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Environmental and Health Costs of Europe’s Shift from Gas to
Coal Amidst the Energy Crisis

Mario Liebensteinera∗ Alex Mburu Kimanib
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Abstract: The gas price explosion during the 2021/22 European energy crisis prompted a shift

from gas- to coal-fired electricity production. Empirical evidence on the environmental and

health consequences of such a fuel-price shock – as opposed to policy reforms – is scarce. We

fill this gap by quantifying how exogenous gas price surges reorder coal-gas marginal costs

and, in turn, affect emissions and health outcomes. Using daily data (2015–2023) for six EU

countries with substantial gas-to-coal switching potential, we estimate a two-stage residual

inclusion (2SRI) model to obtain causal effects of days on which gas is more expensive than

coal. During the 510 days of the 2021/22 gas price surge when coal was cheaper, coal-fired

generation rose by 23% (53 TWh, 95% CI: 43–63), driving a 10% increase in CO2 (36 Mt, 95% CI:

28–45 Mt), 19% in PM2.5 (187 t, 95% CI: 152–222 t), 10% in NOx (8,442 t, 95% CI: 6,573–10,715 t),

and 24% in SO2 (16,238 t, 95% CI: 10,947–21,658 t). Applying literature-based damage factors,

we find indicative increases in premature deaths and serious illnesses, with additional external

health costs exceeding one billion EUR2021. All figures are computed relative to a model-based

counterfactual in which gas remained the cheaper option and represent short-term effect that

disregard longer-term structural adjustments. The results highlight the substantial welfare

costs of fuel price shock-induced switching and inform the design of policies that internalize

these externalities.

Keywords: air pollution; CO2 emissions, energy crisis, gas price shock, gas-to-coal switch,

health effects
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1 Introduction

The escalation of tensions between Russia and Ukraine in mid-2021 caused significant up-

heaval in energy markets (Weitzel et al., 2024). In late 2021, Russia started disrupting gas de-

liveries to Europe, which struck at a crucial time, as Russia had long been the primary sup-

plier of natural gas to Europe (Kotek et al., 2023).1 In February 2022, the Russian invasion of

Ukraine ultimately led to a skyrocketing gas price, as Figure 1a shows. Although prices of other

commodities also rose, the sharp increase in gas prices significantly heightened the relative

marginal costs of gas-fired power plants compared to other electricity sources.

This study examines the environmental and health implications of fuel price shock-

induced switching – i.e., days on which gas becomes more expensive than coal – in Euro-

pean power markets. We focus on the relative shock to marginal costs between coal and

gas and treat the 2021/22 surge in European gas prices as a large, plausibly exogenous event

that induced a switch from gas- to more coal-fired electricity production. We apply a quasi-

experimental econometric model in the form of a two-stage residual inclusion approach on

daily data from 1 January 2015 to 31 December 2023 to estimate how coal-fired generation,

CO2 emissions, local air pollutants, premature deaths, and associated health costs respond

when the costs of gas-fired electricity production exceed those of coal. The specifications in-

clude rich controls and fixed effects to isolate the effect of the relative-cost shock. Our framing

thus centers on the market-driven dispatch response to fuel price differentials, with the en-

ergy crisis serving as the context that generated an unusually strong and frequent shock to

fuel-price differentials.

Our empirical panel comprises six EU countries with significant gas-to-coal switching

potential: Czechia, Germany, Ireland, Italy, the Netherlands, and Poland (further details on

the country selection are provided in Section 3.1). These countries have both coal (lignite

and/or hard coal) and gas generation capacities, enabling them to shift dispatch in response

to relative-cost shocks triggered by the gas price surge during the 2021/22 energy crisis.

Historically, the price of gas was higher than the price of hard coal and lignite. Conse-

quently, coal-fired power plants traditionally received priority dispatch over gas-fired power

plants in the electricity supply function. From an environmental standpoint, this resulted in

high CO2 emissions and air pollution, as lignite and hard coal have significantly higher emis-

sion factors compared to gas. In late 2017, following reforms of the EU Emissions Trading

System (ETS), the price of CO2 allowances began to climb. This resulted in higher costs for

coal-fired electricity production compared to gas-fired electricity. Consequently, there was a

coal-to-gas switch in the merit order, leading to a significant reduction in electricity-related

1However, other factors also contributed to high electricity and gas prices in Europe, such as the economic re-
covery after the COVID pandemic, a drought that reduced nuclear electricity supply in France due to cooling issues,
lower-than-usual gas storage levels in Europe due to a cold winter and Gazprom’s strategic behavior (Milov, 2022), and
a higher demand for liquefied natural gas (LNG) in Asia and Latin America (EMBER, 2024; Ruhnau et al., 2023).
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CO2 emissions. However, despite high carbon prices, the explosion of gas prices during the

energy crisis eventually caused a reverse switch from gas to coal, thereby raising emissions

once again.

