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EU-ETS emergency reserve price curbs coal
use and shields consumers during natural
gas price shocks

Antonio M. Bento1,2,3,7, Nicolas Koch 4,5,7 & Zissis E. Marmarelis 1,6,7

Recurring surges in natural gas prices strain climate policy by raising electricity
prices, inducing gas-to-coal switching, prompting discretionary interventions,
and fueling pressure to weaken decarbonization. We develop an empirical
framework that quantifies how gas price spikes compromise climate policy
and provides a toolkit to assess emissions trading system responses based on
environmental effectiveness and their capacity to limit high electricity prices.
Exploiting the gas price shock following Russia’s invasion of Ukraine, we
estimate the impacts of gas prices on coal generation, CO2 emissions, and
electricity prices across 13 EU countries using hourly electricity market data.
We find that the EU’s gas price cap has limited effectiveness and instead pro-
pose a resilient rule-based emergency mechanism within the EU Emissions
Trading System (EU ETS). A modest auction reserve price, automatically trig-
gered when gas prices exceed historical benchmarks, can protect consumers
while preserving decarbonization incentives and limiting the need for ad hoc
interventions.

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 electricity1. Higher natural gas prices can also
lead to increases in wholesale electricity prices, impacting consumers
and the rest of the economy2. Due to its dependence on Russian gas,
the European energy system faces unique challenges3. 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%—from 18 euros per megawatt-hour (EUR/
MWh) inMarch 2021 to 124 EUR/MWh inMarch 2022, achieving record
high levels of about 300 EUR/MWhby September 2022 (Fig. 1 Panel A).
In this period, coal prices also surged by nearly 500%, reflecting gas-to-
coal substitution (Fig. 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 (Fig. 1 Panel D), coal power generation
rose by 42% EU-wide (Fig. 1, Panel B). Wholesale electricity prices also

increased steadily from about 82 EUR/MWh to more than 200 EUR/
MWh (Fig. 1, Panel E). While since September 2022 natural gas prices
have declined (Fig. 1, Panel A), over the course of 2025, prices for gas
futures contracts with delivery in the year 2026 are still almost 100%
higher than pre-crisis levels, 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 earlyMarch 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 thathigher natural gasprices 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 markets4. 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
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late 2022, and considered various electricity price controls starting in
October 20235–7. 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 consumers8,9. 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 practise, 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 be 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 sub-
stantial body of work examines the importance of fuel switching,

particularly gas-to-coal switching, in energy transitions10–15, high-
lighting thathighnatural gasprices induce coal use and associatedCO2

emissions. Second, another literature analyses the pass-through of fuel
costs to wholesale electricity prices16, typically in country-specific
contexts, including the United States17, Spain16, Germany18 and Nordic
countries19, suggesting that high natural gas prices translate to elec-
tricity price increases that can burden consumers. Third, a separate
line of research studies long-term stabilisation mechanisms in emis-
sions trading systems—such as price floors, ceilings, and collars—that
aim to reduce inter-temporal volatility in abatement costs20. Despite
their relevance to a commonpolicy challenge, these three strands have
not been systematically integrated. As a result, we lack a unified fra-
mework 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 allows us to conceptualise and
compare alternative policy options that aim to simultaneously protect
consumers against high energy prices without compromising

Fig. 1 | The spike in natural gas prices in the wake of the Russian invasion of
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 begin-
ning and height of crisis, from April 1 2021 toMay 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 dif-
ferent challenges–mitigating emissions from increased coal generation and miti-
gating thewidespread consequences from increased electricity prices.A Reference

