) (0.000) (0.009) (0.001) (0.000) (0.003) 

               

Observations 8,759 8,760 8,760 8,759 8,729 7,418 8,758 6,988 8,746 8,760 8,628 8,742 8,760 8,709 

R-squared 0.919 0.821 0.818 0.600 0.657 0.856 0.312 0.277 0.156 0.598 0.559 0.743 0.916 0.520 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week 

FE 

YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal 

Effect 

0.203 0.0197 0.259 0.00214 -0.163 0.265 -0.172 0.0258 0.323 0.825 0.150 0.0882 0.0834 -0.0723 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 18: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price), during April 1 2021-March 1 2022. The

marginal effect, which is the estimate of interest, is derived through the delta method from the relative price

coefficients, using the mean value of relative price during this period. Standard errors are clustered at the

daily level, which is the unit of variation of the treatment variable. The statistical test used is the two-sided

t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates

significance at the 1% level.
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April 2021 - November 2021 

 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative Price 5.332*** -0.222 6.427*** 2.839 -2.965 -8.630 6.334 1.534 11.992*** 6.457* 1.708 -0.092 1.596*** 1.108 

 (1.503) (1.561) (1.625) (4.132) (2.345) (5.779) (4.229) (1.361) (3.230) (3.588) (3.387) (3.893) (0.530) (1.251) 

Relative Price Squared -2.292*** 0.093 -2.896*** -1.431 1.323 4.282 -1.490 -0.632 -5.487*** -1.599 -0.944 -0.001 -0.723*** -0.606 

 (0.682) (0.729) (0.753) (1.973) (1.175) (2.601) (2.050) (0.638) (1.488) (1.751) (1.607) (1.797) (0.254) (0.582) 

Relative Price Cubed 0.325*** -0.014 0.427*** 0.231 -0.192 -0.676* 0.077 0.081 0.823*** 0.071 0.164 0.018 0.108*** 0.091 

 (0.101) (0.111) (0.115) (0.304) (0.187) (0.384) (0.325) (0.097) (0.224) (0.275) (0.251) (0.271) (0.039) (0.089) 

Intermittent Renewables (GWh) -0.130*** -0.054** -0.027*** -0.118*** -0.025*** -0.128*** -0.068** -0.048** 0.020 -0.022*** -0.348*** -0.109*** -0.057*** -0.045*** 

 (0.031) (0.027) (0.001) (0.016) (0.004) (0.030) (0.030) (0.024) (0.050) (0.007) (0.022) (0.017) (0.002) (0.008) 

Load (GWh) 0.425*** 0.134*** 0.097*** 0.425* 0.121*** 1.110*** 0.270** 0.333* -0.103 -0.052*** -0.283*** 0.261*** 0.169*** 0.299*** 

 (0.086) (0.051) (0.009) (0.247) (0.038) (0.221) (0.105) (0.192) (0.148) (0.017) (0.057) (0.044) (0.013) (0.079) 

Load Squared (GWh) -0.040*** -0.001 -0.001*** -0.021 -0.001** -0.038*** 0.003 -0.070* 0.014 0.001*** 0.076*** -0.010*** -0.003*** -0.015*** 

 (0.009) (0.003) (0.000) (0.026) (0.001) (0.011) (0.007) (0.036) (0.015) (0.000) (0.015) (0.002) (0.000) (0.005) 

               

Observations 5,856 5,856 5,856 5,856 5,842 4,514 5,856 4,359 5,842 5,856 5,765 5,838 5,856 5,805 

R-squared 0.904 0.782 0.834 0.423 0.596 0.798 0.435 0.143 0.168 0.526 0.563 0.725 0.909 0.551 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal Effect 0.602 -0.0421 0.608 0.145 -0.279 -0.426 2.034 0.0923 1.086 1.742 0.0374 0.0657 0.156 -0.0937 

Robust standard errors in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 19: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price), during April 1 2021-October 31 2022. The

marginal effect, which is the estimate of interest, is derived through the delta method from the relative price

coefficients, using the mean value of relative price during this period. Standard errors are clustered at the

daily level, which is the unit of variation of the treatment variable. The statistical test used is the two-sided

t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and *** indicates

significance at the 1% level.
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 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