The results of this study are that coal-fired electricity production increased significantly,

by 53 TWh (95% CI: 43–63 TWh) or 23%, during the 510 switching days when gas-fired elec-

tricity production was more expensive than that of coal in response to crisis shock. This led

to an increase in local air pollution and CO2 release. In particular, it is found that 36 million

metric tons (Mt) of CO2 (95% CI: 28–45 Mt) or 10% were additionally released during the crisis

due to increased coal-fired electricity production. The largest effects are found for Germany,

but also in the relatively small economy of Ireland, the effect is non-negligible. Moreover, par-

ticulate matter (PM2.5) increased by 187 tons (t) (95% CI: 152–222 t) or 19%, nitrogen oxides

(NOx ) by 8,645 t (95% CI: 6,573–10,715 t) or 10%, and sulfur dioxide (SO2) by 16,304 t (95%

CI: 10,947–21,658) or 24% in the studied countries. Moreover, premature deaths and serious

illnesses attributable to coal- and gas-fired electricity rise by about 17%; because these figures

are derived from literature-based damage factors, they should be regarded as illustrative rather

than exact.

This study carries significant implications. Foremost, it is essential to quantify the envi-

ronmental impact of a fuel price shock induced by the energy crisis. The study measures a

notable increase in coal-based emissions resulting from the surge in gas prices. One concern

with quantifying the increase in power-sector CO2 emissions resulting from a gas price shock

is the so-called “waterbed effect” (Rosendahl, 2019). The EU Emissions Trading System (EU

ETS) puts a cap on CO2-equivalent emissions from electricity production, energy-intensive

industries, and aviation. Consequently, for a fixed supply of emission certificates, any CO2

increase in one sector must be offset elsewhere (Herweg and Schmidt, 2022).

Nevertheless, an increase in power-sector emissions could have significant implications

for the national carbon budgets of affected countries, potentially jeopardizing their national

climate goals, especially the sector-specific goals set for the energy sector. Moreover, inten-

sified coal-fired electricity production exacerbates significant adverse health effects through

the emission of higher levels of local air pollutants (Deschenes et al., 2017; Holland et al., 2020;

Jarvis et al., 2022), which are not regulated by the EU ETS. This may have led to increased

health problems and even premature deaths among citizens of the affected countries (Henne-

man et al., 2023; Ritchie, 2020).

The analysis also aids our understanding of the importance of natural gas in electricity sup-

ply. While there is a debate about whether gas can and should serve as a bridging technology

along the path to decarbonization (Gillingham and Stock, 2018), the results demonstrate that

a shock to gas supply has significant environmental consequences. Specifically, our findings

suggest that gas-fired electricity production cannot be readily replaced by less-emissive supply

technologies, such as renewable energies or nuclear power. Instead, dispatchable coal plants
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typically need to fill the supply gap. This also demonstrates that the increase in coal electricity

had short-run benefits in terms of energy security and system reliability. The continued coal

dispatch helped avoid more extreme outcomes, such as demand curtailment, blackout risk, or

even higher electricity wholesale prices.

This study’s findings also put the (short-term) effectiveness of a carbon price into perspec-

tive. Despite a high emission allowance price during the crisis, the exponential rise in gas

prices rendered coal electricity generation more economical than gas. Our results provide

insights into the required level of carbon pricing to deter a shift from gas to coal, thereby pre-

venting an increase in emissions. While the average observed carbon price was 75 e/tCO2

during the crisis, the hypothetical price would have been 2.6 times as high to avoid a switch

from gas-to-coal.

While it is well understood that a carbon price can effectively reduce power-sector emis-

sions in the short run via a fuel switch from coal to gas (Gillingham and Stock, 2018; Gugler

et al., 2021, 2023; Wilson and Staffell, 2018), it remains open for debate whether a carbon price

should reach such high levels as to prevent a gas-to-coal switch at all times. Similarly, stud-

ies from the U.S. have leveraged the fall in natural gas prices due to the hydraulic fracturing

boom to infer the potential CO2 abatement effect of a carbon price (Cullen and Mansur, 2017;

Holladay and LaRiviere, 2017; Knittel et al., 2019). Moreover, a high carbon price that could

have prevented the gas-to-coal switch might have caused energy security issues during the

gas shortage (Colgan et al., 2023).

Hence, the results inform about the potential emission-abatement effects of a carbon price

in other jurisdictions with a considerable coal-to-gas switching potential. Many electricity

markets worldwide have similar supply structures, including substantial gas and coal genera-

tion capacities, as those observed in our dataset. Therefore, significant emissions reductions

could be achieved short-term through a coal-to-gas switch. Our estimates also speak directly

to policy design under stress.

2 Background

Marginal costs and gas-to-coal fuel switching

The aim of this study is to investigate the effect of a soaring gas price on coal-fired electricity

production, local pollutants, and CO2 emissions. That is, the gas price explosion changed the

relative marginal costs of coal- and gas-fired electricity production, which likely prompted a

gas-to-coal fuel switch in the merit order. Figure 1a shows the trajectory of commodity prices

throughout the study period. The price of gas started climbing mid-2021, followed by an ex-

plosion to 339 e/MWh on August 26, 2022. Coal prices experienced an uptick during the en-

ergy crisis, albeit to a lesser degree. Furthermore, reforms within the EU ETS prompted a rise
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(a) Commodity prices

(b) Marginal costs

Figure 1: Developments of prices and marginal costs

This figure shows the developments of commodity prices and marginal costs for the daily frequency. In Figure 1b, the

intersection between the marginal costs of coal and those of gas reflects a potential switching point.
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(a) Emissions (MtCO2 per month)

(b) Coal, gas & load (TWh)

Figure 2: Developments of emissions, electricity infeed from coal and gas, and load

This figure depicts the trends of key variables, aggregated across the six sample countries and presented on a monthly

basis. CO2 emissions solely reflect those stemming from coal- and gas-based electricity generation. Coal electricity

generation comprises lignite and hard coal. The data presented are observed (i.e., not modeled) and reflect actual

measurements recorded over the specified period.
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in carbon allowance prices starting in late 2017, with a rapid escalation in 2021, reaching 98

e/tCO2 on August 22, 2022.