prices for natural gas in Europe based onmonth-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.BAverage 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 sampleperiod. EAveragewholesale electricity price for our sample
of countries averaged at a daily level during our sample period.
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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 crises. Absent evidence-based
guidance for predictable, rule-based response mechanisms, policy-
makers 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 to enhance the
resilience of climate policy to energy crises. We compare its effects
with gas price caps, currently the most widely used policy to address
unexpectedly high energy prices. We develop an empirical framework
that provides the analytical toolkit to quantify how excessive natural
gas price spikes compromise climate policy and to evaluate different
policy responses based on their environmental effectiveness and
capacity to address wholesale electricity prices. We apply this frame-
work to the 2022 energy crisis following Russia’s invasion of Ukraine.
First, we exploit the unexpected spike in natural-gas prices around the
Russian invasion of Ukraine in February 2022 to estimate its causal
effects on coal generation and carbon emissions across 13 EU countries
that still rely on both fuels. Specifically, we employ regression tech-
niques using hourly electricity market data. Second, combined with
estimates for 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 alternative 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
enables rule-based interventions in the auctioningof emissionpermits.
It would be triggered automatically according to a predefined rule
whenever gas prices reach levels substantially above their historical
trends. When activated, permits would be auctioned only if bids
exceed a predefined minimum–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 emer-
gency 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 constrains policymakers from resorting to ad
hoc interventions.

Compared to the existing gas price cap, the proposedmechanism
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 operate through a substitution effect,
limiting reshuffling away from gas toward coal. However, a gas price
cap effectively subsidises 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 pro-
posed emergency reserve price contracts the electricity demand and
reduces carbon emissions by raising the price of electricity. Only the
proposed emergency mechanism allows the substitution and output
effects to reinforce each other. Second, the emergency response
mechanism has the advantage of generating revenues, which can be
used to alleviate the consequences of higher electricity prices. Overall,
we find that amodest 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 emissions from gas price spikes. Such a
mechanism would generate greater relief to consumers than a natural
gas price cap.

Results
Figure 2 shows how the surge in natural gas prices during the 2021/2022
crisis affected coal-related CO2 emissions and the pace of power sector
decarbonization (panels A-D), as well as wholesale electricity prices

(panels E-G). Our focus is on the 13 EU countries that still rely on coal
and gas for electricity production. We analyse the period from April
2021 to May 2022 to isolate the effect of gas price spikes triggered by
exogenous geopolitical events (Fig. 1). The restriction to this time per-
iod limits confounding from policy responses and longer-term changes
in generation capacity (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 gen-
eration 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, inwhich the relative price of natural gas to coal
– subsequently referred to as the relative gas price – remains at the low
pre-crisis price level (34% lower than in the crisis period). For instance,
for Germanywe calculate that annual CO2 emissions 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.

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 Fig. 2D and the quantity
of coal-fired electricity generated shown in Fig. 2F (see “Methods”).
Our estimates of the price responsiveness of coal generation (see
Methods for the underlying regression techniques) suggest 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 aremuch 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 Fig. 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 (Fig. 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. Fig. 2E quantifies
the excess wholesale electricity price increases induced by the 2021/
2022 natural gas price surge relative to the counterfactual scenario, in
which the relative gas price remains at the lowpre-crisis price level.We
find the greatest effects for the southern EU countries, where Greece
stands out with an increase in electricity prices 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
(Fig. 2F) and the level of wholesale electricity prices (Fig. 2G). Our
estimates of the pass-through rates (see Methods for discussion of
underlying regression techniques) again suggest important hetero-
geneity in the extent to which high natural gas prices trigger higher
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electricity prices across the 13 EU countries. We find the greatest
effects for Italy (1.96) and theNetherlands (1.9) and the least effects for
Poland (0.79) and Bulgaria (0.54). The estimate of 1.96 for Italy sug-
gests 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
(Fig. 2G), it is mainly the pass-through rate that drives the relative and
absolute increase in wholesale electricity prices observed in Fig. 2E.

Fig. 2 | Excess emissions and electricity price from natural gas price surge. The
estimated responsiveness of coal generation to the relative price of natural gas to
coal and pass-through of natural gas to wholesale electricity price allow us to
quantify the excess CO2 emissions and wholesale electricity price across EU
countries fromApril 2021 to June 2022.Maps in Panel A, B and Ewere created using
visualisation tools by Datawrapper.A Excess coal and lignite generation reflects the
additional coal generation above the predicted coal generation under “non-crisis
price environment." This is calculated by subtracting the estimated amount of coal
generated under the pre-crisis (January-March 2021) scenario with lower relative
prices (34% lower at 1.25 as opposed to 1.88; Supplementary Fig 14 & 15 use alter-
native baselines) from the actual observed coal generation (panel D). The relative
percentage increase is compared to this pre-crisis period. B Excess carbon emis-
sions generated from excess coal generation (panel A), using standard lignite and
hard coal emission factors (seeMethods). CAverage coal responsiveness estimates
per country. D Average coal generation per country, with vertical box plots