VARIABLES BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative Price 1.942*** 1.131*** 2.189*** 1.103** 4.190*** 3.199*** -0.440 0.493 0.166 4.159*** -2.548*** -2.124*** 0.532*** 0.060 

 (0.251) (0.271) (0.290) (0.531) (0.567) (0.463) (0.860) (0.423) (0.277) (0.599) (0.776) (0.698) (0.078) (0.196) 

Relative Price 

Day Lagged 

-0.001 0.098*** 0.164*** 0.119 0.258** 0.057 0.329** 0.095** -0.048 0.132* 0.209*** 0.176** 0.032*** 0.025 

 (0.023) (0.035) (0.048) (0.091) (0.117) (0.064) (0.130) (0.038) (0.044) (0.071) (0.079) (0.084) (0.011) (0.027) 

Intermittent 

Renewables 

(GWh) 

-0.151*** -0.056*** -0.024*** -0.157*** -0.024*** -0.063*** -0.063*** -0.066*** 0.057** -0.040*** -0.336*** -0.111*** -0.055*** -0.056*** 

 (0.019) (0.017) (0.001) (0.010) (0.004) (0.018) (0.024) (0.023) (0.026) (0.005) (0.016) (0.012) (0.001) (0.006) 

Load (GWh) 0.313*** 0.123*** 0.076*** 0.081 0.041 0.690*** 0.447*** 0.229** 0.171** 0.042** 0.081 0.263*** 0.135*** 0.431*** 

 (0.045) (0.044) (0.008) (0.162) (0.034) (0.123) (0.086) (0.112) (0.076) (0.018) (0.050) (0.023) (0.009) (0.045) 

Load Squared 

(GWh) 

-0.020*** -0.001 -0.000*** 0.015 -0.000 -0.021*** -0.011* -0.033 -0.006 -0.000 0.013 -0.010*** -0.002*** -0.023*** 

 (0.004) (0.002) (0.000) (0.016) (0.001) (0.006) (0.006) (0.022) (0.007) (0.000) (0.010) (0.001) (0.000) (0.003) 

               

Observations 10,199 10,200 10,200 10,199 10,169 8,858 10,189 7,957 10,186 10,224 9,950 10,182 10,200 10,149 

R-squared 0.896 0.784 0.812 0.556 0.551 0.825 0.396 0.218 0.143 0.533 0.635 0.734 0.912 0.497 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week 

FE 

YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Marginal 

Effect 

0.255*** 0.227*** 0.417*** 0.308*** 0.713*** 0.467*** 0.196** 0.113* 0.0432 0.758*** 0.0218 0.0994 0.103*** 0.0166 

SE Day 

clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 

Day 

Clustered 
 

 

Supplementary Tab. 20: Estimates of main regression results of responsiveness of log-transformed coal

generation factor to relative price (natural gas price/coal price), including a lagged relative price regressor

(1 day; 24 hours). The marginal effect, which is the estimate of interest, is derived through the delta method

from the relative price coefficients, using the mean value of relative price during this period. Standard errors

are clustered at the daily level, which is the unit of variation of the treatment variable. The statistical test

used is the two-sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5%

level, and *** indicates significance at the 1% level.
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Pooled Regression 

 Log Coal Generation 

  

Relative Price 0.696 

 (0.768) 

Intermittent Renewables (GWh) -0.024*** 

 (0.003) 

Load (GWh) 0.082** 

 (0.031) 

Load Squared (GWh) -0.001* 

 (0.000) 

Marginal Effect 0.212** 

        (0.0917) 

  

Observations 139,174 

Number of Countries 14 

R-squared 0.313 

Country FE YES 

Month FE YES 

Hour FE YES 

Day of Week FE YES 

SE Day Clustered 
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Supplementary Tab. 22: Autocorrelation (ACF; left) and Partial Autocorrelaiton (PACF; right) of the main

regression residuals for six countries. These display clear intraday serial dependence, justifying the choice

of clustered standard errors at the day level. The rapid decay of the PACF after the first few hours reflects

the appropriate generation dynamics of hourly fuel-swtching.
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Supplementary Tab. 23: Autocorrelation (ACF; left) and Partial Autocorrelaiton (PACF; right) of the main

regression residuals for six countries. These display clear intraday serial dependence, justifying the choice

of clustered standard errors at the day level. The rapid decay of the PACF after the first few hours reflects

the appropriate generation dynamics of hourly fuel-swtching.
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Pooled Regression (with ETS Price) 