The fluctuations in commodity prices are reflected in the evolution of the marginal costs

associated with gas- and coal-fired electricity production. As depicted in Figure 1b, the costs

of coal-generated electricity remained below those of gas until approximately the end of 2018.

Subsequently, from 2019 to mid-2021, gas-generated electricity became more economical

than coal, likely prompting a fuel switch between these two technologies. However, by mid-

2021, the scenario shifted once more, with coal becoming cheaper throughout the energy cri-

sis. Finally, during the crisis-recovery period in 2023, gas emerged as the cheaper supply tech-

nology most of the time. For the remainder of this study, we define the crisis period as the 510

days from July 1, 2021, to December 31, 2022, during which coal-fired electricity was cheaper

than gas-fired electricity.

Moreover, Figure 2a illustrates the trajectory of total coal- and gas-related CO2 emissions

for the six sample countries alongside local linear predictions for the pre-crisis and crisis peri-

ods. While emissions declined prior to the crisis, an upturn occurred during the crisis, which

likely stems from a greater use of coal-fired electricity at the expense of less gas-fired electricity.

This is initial descriptive evidence that the crisis prompted a gas-to-coal switch that increased

emissions.

Figure 2b supports this notion, showing that after a long period of narrowing coal- and gas-

fired electricity production, the gap widened again significantly during the crisis period. More-

over, around the crisis period, a decrease in load can be observed, which likely contributed to a

reduction in emissions. Hence, load is an important variable to control for in the econometric

analysis.

3 Data

3.1 Selection of sample countries

Our empirical panel comprises Czechia, Germany, Ireland, Italy, the Netherlands, and Poland.

These six EU countries satisfy two ex-ante rules, (i) a Fuel-mix rule: and (ii) a policy-neutrality

rule. Rule (i) requires that the countries have a significant potential for gas-to-coal switching.

Precisely, in 2019 both coal (lignite and hard coal) and gas nameplate capacity each had to

exceed 10% of average system load. This ensures that a relative-cost shock can move dispatch,

as illustrated in Appendix Figure A1.2 Rule (ii) requires that during the 2021-22 energy crisis,

2Many other European countries lack substantial capacity in either gas- or coal-fired generation. Including coun-
tries without coal capacity (e.g., France, Italy, Sweden) would add mostly zero observations on the dependent variable,
pulling the estimated coefficients toward zero and offering little insight into the switching mechanism. Conversely,
systems that possess coal capacity but no gas capacity cannot switch fuels, so their coal output would respond only
weakly (if at all) to a gas-price shock.
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none of the six countries imposed price-distorting measures, such as wholesale gas caps or

fuel-specific carbon surcharges. Spain, Portugal, and Greece violated this rule by capping the

wholesale gas price (EC, 2023). Moreover, Britain introduced a carbon tax on fossil-fuelled

electricity production alongside the EU ETS allowance price in 2012 (Gugler et al., 2023), pre-

senting a confounding policy factor that we are unable to disentangle, because it changes

marginal costs independently of fuel prices. Furthermore, Britain’s exit from the EU on Febru-

ary 1, 2020, introduced structural breaks, including the establishment of its own national emis-

sions trading system and economic distortions, which confound our treatment period.

The retained countries together account for 64% of EU-27 coal capacity, 57% of gas ca-

pacity, and 62% of coal-plus-gas electricity generation in 2020 (Eurostat, 2024; S&P Global,

2024). They cover northern, central, western, and eastern Europe and range from very large

systems (Germany) to small ones (Ireland), so the sample is broadly representative of the Eu-

ropean coal-gas landscape. Some Eastern European member states (e.g., Bulgaria, Romania,

Hungary, Slovakia) fulfill rule (i), but lack continuous electricity market data (e.g., electricity

generation by technology) for the full sample period (2015–2023), and are therefore omitted.

The causal elasticity we estimate should transfer to other European countries that meet the

same two rules, because the dispatch calculus is determined by identical relative-cost signals.

Systems without a meaningful coal-gas margin are different: when gas prices rise, they cannot

switch to coal and must rely on demand response, imports, nuclear, or renewables. In such

settings, the short-run emission response to a gas price shock is likely weaker, and our point

estimates would overstate the effect.

3.2 Data sources and calculations

We obtained publicly available data on the commodity prices of hard coal, natural gas, and

carbon price from the financial market platform investing.com. For the price of natural gas,

the daily closing price of the Dutch TTF one-month ahead future price from the Interconti-

nental Exchange (ICE) is used (investing.com, 2024c). The price of hard coal refers to the daily

closing value of the API2 CIF ARA (ARGUS-McCloskey) one-month ahead coal future price

(MTFc1) (investing.com, 2024b). For the carbon price, we obtained the daily closing value of

EU emission allowances (EUA) (investing.com, 2024a). This price represents the value of an

allowance certificate in Euros per metric ton of CO2-equivalent, as determined within the Eu-

ropean Union Emissions Trading System (EU ETS). We downloaded the data for the period

January 1, 2015 to December 31, 2023 to match the electricity market data.