capturing the ± 1.5 × IQR (the inter-quartile range) with bounds at the 25th per-
centile (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 times IQR of the lower and upper quartiles, respectively. The sample size is:
Bulgaria 10,223, Czechia 10,224, Germany 10,224, Denmark 10,223, Spain 10,193,
Finland 8882, Greece 10,213, Croatia 7,981, Hungary 10,210, Italy 10,224, Ireland
9974, Netherlands 10,206, Poland 10,224, Romania 10,173. Supplementary Fig. 17
excludes the outliers Germany and Poland. E Excess wholesale price reflects the
additional price of electricity above the predicted price under a “non-crisis price
environment" with low gas prices (January-March 2021). This is calculated by sub-
tracting the estimated wholesale electricity price predicted under the non-crisis
scenario using the country pass-through estimates (panel F), from the observed
wholesale price (panel G). F Average price pass-through estimates per country.
GAverage wholesale electricity price per country, with vertical box plots defined as
in Panel D. The sample size for each country is 10,224 observation hours.
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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 electricity
generation mixes (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

CzechiaA) PolandB)

GreeceC) GermanyD)

SpainE) FinlandF)

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 Spain, using our main
specifications for each country (Supplementary Table 28 & 29) 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 diver-
sity. For each country, dots in the left andmiddle panels (center of the vertical bars)
represent the estimated hourly coal responsiveness or pass-through coefficients

respectively, while the vertical error bar lines capture 95% confidence intervals
( ± 1.96 times the standard error of eachpoint 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 sample
size for each country for estimated coal responsiveness (left panels) is 10,224
observations hours in Czechia, Poland, and Germany, 10,213 in Greece, and 8882 in
Finland. The sample size for estimated pass-through coefficients (middle panels)
for each country is 10,224 for all countries. For the remaining country-specific
figures see Panels A-C of Supplementary Fig. 20–26.
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(i.e., a higher pass-through of natural gas prices). Themix 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
priceofgas. Taken together, three different cases of adjustment canbe
identified from the temporal response patterns.

First, for coal-dependent countries, such as Poland and Czechia,
we show a negative correlation between coal generation responsive-
ness 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 correla-
tion between the coal generation responsiveness and the electricity
price responsiveness.During periods of high electricity load, these two
countries do not have sufficient coal capacity that could be used to
replace more expensive gas generation, and thus the higher genera-
tion costs must be passed through to 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 respon-
siveness 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 than in 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 parti-
cularly well suited to balancing intermittent renewable generation,
which can constrain the extent of fuel switching.

Trade-off betweengas-to-coal switch andhigher electricity price
The pattern with trade-offs between switching to more coal generation
or paying higher electricity prices discussed for the six selected coun-
tries generalises across all our sample countries (see Supplementary
Figs. 20–26). To show this, Fig. 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 coal and the price pass-through. 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. Inmost 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 (Supple-
mentary Fig. 24) and the Netherlands (Supplementary Fig. 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 characterised by a
negative score (i.e. a positive correlation between the coal respon-
siveness 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 these country use 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 decarbonised electricity
and a relatively low coal capacity. Figure 4B, C suggest that the elec-
tricitymix is a determinant of the trade-off countries facewhendealing
with higher relative natural gas prices. A higher reliance on coal

generation is correlated with a higher responsiveness score and a
higher share of decarbonised energy is correlated with a lower score
(specifically, high shares of wind and hydro energy are correlated with
a lower score; Supplementary Fig. 30).