 Log Coal Generation 

  

Relative Price 0.882 

 (0.513) 

ETS Carbon Price -0.001 

 (0.002) 

Intermittent Renewables (GWh) -0.024*** 

 (0.003) 

Load (GWh)  0.082** 

 (0.031) 

Load Squared (GWh) -0.001* 

 (0.000) 

Marginal Effect 0.234*** 

       (0.0722) 

  

Observations 139,174 

Number of Countries 14 

R-squared 0.313 

Country FE YES 

Month FE YES 

Hour FE YES 

Day of Week FE YES 

SE Day Clustered 
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 (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) 

 BG CZ DE DK ES FI GR HR HU IT IE NL PL RO 

               

Relative Price 1.111*** 0.554*** 1.083*** 0.281 1.833*** 0.783*** -0.307 3.202*** -0.032 1.710*** -0.638* -0.755*** 0.349*** -0.010 

 (0.141) 

 

(0.145) (0.112) (0.187) (0.278) (0.140) (0.232) (0.602) (0.141) (0.258) (0.368) (0.226) (0.043) (0.130) 

Relative Price Squared -0.387*** -0.186*** -0.351*** -0.065 -0.593*** -0.267*** 0.138 -1.048*** 0.028 -0.562*** 0.298** 0.384*** -0.111*** 0.006 

 (0.055) 

 

(0.060) (0.045) (0.077) (0.110) (0.055) (0.096) (0.233) (0.054) (0.105) (0.132) (0.094) (0.016) (0.050) 

Relative Price Cubed 0.043*** 0.022*** 0.037*** 0.007 0.060*** 0.030*** -0.016 0.109*** -0.005 0.061*** -0.037** -0.052*** 0.011*** -0.001 

 (0.007) 

 

(0.007) (0.006) (0.010) (0.014) (0.006) (0.012) (0.028) (0.006) (0.013) (0.015) (0.012) (0.002) (0.006) 

IRE (GWh) -0.102*** -0.030*** -0.012*** -0.061*** -0.010*** -0.029*** -0.028*** -0.086 0.030** -0.017*** -0.124*** -0.043*** -0.033*** -0.035*** 

 (0.011) 

 

(0.008) (0.000) (0.004) (0.002) (0.005) (0.007) (0.054) (0.015) (0.002) (0.007) (0.005) (0.001) (0.004) 

Load (GWh) 0.118*** 0.011 0.032*** -0.040 0.025*** -0.105*** 0.090*** 0.261 0.102** 0.019*** 0.024 0.057*** 0.048*** 0.167*** 

 (0.026) 

 

(0.023) (0.003) (0.050) (0.009) (0.024) (0.026) (0.197) (0.041) (0.007) (0.027) (0.009) (0.004) (0.006) 

Load Squared (GWh) -0.003 0.003** -0.000*** 0.014** -0.000** 0.010*** 0.002 -0.040 -0.004 -0.000 0.011** -0.001*** -0.000*** -0.007*** 

 (0.002) (0.001) (0.000) (0.005) (0.000) (0.001) (0.002) (0.038) (0.004) (0.000) (0.005) (0.000) (0.000) (0.001) 

 

               

Marginal Effect 0.154 0.106 0.191 0.113 0.303 0.127 0.028 0.531 0.011 0.310 0.053 0.087 0.062 0.001 

 (0.018) (0.014) (0.012) (0.020) (0.041) (0.017) (0.015) (0.078) (0.018) (0.028) (0.054) (0.024) (0.006) (0.016) 

               

Observations 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 10,224 

R-squared 0.888 0.815 0.870 0.628 0.523 0.887 0.429 0.567 0.187 0.552 0.554 0.752 0.929 0.582 

Month FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Hour FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Day of Week FE YES YES YES YES YES YES YES YES YES YES YES YES YES YES 

Clustered standard errors on day in parentheses 

*** p<0.01, ** p<0.05, * p<0.1 

 

Supplementary Tab. 25: Estimates of regression results for an alternative dependent variable of coal ca-

pacity factor (generation/installed capacity) responsiveness to relative price (natural gas price/coal price).