Aggregate country-level electricity production by technology and load are sourced from

the publicly available ENTSO-E (2024) transparency platform. The retrieved data are available

in 15-minutes or hourly frequency, depending on the year of publication. We aggregated the

data to the daily frequency to match the variation in the commodity prices.
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Coal-fired electricity production — Our primary dependent variable is coal-fired electricity

production. We aggregated electricity production per day and per country from hard coal and

lignite coal to obtain a measure of total coal-fired electricity production.

General notes on our approach to calculating emissions data — We study high-frequency

variations using daily data. In our search for greenhouse gas and air pollution data, we ex-

plored several sources, including the EMEP Centre on Emission Inventories and Projections,

which provides officially reported air pollution data by sector and EU country. However, we

found these sources unsuitable for our study, as they typically report only annual data and for

sectors that do not specifically focus on electricity generation. As a result, we faced a trade-off:

calculating CO2 and local air pollution emissions specifically for the electricity generation sec-

tor and at a granular daily frequency using lignite-, hard coal-, and gas-fired generation data

allows us to go beyond aggregate annual data analysis, though there may be estimation error

compared with actual emissions.

However, the estimation bias of our approach is likely small because we use high-

frequency data that captures daily fuel use in electricity generation, allowing us to account

for operational variations specific to lignite, hard coal, and gas plants. By applying capacity-

weighted efficiency factors adjusted for fuel type, turbine technology, and vintage, we achieve

emissions estimates closely aligned with actual plant performance. This targeted focus on

electricity generation – unlike general inventories covering broader sectors – minimizes po-

tential bias, resulting in more accurate sector-specific emissions calculations.

Efficiency factors — For the subsequent calculation of CO2-equivalent emissions and

marginal costs, efficiency factors are needed. An efficiency factor measures the ratio of elec-

tricity output (secondary energy) to fuel energy input (primary energy). It gives the percentage

of the total energy content of a power plant’s fuel that is converted into electricity.

We utilize the proprietary Platts PowerVision database by S&P Global (2024), which pro-

vides detailed information on all European power plants at the turbine level. This includes

the country of location, unit online date (plant vintage), retirement date (if retired), primary

fuel, primary turbine type, and nameplate capacity by year. We then apply efficiency factors

according to turbine vintage, fuel type, and turbine type, using information provided by the

Austrian Transmission System Operator, Austrian Power Grid (APG) (for a similar approach,

see also Gugler et al., 2020). This approach allows us to construct capacity-weighted average

efficiency factors by country, year, and fuel type.

While the initial Platts PowerVision data cannot be made available, we report the calcu-

lated efficiency factors. Appendix Table A1 summarizes the efficiency factors that we apply,

while Appendix Table A2 provides a summary of the capacity-weighted efficiency factors per

country, year, and fuel type in our sample. Our calculated efficiency factors are similar to typ-

ical efficiency factors per technology class reported in other sources (e.g., Quaschning, 2024;
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UBA, 2022).

Marginal costs — We create a binary indicator, which equates one if the marginal costs of

gas-fired electricity production exceed those of coal-fired electricity production.

Electricity dispatch can be approximated by a step-function supply curve, called the “merit

order”. Plants bid typically their short-run marginal costs, and technologies enter in blocks.

The key discontinuity for our question is whether gas or coal sits ahead in that order. We there-

fore create a binary indicator, which equates one if the marginal costs of gas-fired electricity

production exceed those of coal-fired electricity production. This binary indicator variable is

intended to mark the regime in which coal becomes cheaper than gas and is thus dispatched

first. Small cost differences within a technology class (e.g., across vintages or efficiencies) cre-

ate minor steps, but they do not alter the main coal-gas threshold. The indicator thus provides

a parsimonious and economically meaningful proxy for the relevant kink in the supply curve.3

Following related studies (Gugler et al., 2023, 2020), we calculate the marginal costs (MC )

as:

MCi ,t ,n = pi ,t ,n +ηn ·pCO2;t

ρi ,t ,n
(1)

where i denotes the country, t denotes the sample day, n denotes the fuel type, n = {hard coal,

natural gas}, pn is the price of fuel n = {hard coal, natural gas}, PCO2 is the carbon price, η is the

emissions factor per primary energy input (initially provided in g CO2/kWhPE and converted to

tCO2/MWhPE). We set ηnatur al g as = 0.2008 and ηhar dcoal = 0.3382 (IPCC, 2006; Quaschning,

2024; UBA, 2022). ρ refers to the efficiency factor.

The binary indicator is created as:

1i ,t =
1 if (MCg as > MCcoal )i ,t

0 otherwise
(2)

This indicator variable measures for each day and each country if electricity production from

natural gas is more expensive than that from coal.