Effectiveness of EU gas price cap is limited
In response to the 2021/2022 natural gas price surge, the EU imple-
mented a price cap, aiming to limit episodes of excessive gas prices22.
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. The second market event triggering the mechanism is
when themonth-ahead TTF price is 35 EUR/MWh higher than a global
reference price for LNG for the same three working days. Once
activated, the cap is valid for at least 20 working days. It would be
automatically deactivated if gas prices are below 180EUR/MWh for
the last three consecutive working days. 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 counter-
factual. 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 sav-
ings of 6.867 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 Fig. 1 and Supplementary 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 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. How-
ever, 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 whichmakes
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 amounts 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 substantial CO2 emission reductions because, in
sharp contrast to the natural gas price cap, there is a negative output
effect (Fig. 5B). This is because electricity prices would increase to
some extent (Fig. 5C), which reduces electricity demand. For the EU in
total, we estimate that the 12.18 EUR/tonne carbon price would reduce
CO2 emissions 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 rev-
enue recycling
Finally, Fig. 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
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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 respon-
siveness. 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 Fig. 3A, B for a subset of
countries; seeMethods for more information on the index calculation). The higher
the relative responsiveness score, the more negatively correlated coal respon-
siveness 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 decarbonised elec-
tricity production (solar, wind, hydro, and nuclear energy).A higher decarbonised
energy share is correlated with a lower score.Breaking down the decarbonised
share, a higher hydro or wind share is correlated with a lower score, while nuclear
and solar have a slight positive correlation (Supplementary Fig. 30). 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 points21.
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consumers (blue bar), and the increase in the electricity price is more
pronounced in countries with a high relative responsiveness score (see
Supplementary Fig. 27). However, the 12.18 EUR/tonne carbon price
also raises additional revenues (pink bar) that can be used for con-
sumer compensation. These revenues are much larger than the
aggregate burden (pink bar > blue bar), with the break-even ratio of
revenue to burden being 8% on average. Thus, a recycling of revenues
could fully offset the carbon cost burden and provide additional
consumer relief of considerable magnitude (equal to the difference
between the blue and pink bars, as seen in Supplementary Fig. 6). 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). Evenunder 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 amoderate strengthening of the
EU ETS combinedwith afinancial compensation of consumers equal to
all additional carbon revenues outperforms a gas price cap both in
terms of environmental effectiveness and in providing consumer relief
during the crisis.

Discussion
Our study highlights 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 shortcomings23,24. In par-
ticular, we provide empirical evidence that episodes of extraordinarily
high gas prices slow 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 mix, the diversity of energy sources in electricity produc-
tion, and how responsive a country is to natural gas prices. Countries
with amix of electricity generation that still rely relativelymoreon coal
and are more sensitive to gas prices tend to experience the largest
excess CO2 emissions. Because natural gas and renewables are com-
plementary, countries with large renewable investments remain
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Fig. 5 | Policy counterfactual analysis comparing the gas price cap (180 EUR/
MWh) and the substitution-equivalent carbonprice (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.AComparison of total emissions change
under each policy per country, including the substitution and output effect.
BComparisonofunderlyingoutput effect and substitutioneffectunder eachpolicy
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 lit-
erature, 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 Supplementary 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 con-
sumer relief is shown. The revenue is 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 normalised by average load per country, while the revenue and burden are
adjusted with country specific emissions factors.
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exposed to natural-gas price shocks. However, their increase in emis-
sions is smaller due to limited coal capacity. Taken together, these
results highlight the role of coal phase-out and energy source diver-
sification, since coal generation can temporarily increase during times
with extraordinarily high natural gas prices. Our results complement
recent literature that stresses the need to promote a zero-carbon
electricity sector to achieve climate goals25,26.

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 realised hourly
generation and price data during the crisis period. These market out-
comes already reflect physical and institutional constraints. Accord-
ingly, the estimated fuel-switching elasticities reflect substitution that
was feasible under actual system conditions. Cross-country hetero-
geneity in estimated responses therefore captures differences in gen-
eration portfolios, grid structure, interconnection capacity, and
operational flexibility. Our analysis is thus reduced-form and equili-
brium-based, rather than a simulation of unconstrained engineering
dispatch.