Marginal effect derived through the delta method from the relative price coefficients is our estimate of in-

terest. The statistical test used is the two-sided t-test. * indicates significance at the 10% level, ** indicates

significance at the 5% level, and *** indicates significance at the 1% level.
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1.3.2 Econometric Model of Pass-Through

To examine the robustness our pass-through estimate results that we use for the policy counter-

factual analysis over the period of 2022, we shorten the time period of these regressions to the

11 months of 2022, omitting 2021 (Supp. Fig 21). With the exception of Romania (and to an

extent Bulgaria and Spain), all pass-through coefficients are remarkably similar in each regression

subsample (see Extended Data Fig. 6 for the main sample estimates). In the case of Romania

and Bulgaria, one can speculate that there may be either significant changes in the capacity mix

or manipulative bidding occurring during 2022, while in Spain the announcement of the so-called

"Iberian excpetion" of natural gas pricing may play a role. Similarly, a robustness check is con-

ducted for the sample of January 2021-January 2023, in which the results are also qualitatively

similar (Supp. Fig. 22). A further detailed analysis of robustness checks of natural gas price-

through during the nergy crisis can be found in [Bajo-Buenestado et al., 2005].

Supplementary Tab. 26: Pass-through results for all countries across our main specification, but for a

different period of January 2022-December 2022. Pass-through coefficients and standard errors (in paren-

thesis) displayed for every country. The natural gas price coefficient represents the impact of an increase in

the price of natural gas (in EUR/MWh) on the wholesale electricity price (in EUR/MWh) for each country.

The statistical test used is the two-sided t-test. * indicates significance at the 10% level, ** indicates signif-

icance at the 5% level, and *** indicates significance at the 1% level.
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Supplementary Tab. 27: Pass-through results for all countries during a sample period of January 2021-

January 2023. Pass-through coefficients and standard errors (in parenthesis) displayed for every coun-

try. The natural gas price coefficient represents the impact of an increase in the price of natural gas (in

EUR/MWh) on the wholesale electricity price (in EUR/MWh) for each country. The statistical test used is

the two-sided t-test. * indicates significance at the 10% level, ** indicates significance at the 5% level, and

*** indicates significance at the 1% level.
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1.3.3 Relative Responsiveness Index

Here we provide additional information in regards to the relative responsiveness index. The in-

dex quantifies the relationship between coal responsiveness and the pass-through of gas prices to

electricity prices, capturing how shifts in relative fuel costs affect the balance of coal and gas gen-

eration. It is calculated as the correlation between hourly marginal effects of coal generation with

respect to the relative price and the hourly pass-through of gas prices to electricity. A more posi-

tive value (after negating the index) reflects a stronger substitutability between coal and gas, where

increases in gas prices lead to significant coal generation adjustments, typically seen in systems

with higher shares of coal and gas in the generation mix (Supp. Fig 1 & Supp. Fig 2). Conversely,

a negative or near-zero RRI suggests weaker substitution, potentially due to structural factors like

high shares of IRE or decarbonized energy (Supp. Fig 2 & Fig 4), which act as an alternative, or

operational constraints that limit switching flexibility. By focusing on hourly dynamics, the index

accounts for variations in market conditions (e.g., peak vs. off-peak hours) and provides a consis-

tent framework to assess how the interplay of coal and natural gas generation responds to changing

fuel prices.