CO2-equivalent emissions Data — We calculated the CO2-equivalent emissions from coal-

and gas-fired electricity production, following (Gugler et al., 2021, 2023, 2020):

CO2i ,t =
∑
n

gi ,t ,n ·ηn

ρi ,t ,n
(3)

where i denotes the country, t denotes the sample day, n denotes the fuel type, n = {lignite,

hard coal, natural gas}, g is electricity production, η is the emissions factor per primary energy

input (in metric tons of CO2 per MWhPE) for a typical plant (IPCC, 2006; Quaschning, 2024;

3Robustness checks with the continuous marginal-cost spread in Section 6 confirm that larger gaps add little once
the switching threshold is crossed.
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UBA, 2022). Moreover, ρ refers to the efficiency factors calculated above. We set ηl i g ni te =
0.3987, ηhar dcoal = 0.3382, and ηnatur al g as = 0.2008. We then aggregated the emissions from

lignite coal and hard coal per day and per country to total coal-based CO2 emissions.

Air pollution — We calculated local air pollution in kg of particulate matter (PM2.5), nitro-

gen oxide (NOx ), and sulfur dioxide (SO2), using latest available conversion factors to convert

MWh of electricity infeed by fuel source (lignite coal, hard coal, natural gas):

Pol lut anti ,t ,p =∑
n

gi ,t ,n ·µn,p

ω
(4)

where i denotes the country, t denotes the sample day, n denotes the fuel type, n ∈ {lignite,

hard coal, natural gas}, p denotes the air pollutant, p ∈ { PM2.5, NOx , SO2 }, g is electricity

production in MWh, µ is the emission factor in kg/TJ, and ω is a conversion factor from TJ to

MWh (= 277.78). We set µl i g ni te,P M2.5 = 0.78, µl i g ni te,NOx = 70.83, µl i g ni te,SO2 = 240.3 (UBA,

2019, Table 9), µhar dcoal ,P M2.5 = 1.15, µhar dcoal ,NOx = 55.63, µhar dcoal ,SO2 = 36.85 (UBA, 2019,

Table 16), and µnatur al g as,P M2.5 = 0.09, µnatur al g as,NOx = 27.48, µnatur al g as,SO2 = 0.2 (UBA,

2019, Tables 45 & 46). The reference source (UBA, 2019) pertains to Germany. Due to the

absence of country-specific data, we assume that the other five European countries in our

sample have similar emission factors.

Premature deaths & serious illnesses — The European Environment Agency (EEA, 2020)’s re-

port on air quality in Europe states that "[a]ir pollution is a major cause of premature death and

disease and is the single largest environmental health risk in Europe" (p. 10). It is, however, dif-

ficult to quantify premature deaths associated with fossil-fuelled electricity production given

a lack of reliable data and causal identification strategies.

To our knowledge, Markandya and Wilkinson (2007) is the only published source that pro-

vides fuel-specific mortality factors suitable for translating the gas-to-coal switching we ana-

lyze into indicative estimates of premature deaths. The study quantifies the health effects of

electricity generation in Europe, which also fits the scope of our analysis. According to this

study, producing 1 TWh of electricity results in an estimated 32.6 premature deaths for lignite,

24.5 for hard coal, and 2.8 for natural gas, highlighting the substantial health burden associ-

ated with fossil fuel-based power generation. Moreover, 1 TWh of electricity causes 298 serious

illnesses (including respiratory and cerebrovascular hospital admissions, congestive heart fail-

ure, and chronic bronchitis) for lignite, 225 for hard coal, and 30 for gas. These values pertain

to air pollution and intentionally exclude power plant accidents.

The study dates back to 2007, implying that we have to assume that these estimates still ap-

ply for our study period. However, this concern is mitigated by the fact that many power plants

operating in 2007 were still active during our sample period. Using the proprietary Platts Pow-

erVision database by S&P Global (2024), we found that of the 2,420 coal (hard coal & lignite)
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and gas power turbines built before 2007 and online as of January 1, 2007, 88% (2,212 units) re-

mained operational by January 1, 2023. Another limitation is that no country specific data are

available. Despite these limitations, we utilize these values to quantify the premature deaths

and serious illnesses related to our effect of interest. Hence, we transform electricity gener-

ation from coal and gas per sample day and per country into premature deaths and serious

illnesses using these conversion factors.

External health costs — We also assess the monetized external costs of air pollution through

the combustion of fossil fuels on health. The European Environmental Agency (EEA, 2024,

(page 26, Table 3.1)) provides marginal damages costs per local toxic air pollutant (PM2.5, NOx ,

and SO2) for the year 2019. Specifically, these values are 237,123 EUR2021 per ton of PM2.5,

42,953 EUR2021per ton of NOx , and 38,345 EUR2021 per ton of SO2.

The damages primarily relate to health damages, but also incorporate damages to crops,

forests, ecosystems & materials. The health damage values are presented for two different

approaches, "value of a life year" (VOLY) and "value of statistical life" (VSL). According to EEA

(2024, p. 10), VOLY is "an estimate of damage costs based on the potential years of life lost

(YOLL) from a specific risk, based on an estimated life expectancy, and then evaluates them

by multiplying them by the VOLY. Therefore, the result is affected by the age at which deaths

occur." On the other hand, VSL is "an estimate of damage costs based on the value a given

population places ex ante on avoiding the death of an individual. VSL is based on the sum of

money each individual is prepared to pay for a given reduction in the risk of premature death,

for example from diseases linked to air pollution." What is more, EEA (2024, (p. 22)) states that

the "[o]pinion amongst economists is divided as to whether valuation is better represented by

using the value of a life year (VOLY) or value of a statistical life (VSL)." Following Jarvis et al.