Our findings have several policy implications. First, the effective-
ness of the existing EU gas price cap is limited. Our framework helps
explain the 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 in emissions. However, to the extent that gas
price caps lower the overall wholesale electricity price, electricity
demand increases and emissions rise. This output effect partly neu-
tralises the substitution effect, compromising the effectiveness of the
gas cap. This result suggests that the gas price cap suffers from some
of the same limitations noted in studies that examined the effective-
ness of low carbon fuel standards27, and Clean Energy Standards28.

Second, a small carbon price in the existing EU emissions 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 asmuch 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 would instead reinforce the substitution effect. This insight
suggests potentially important reforms for the existing EU ETS. Our
results 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 policydebates in Italy
—including a reform proposal to decouple carbon costs from whole-
sale 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-basedmechanism that preserves the credibility and
integrity of the ETS under conditions of market stress.

Political economy considerations provide a 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 EUETSfixes 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 recognised thatpolicymakersgoverning an ETS face
a classic time-inconsistency problemwith ex-post incentives to renege
on ex-ante commitments29,30—with these pressures intensifying during
periods of crisis31,32. The proposal of Poland and other Eastern Eur-
opean countries to abandon the scheduled tightening of the EU ETS
cap following the onset of the war in Ukraine33 illustrates the com-
mitment problem that can arise during crises. 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 suggested to deter investment
in clean technologies, potentially undermining the dynamic efficiency
of the ETS34. 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 energyprices during crisis. These concerns often trigger calls
for relaxing climate policy or for alternative interventions that promise
financial relief. Absent 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 a 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
allowances (EUAs) according to quantity-based rules: when the num-
ber 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.
More 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. The emergency mechanism could be
incorporated into the MSR via an additional price-based rule: when
natural gas prices exceed a pre-specified threshold, allowances would
be auctionedwith apredetermined top-up. Price-basedmechanismsof
this type are well established in the literature35–37 and already imple-
mented 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 inter-
vention 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. How-
ever, this rule is discretionary andhasnever beenused. By contrast, the
emergencymechanism proposed herewould 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 excessively high natural gas prices
that would trigger themechanism. 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 referenceperiod—for instance, a riseexceeding twice the
two-year average natural gas price. Once the average natural gas price
over the preceding month exceeds the pre-specified 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 pre-specifiedminimum—what we refer
to as the emergency reserve price. A simple way to set this reserve
price is to add afixed top-up, suchas 10 EURper ton, to the averagebid
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)
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constant at a specified historical reference level—for instance, again,
the two-year average relative price of natural gas to coal. The equiva-
lent carbon price can be calculated for any combination of natural gas
and coal prices (see “Methods”). A third rule determines the duration
of the emergency activation. Following the design of Article 29a, we
proposeafixedperiodof six consecutivemonths.After sixmonths, the
price situation would be reassessed.

From a political feasibility perspective, a challenge of the emer-
gency mechanism is that it raises electricity prices precisely during
periods of already high energy costs. However, our analysis indicates
that the emergency reserve price generates revenues that exceed
aggregate household costs from higher electricity prices. In our
counterfactual analysis for the 2022 energy crisis, only about 8% 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 providemeaningful relief to households. Recent literature
on public support for carbon pricing38–40 suggests that designing a
revenue recycling scheme is a 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 basis for a refund mechanism.
Notably, the Social Climate Fund (SCF), established to offset costs
from carbon pricing41, could serve this purpose. 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 generatedby the proposed emergencymechanism (net of
administrative costs) could be channelled into the SCF. It would be in
the self-interest of Member States to utilise the additional revenues
from the emergency mechanism to provide financial support directly
to households in times of crisis.

We acknowledge some limitations of the proposed emergency
mechanism. First, while we focus on the potential of providing relief
to consumers by recycling the revenues of the emergency mechan-
ism, we do not account for consumer attitudes toward taxation or
trust in revenue recycling. Previous studies show that public accep-
tance of carbon taxation depends on clear ex ante revenue use42,43. In
the context of the COVID pandemic, state capacity to transfer funds
directly to citizens has been identified as a key prerequisite for a
credible compensation policy44. 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, par-
ticularly in the context of future crisis responses. Second, we also
abstract from potential behavioural failures that may cause con-
sumers to focus on higher electricity prices while underestimating
the benefits of revenue recycling45. Third, we abstract from potential
competitiveness effects of higher electricity prices for industry that
may require additional compensation mechanisms. Fourth, 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 MSR institutions, and unin-
tended interaction with the current framework is 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 incen-
tives 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 policyuncertainty. At the same time,
the relevance of the mechanism is likely to evolve as the electricity
systemdecarbonises. In the short run,when coal and gasplants remain
central tomarginal electricity 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 fossil 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.