35



Supplementary Fig. 1: Relative Responsiveness relationship with absolute coal generation (MWh) across

countries.Scatter plots include a fitted line of a linear regression estimated via OLS (blue line), and a fitted

line estimated using the robust MM-estimator (orange line). The robust MM-estimator is preferred when

the data has outliers and likely-influential but non-representative points [Kaffine and Davis, 2017].
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Supplementary Fig. 2: A) Relative Responsiveness relationship with natural gas energy generation across

countries. B) Relative Responsiveness relationship with IRE generation across countries.
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1.3.4 Policy analysis

Our carbon equivalent levy is calculated from the following equation:

E2022

[

PGas +(PETS +∆C)EFGas

PCoal +(PETS +∆C)EFCoal

]

= E2022, GasCap[Relative Price] (1)

where ∆C is found to be 12.18 EUR/tonne. The right-hand side mean relative price of 2022 in

this way is equated to the mean relative price of 2022 under the hypothetical scenario of the 180

EUR/MWh natural gas cap being imposed. EF refer to emissions factor of gas and coal, in which

gas is 0.37 times as carbon intensive as coal. As mentioned in the methods, the process for finding

this value was an iterative loop of incremental ∆C values by 0.01, until the absolute difference

between both sides of the equation were closest as possible to zero.
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Below we provided additional information on the two studied hypothetical policy effects during

2022.

Supplementary Fig. 3: Substitution effect across countries under the 180 EUR/MWh natural gas price cap

and equivalent 12.18 EUR/tonne carbon levy in 2022.
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Supplementary Fig. 4: Substitution effect across countries under the 180 EUR/MWh natural gas price cap

and equivalent 12.18 EUR/tonne carbon levy in 2022, in relation to baseline (January-April 2021 pre-crisis)

emissions.
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Supplementary Fig. 5: Wholesale electricity price change across countries under the two policies in 2022,

in relation to baseline (January-April 2021 pre-crisis) prices.
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Supplementary Fig. 6: Output Effect emissions change under different elasticity of demand assumptions

for natural gas cap and equivalent carbon tax policies. Since our output effect estimate relies on our elec-

tricity elasticity of demand assumption, we examine this effect under three different values of elasticity. As

expected, these estimates vary considerably but always are less than the substitution effect. While results

are evidently qualitatively similar between countries, the magnitude varies considerably depending on this

assumption A) The low demand of elasticity refers to -0.03,in comparison to -0.06 which is used in the main

Figure 5. The total emissions effect (addition of the substitution effect) is depicted in panel (D). B) The

high demand of elasticity refers to -0.08, in comparison to 0.06 which is used in the main Figure 5. The

total emissions effect (addition of the substitution effect) is depicted in Panel (E) C) The very high demand

of elasticity refers to -0.12, in comparison to 0.15 which is used in the main Figure 5. The total emissions

effect (addition of the substitution effect) is depicted in Panel (F).
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Supplementary Fig. 7: Difference between revenue generated from the emergency carbon levy and

burden on consumers from higher electricity prices. This is calculated by subtracting the pink bars from

the gray bars in Figure 5 Panel D
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2 Supplementary Figures
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Figure 8: Policy counterfactual analysis: Different assumptions for the level of pass-through of the

carbon price to electricity price during 2022. As our estimated pass-through reflects the pass-through of

natural gas prices to wholesale electricity prices (which is the most common price-setter on the margin), our

main analysis assumes that 0.37 of this pass-through is passed-through via a 1 euro/tonne increase in carbon

price. We thus also estimate the increased electricity price from the carbon levy under a higher pass-through

assumption (0.5) or a lower one (0.2). A) Comparison of wholesale electricity price change under each

carbon tax assumption per country. B) Comparison of the change in revenue and financial burden and relief

of each carbon tax assumption per country. The burden from the additional carbon pass-through and the

revenues that could be used for consumer relief is shown. All values are normalized by average load per

country, while the revenue and burden are adjusted with country specific emissions factors. C) Comparison

of underlying output effect and substitution effect under each carbon tax assumption per country. The

output effect per country is calculated using electricity price pass-through estimates and assumed elasticity

of demand (-0.06), based on prior literature. D) Comparison of total emissions change under each carbon

tax assumption per country, including the substitution and output effect.
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Figure 9: Explanation of country selection for our analysis. Requirements include the significant presence

of coal and natural gas generation and evidently adequate non-missing data.
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Supplementary Fig. 10: Timeseries of the EU relative (natural gas/coal) price from January 2021 to De-

cember 2022, inclusive of carbon prices.
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Supplementary Fig. 11: The hourly distribution of coal and natural gas energy generation (as a share) for