(2022), we apply VSL values.

4 Research design

4.1 Empirical strategy

We utilize an ex-post econometric model using daily historical data from January 1, 2015, to

December 31, 2023. This model allows us to analyze increases in coal-fired electricity produc-

tion in situations where the marginal costs of gas-fired generation exceed those of coal-fired

generation, while controlling for other important confounding factors. In doing so, we cap-

ture the typical step-function shape of the electricity supply curve, which reflects dispatch

decisions based on the marginal costs of different generation technologies.

To estimate the causal impact of a relative-cost shock – defined as days on which the

marginal cost of gas-fired generation exceeds that of coal – on coal-fired electricity produc-
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tion and its environmental consequences, we employ a quasi-experimental model in the spirit

of an instrumental variables estimator: a two-stage residual inclusion (2SRI) control-function

approach (Terza et al., 2008; Wooldridge, 2015). This method is appropriate because the un-

derlying European benchmark prices for natural gas and coal (ICE Dutch TTF and API2 CIF

ARA) may respond endogenously to short-run supply and demand conditions.

In two first-stage regressions, we instrument each European benchmark fuel price with a

corresponding benchmark price from other parts of the world: the LNG Japan/Korea Marker

for gas (investing.com, 2024d) (henceforth referred to as the ‘Asian gas price’) and the New-

castle coal future (NCF/Mc1) for hard coal (investing.com, 2024e) (henceforth referred to as

the ‘Australian coal price’). These contracts are traded on international exchanges and are

orthogonal to daily shocks in European electricity dispatch, thereby satisfying the exclusion

restriction. The fitted values from these first-stage regressions yield residuals that capture the

endogenous component of domestic fuel prices. These residuals enter the second-stage equa-

tion alongside the observed switching indicator variable (1(MCg as > MCcoal )), rendering the

latter conditionally exogenous.

The regression estimates allow for an interpretation of the additional coal-fired electricity

produced in response to the gas price increase during the energy crisis. This is evaluated rela-

tive to a counterfactual scenario where the crisis did not occur and gas remained the cheaper

option. We do this by comparing the actual treatment estimate relative to a coefficient esti-

mate of zero (i.e., no treatment effect). Moreover, our regression estimates go beyond simple

calculations of the emissions or deaths related to coal combustion, as they take the substitu-

tion between coal and gas electricity into account.

Data quality and variation play a key role for identification. We ensure high data qual-

ity through the use of reliable and publicly available sources, including the ENTSO-E trans-

parency platform for electricity-market data and the financial platform investing.com for com-

modity prices. Furthermore, our dataset exhibits significant variation on daily, monthly, sea-

sonal, and yearly levels, both before and during crisis times, which we leverage for effect iden-

tification.

4.2 Econometric model

Naive structural specification — A regression that ignores endogeneity would model daily

coal-fired generation (Coali ,t ) as a direct function of the switching indicator 1(MCg as >
MCcoal )i ,t , which equals one when gas generation is more expensive than coal. Denoting the

associated coefficient by βtr eat , a fixed-effects panel specification for the six sample countries

would read:
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Coali ,t =βtr eat 1(MCg as > MCcoal )i ,t +βB Baseloadi ,t +βV VREi ,t +βL Loadi ,t

+Di ,y(t ) +Dm(t ) +Dd(t ) +εi ,t , (5)

where i indexes countries and t daily observations from 1 January 2015 to 31 December 2023.

Baseload denotes baseload electricity infeed from nuclear and run-of-river power stations.

V RE is electricity infeed from variable renewable energies, including onshore wind, offshore

wind, and solar power. Load is electricity demand. The term Di ,y(t ) denotes country-by-year

fixed effects, which absorb both all time-invariant country characteristics (e.g., topography,

grid structure, climate conditions) and any country-specific shocks that change only once per

year. Dm(t ) and Dd(t ) are month-of-year and day-of-week fixed effects, respectively. These

temporal dummy variables account for seasonal cycles, as well as daily patterns that are not

already captured by the previously mentioned control variables. They help control for factors

such as technological advancements or learning rates, including fixed-cost degressions, within

electricity production technologies. ε is a heteroskedasticity and autocorrelation-consistent

(HAC) error term.

The switching indicator 1(MCg as > MCcoal )i ,t is built from European benchmark fuel

prices (ICE Dutch TTF and API2 CIF ARA); these prices may respond contemporaneously to

regional demand shocks, strategic storage decisions, or policy announcements. If such shocks

are also correlated with unobserved determinants of coal generation (e.g., plant outages, re-

serve margins, or short-run export constraints) then 1(MCg as > MCcoal )i ,t is endogenous

and OLS estimation of (5) yields a biased and inconsistent estimate of βtr eat . To address

this potential bias, we adopt a two-stage residual inclusion (2SRI) approach (Terza et al., 2008;

Wooldridge, 2015).