Methods
Data and sample
Themajority of our data for the econometric analysis is obtained from
the Association of European Transmission System Operators for
Electricity (ENTSO-E). Transmission System Operators (TSO) generally
correspond to countries,with the exceptionofGermany andDenmark,
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 bio-
mass, coal, lignite, natural gas, dispatchable hydro, nuclear, oil, solar,
geothermal, wind, hydro-run-of-river, waste, and other. We focus on
those 14 EU countries that utilise hard coal or lignite, in addition to
natural gas, in their electricity mix (Supplementary Fig. 9 and 29). This
is a requirement for our empirical approach to work as we aim to
quantify the substitutability between coal sources andnatural gas. This
leaves 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
(Figs. 4 and 5) due to missing electricity price data.

Price data of natural gas, coal, and carbon are obtained from the
Intercontinental Exchange (ICE). The natural gas price data (EUR/
MWh) refer to the TTF month-ahead daily futures price (the bench-
mark gas price of Europeanmarkets). The coal price data (EUR/tonne)
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/tonne
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 totalof 10,224h spanning the timeperiod
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 largely 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 Sup-
plementary Discussion 1). Hence, this allows us to elucidate electricity
generator responses to commodity prices and the environmental
impact of the natural gasprice crisis.We note that the beginning of our
sample period coincides with the late phase of the COVID-19
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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 long time it
takes to construct new fossil fuel facilities, it is reasonable to assume
that the capacitymix is virtually unchanged.Whilemost countries have
near complete datasets for this time period, Finland, Croatia, and Ire-
land have the most missing data, with a total non-missing dataset of
8882, 7981, and 9974 respectively. The remaining countries have fewer
than 50 h ofmissing data (Supplementary Table 28). For the electricity
price pass-through regressions, all countries have complete data
(Supplementary Table 29).

Econometric model of coal responsiveness
We use the aforementioned exogenous variation in prices to run our
main regression specification separately for each country from from 1
April 2021–30 May 2022 as follows:

CoalGeni, t = β
i
1

Gasp
Coalp

 !
i, t

+βi
2

Gasp
Coalp

 !
i, t

2

+ βi
3

Gasp
Coalp

 !
i, t

3

+βi
4 IREi, t + β

i
5 Loadi, t + β

i
6 Load

2
i, t

+ ζm, i + δh, i + γw, i + ϵi, t

ð1Þ

Our preferred specification utilises 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 knownas the relative price. The relative price is inclusive of carbon
prices and proportional to the amount of CO2 emitted by coal or
natural gas (natural gas emits one third as much as coal). In doing so,
we implicitly assume that endogeneity between the carbon price and
fuel switching is negligible, which is supported by evidence suggesting
that fuel-switching behaviour accounts for only a small share of carbon
price variation46–49 and that carbon prices are largely determined by
political and institutional factors affecting allowance supply rather
than by contemporaneous emissions demand30–32. 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
exhibit changes in behaviour unexplained by a linear model, due to
ramping constraints. This is in linewith previous work on coal capacity
factor responsiveness to relative prices in the U.S. context12. Alter-
native specifications including only the quadratic or the linear term are
included (Supplementary 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 literature12.