our subset of countries, with vertical box plots capturing the ±1.5∗IQR (the interquartile range) with bounds

at the 25th percentile (Q1) and 75th percentile (Q3). The center line of the box represents the median (50th

percentile). Whiskers extend to the smallest and largest values within 1.5 × IQR of the lower and upper

quartiles, respectively, while dots correspond to the outliers outside this range.
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Supplementary Fig. 12: Relationship of excess coal with excess wholesale electricity price across coun-

tries, both in relative terms (using the January-April 2021 pre-crisis average as a baseline).
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Supplementary Fig. 13: Relationship of excess wholesale electricity price across countries, in relationship

to natural gas share.
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Supplementary Fig. 14: Excess coal and lignite generation during April 1 2021 - May 30 2022, using a

higher counterfactual relative price (compared to the actual January-April 2021) during the pre-crisis period.

Excess coal refers to the additional amount of coal generated in surplus of the predicted coal under "non-

crisis price environment." This is calculated by subtracting the estimated amount of coal generated under

counterfactual scenario where relative gas prices are equivalent to the pre-crisis period January - March 2021

(the 3rd quartile) – from the actual observed coal generation (panel D), as discussed in Methods.
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Supplementary Fig. 15: Excess coal and lignite generation during April 1 2021 - May 30 2022, using a

lower counterfactual relative price (compared to the actual January-April 2021) during the pre-crisis period.

Excess coal refers to the additional amount of coal generated in surplus of the predicted coal under "non-

crisis price environment." This is calculated by subtracting the estimated amount of coal generated under

counterfactual scenario where relative gas prices are equivalent to the pre-crisis period January - March 2021

(the 1st quartile) – from the actual observed coal generation (panel D), as discussed in Methods.
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Supplementary Fig. 16: Pre-crisis wholesale electricity prices (January-April 2021) across sample coun-

tries.
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Supplementary Fig. 17: Distribution of coal Generation during sample period, excluding Germany and

Poland, with vertical box plots capturing the ±1.5∗IQR (the interquartile range) with bounds at the 25th

percentile (Q1) and 75th percentile (Q3). The center line of the box represents the median (50th percentile).

Whiskers extend to the smallest and largest values within 1.5 × IQR of the lower and upper quartiles,

respectively, while dots correspond to the outliers outside this range.
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Supplementary Fig. 18: Estimates of coal responsiveness estimates under main specification during main

sample period from April 2021-June 2022.
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Supplementary Fig. 19: Estimates from pass-through regression across countries of natural gas TTF price

to wholesale electricity price during our main sample period from April 2021-June 2022.
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Supplementary Fig. 20: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for Bulgaria, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.
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Supplementary Fig. 21: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for Croatia, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.

60



Supplementary Fig. 22: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for Denmark, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.
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Supplementary Fig. 23: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for Hungary, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.
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Supplementary Fig. 24: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies

used by hour (right panels) for Italy, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.
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Supplementary Fig. 25: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for the Netherlands, using our main specifications for each country (EDF Figure 5 &

EDF Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.
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Supplementary Fig. 26: Estimated hourly coal responsiveness coefficients (left panels), estimated pass-

through coefficients by hour (middle panels) and the average share of different generation technologies used

by hour (right panels) for Romania, using our main specifications for each country (EDF Figure 5 & EDF

Table 6) while including an hourly interaction term with our regressor of interest. Dots in the first two

panels represent the estimated hourly coal responsiveness or pass-through coefficients respectively, while

the vertical lines capture 95% confidence intervals (±1.96 times the standard error of each point estimate).

The statistical test used is a two-sided t-test. The coefficients that are statistically distinct from either 0 or 1

at the 1% or 5% significance level are indicated with three stars or two stars, respectively. In the right panel,

“intermittent renewable” includes solar, wind, and hydro-run-of-river. The dashed line displays the average

hourly load.

65


	Supplementary Discussion
	Electricity and Commodity markets
	Dataset and sample
	Robustness Checks
	Econometric Model of Coal Responsiveness
	Econometric Model of Pass-Through
	Relative Responsiveness Index
	Policy analysis


	Supplementary Figures