Two-stage residual inclusion approach — Each European benchmark fuel price is regressed

on the instrumental variables, the Asian gas price and the Australian coal price, and on exoge-

nous controls. The two first-stage regressions read:

Pg as;i ,t =πg Zg as;t +αg as,B Baseloadi ,t +αg as,V VREi ,t +αg as,L Loadi ,t

+Di ,y(t ) +Dm(t ) +Dd(t ) +εg as;i ,t (6a)

Pcoal ;i ,t =πc Zcoal ;t +αcoal ,B Baseloadi ,t +αcoal ,V VREi ,t +αcoal ,L Loadi ,t

+Di ,y(t ) +Dm(t ) +Dd(t ) +εcoal ;i ,t (6b)

where Zg as;t and Zcoal ;t are the Asian gas price and the Australian coal price, respectively.

The fitted residuals are denoted ε̂g as;i ,t and ε̂coal ;i ,t , which are plugged into the second-stage

regression to account for endogeneity.
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Next, using European benchmark prices to construct the marginal-cost spread, coal-fired

generation is modelled in the second-stage regression:

Coali ,t = γtr eat 1(MCg as > MCcoal )i ,t +γr esi d g as ε̂g as;i ,t +γr esi dcoal ε̂coal ;i ,t

+γB Baseloadi ,t +γV VREi ,t +γL Loadi ,t +Di ,y(t ) +Dm(t ) +Dd(t ) +εi ,t . (7)

If the critical IV assumptions of instrument relevance, exclusion restriction, and exogene-

ity of control variables are met (see Section 4.3), the parameter of interest, γtr eat yields a

causal estimate of the effect of a gas-to-coal switch on coal-fired generation (Terza et al., 2008;

Wooldridge, 2015).

We estimate (7) with Newey-West standard errors (Bartlett kernel, lag 2) to accommo-

date heteroskedasticity and short-run autocorrelation. Log-specifications of the dependent

variable are also reported so that βtr eat · 100 reads as a percentage change. Greenhouse-gas

emissions, local air pollutants (PM2.5, NOx , SO2) and health outcomes are analyzed by re-

estimating (7) with those outcomes on the left-hand side, thereby capturing the coal-gas sub-

stitution directly in the regression framework.

For individual-country estimates, we adopt the model to a time-series framework:

Coalt = γtr eat 1(MCg as > MCcoal )t +γr esi d g as ε̂g as;t +γr esi dcoal ε̂coal ;t

+γB Baseloadt +γV VREt +γL Loadt +D y(t ) +Dm(t ) +Dd(t ) +εt , (8)

which we estimate separately for each of the six countries.

Serial correlation and stationarity — Daily coal and gas prices, the dependent variables (e.g.,

coal-fired generation, CO2 emissions), and control variables (baseload, VRE, load) are highly

persistent. We address this in three ways: (i) we include rich fixed effects (country×year,

month-of-year, day-of-week) to absorb deterministic trends and seasonality; (ii) we use

heteroskedasticity- and autocorrelation-consistent (HAC) standard errors with a 2-day band-

width in the main tables; and (iii) we run unit-root tests on the fixed-effects-residualized series

(Im-Pesaran-Shin panel tests for variables varying across countries (i ) and time (t ) and Aug-

mented Dickey-Fuller tests for pure time-series variables), which indicate stationarity around

the included fixed effects. These diagnostics suggest that our findings are not driven by spuri-

ous correlation arising from persistent trends.

4.3 Identifying assumptions

The two-stage residual-inclusion estimator is valid under three sets of conditions: instrument

relevance, the exclusion restriction, and exogeneity of controls. Relevance is established empiri-

cally; exogeneity follows standard practice in the related power-sector literature (Cullen, 2013;
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Fell and Kaffine, 2018; Gugler et al., 2021). The exclusion restriction is discussed at greater

length because it carries the main identifying content of the design.

Instrument relevance — Daily changes in the Asian gas price and the Australian coal price

are strongly correlated with the European hub prices that feed the marginal-cost calculations

through spatial arbitrage and expectations about arbitrage. The Kleibergen-Paap first-stage F

statistic comfortably exceeds 10, satisfying the conventional rule-of-thumb for strong instru-

ments (see Table 1).

Exclusion restriction — Conditional on the control variables and fixed effects, variations in

the Asian and Australian benchmarks can influence European coal-fired generation only via

their effect on the domestic marginal-cost spread.

Gas: The Asian benchmark gas price (the NG Japan/Korea Marker) is driven by Far-East

LNG demand, Asian liquefaction outages, and Pacific freight rates. Physical LNG cannot move

from the Pacific Basin to North-West Europe within the day, so a one-day shock to the Asian

benchmark gas price cannot alter European dispatch by itself. Its effect is transmitted only

through forward-curve arbitrage into the European gas price (the Dutch TTF) and hence into

the marginal cost of gas-fired generation.

Coal: The Australian benchmark coal price (the Newcastle coal future NCF/Mc1) reflects

Australian supply, Chinese import policy, and Panamax freight rates. Even at the peak of the

2021-22 energy crisis, extra European demand added less than one Panamax cargo per week to

seaborne coal trade – far too small to affect a price set 15,000 km away at the Port of Newcastle.

Conversely, any price shock at origin reaches European generators only after a shipping lag

and therefore acts through delivered coal prices rather than directly on dispatch decisions.

Because the benchmark shocks originate in Asia-Pacific fundamentals and because Euro-

pean generators are price-takers on these markets, we treat the instruments as orthogonal to

the structural error term in equation (7).