Identification is based onmonth-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 sec-
tor’s domain. We further control for load (flexibly) and intermittent
renewable energy generation (solar, wind, and hydro-run-of-river). To
address possible heteroskedasticity and serial correlation in com-
modity 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 varia-
tions of fixed effects, covariates, and functional form, as shown in
Supplementary Tables 1–13 for all countries.We further run robustness
checks with different timeperiod samples, as shown in Supplementary
Tables S16–S19. While most countries show consistent results, few are

insignificant when the samplewindow is shortened before themassive
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 hetero-
skedasticity and autocorrelation concerns, the ACF of the regression
residuals for each country confirms strong intraday correlation, and
the PACF shows dependence of the first few lags, in line with opera-
tional fuel-switching dynamics and inertia or ramping of coal genera-
tion (Supplementary Tables 22–23). An additional check including a
lagged regressor of the relative price of the previous day (24 h before)
is included, yielding virtually identical results (Supplementary
Table 20), providing no evidence of delayed fuel-switching adjust-
ments, suggesting that generation decisions respond to con-
temporaneous fuel prices rather than lagged price signals. An
additional robustness check is performed by running the pooled
regression (Supplementary Table 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 mul-
tiplied 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. Utilising 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: 1100
gCO2/kWh; hard coal: 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 (50). The model
regresses hourly electricity prices on daily natural gas prices, with
alternative models used to examine the robustness of our estimates
(see Supplementary Tab. 29 for main estimates). Each country is esti-
mated separately to determine the market-wide pass-through of nat-
ural 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).
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For each country i, we separately estimate the following regres-
sion specification:

pElectricity
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i p
Gas
i, t + γ1, i IREi, t + γ2, i Loadi, t

+ γ3, i Load
2
i, t + δm, i + ηd, i + ζ h, i + ϵi, t

ð3Þ

where hourly electricity price pElectricity
t is regressed on daily natural

gas prices pGas
t , exogenous controls 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 Load2

it , 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 Supplementary Tab. 26–27).

The coefficients of interest, βh, that we obtain for each country i
are the changes inhourlyhwholesale 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 thatmay be correlated with
gas and electricity prices (e.g. drought, planned nuclear outages). Day-
of-week fixed effects ηdh similarly control for any systematic, unob-
servablehourly differences in prices ondifferent days of theweek (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
Tounderstand the hourly interplay between coal andnatural 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 utilise the Pearson correlation coefficient with
the 24 time points for each country, calculated as the covarianceof the
two estimates, divided by the product of their standard deviations as:
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n
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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 Panels A–C of Supplementary 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 balanceout 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 onewe suggest) wholesale electricity prices aremore 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 imposedonnatural gas or carbonprices 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 Fig. 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 (Supplementary Fig 4). The
effect is determined through the responsiveness of coal generation to
the relative price based on our estimates for μi (Supplementary
Tab. 28) and the coal generation of eachcountry. For instance, a capon
the price of natural gasmakes 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 forwhich the relative price (inclusive of carbonprice) 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 elec-
tricity prices,βh

i , (Supplementary Tab. 29). The pass-through of the
change inprice fromcarbon is assessed through its impacton theprice
of natural gas, inwhichweassume0.37 EUR/tonCO2 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 thewholesale electricity price yields 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 cal-
culate this effect for each policy, given each country’s average emis-
sions factor (the average emissions from an additional kWh generated
in each country’s grid). Though previous studies for this estimate vary
considerably51–58, we use a conservative estimate, with different
assumptions yielding qualitatively similar results (Supplementary
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
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ktonnesCO2/year) reflecting the total emissions change for eachpolicy
is depicted in Fig. 5A, specifically a reductionof 6867 ktonnesCO2/year
for the natural gas price cap and a reduction of 7752 ktonnes CO2/year
for the carbon levy.

Fourth, 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
increases 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% of the rev-
enue is needed to offset the burden from the increase in electricity
price for Germany. On average across countries, this value is just 8%,
while the relief generated from the natural gas cap is a 32% of the value
of the revenue.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The datasets used in this study were compiled from publicly available
power generation data by the European Network of Transmission
System Operators for Electricity (ENTSO-E), and carbon, coal, and gas
price data from the Intercontinental Exchange (ICE). The resulting
dataset (in .dta format) is available in a public code repository archived
on Zenodo and can be accessed via https://doi.org/10.5281/zenodo.
19289451.

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 Zenodo59 and can be accessed at https://doi.org/
10.5281/zenodo.19289451.
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