Exogeneity of controls — Electricity demand is effectively inelastic over a 24-hour horizon;

the short-run price elasticity for Germany, for instance, is estimated at 0.05 (Hirth et al., 2024).

Variable renewable output is weather-driven, and baseload generation from nuclear and run-

of-river hydro is dispatched ahead of coal. These variables are therefore predetermined rela-

tive to daily fuel-price shocks. Carbon prices (EU ETS allowance futures) enter marginal-cost

calculations but are set on a market whose daily variation is dominated by pan-European pol-

icy news and speculative trading. Individual countries’ coal generation is too small to move

the EUA price within a day, so the allowance price can be treated as exogenous at the country-

day level, an assumption also made by Gugler et al. (2021). Country fixed effects absorb time-

invariant heterogeneity such as topography or grid structure, while year, month-of-year, and

day-of-week fixed effects capture macro-economic cycles, seasonal weather patterns, and sys-
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tematic daily demand swings.

Implications — With strong, plausibly exogenous instruments and predetermined controls,

coefficient γtr eat in equation (7) identifies the causal effect of a gas-to-coal switch on coal-

fired generation. Re-estimating the same specification with CO2 emissions, local pollutants,

or health outcomes on the left-hand side then produces consistent estimates of the associated

environmental and health impacts.

4.4 Counterfactual construction

Our impact estimates are obtained by contrasting observed outcomes on “switching” days

with a model-based counterfactual in which gas remained cheaper than coal. Formally,

1(MCg as > MCcoal )i ,t indicates if gas is more expensive than coal in country i on day t . Equa-

tion (7) yields the treatment coefficient γtr eat from the 2SRI regression. The counterfactual

outcome for country i and day t is then

Y cf
i t = Ŷi t −γtreat ·1(MCg as > MCcoal )i ,t . (9)

That is, we set the switching indicator to zero while holding all other covariates (including the

fixed effects and residual corrections) at their observed values.4 Aggregating over countries

and days gives the total effect:

∆Y =∑
i

∑
t
γtreat ·1(MCg as > MCcoal )i ,t . (10)

This counterfactual is valid if, conditional on our controls, no other major shocks system-

atically affect coal generation on switching days except the relative marginal costs of coal and

gas (captured by 1(MCg as > MCcoal )i ,t ). We also assume that the estimated regression re-

lationship is stable (structural invariance). Under these conditions, we construct the coun-

terfactual by “turning off” the price-switch indicator (setting 1(MCg as > MCcoal )i ,t = 0) while

keeping all other variables at their observed values. However, this counterfactual analysis does

not capture adaptive behavior beyond what the controls reflect, such as accelerated renewable

build-out, structural (rather than short-run) demand adjustments, or strategic storage invest-

ments. Such longer-term responses are outside the scope of this study and remain a task for

future research.

4Equivalently, one can predict Ỹi t from the estimated model with 1(MCg as > MCcoal )i ,t = 0 and then aggregate

∆Yi t = Ŷi t − Ỹi t = γtreat ·1(MCg as > MCcoal )i ,t .
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5 Results

This section first contrasts 2SRI with naive OLS estimates. It then shows that the gas price surge

drove a marked rise in coal generation, CO2 emissions, local air pollution, health outcomes,

and related monetary health costs.

Performance of 2SRI — Table 1 reports the first-stage price equations (columns 1–2), the

second-stage control-function (2SRI) regression (column 3). As expected, the excluded in-

struments (Asian gas price, Australian coal price) are highly predictive of the corresponding

European benchmark prices. The reported Kleibergen-Paap rk Wald F statistic of 504 (joint

test of excluded instruments across endogenous regressors) comfortably exceeds the conven-

tional weak-instrument rule-of-thumb threshold of 10, indicating strong instruments.

In the second stage, the residual from the first-stage gas price regression (ε̂g as ) is statisti-

cally significant at the 10% level, while the residual from the coal price regression (ε̂coal ) is not.

This pattern indicates that endogeneity arises primarily through the gas price. Conditional on

the included controls and fixed effects, coal price variations do not display detectable correla-

tion with the outcome error term. Hence, the control-function (2SRI) adjustment is warranted

mainly to purge gas-price-driven endogeneity.

Overall, instrument strength is high, endogeneity appears limited to the gas price channel,

and the corrective 2SRI procedure produces a treatment effect estimate that is likely unbiased.

In what follows, we focus on the 2SRI estimates as our preferred causal results and discuss their

economic magnitude regarding coal-fired electricity generation, associated CO2 emissions,

local air pollution, and related health outcomes.

Increased coal-fired electricity. Figure 3a plots the estimated effect of a relative-cost shock

(1(MCg as > MCcoal ) = 1) on coal-fired generation. As hypothesized, coal output rises on days

when the marginal costs of gas exceed those of coal. The six-country panel specification yields

an average increase of 17,420 MWh of coal-generated electricity per country-day when coal is

cheaper than gas. During the energy crisis period from 1 July 2021 until 31 December 2022,

there were 510 calendar days on which coal generation was cheaper than gas. All else equal,

this suggests that the energy crisis resulted in an increase of 53 TWh (≈ 17,420 MWh · 510 days

· 6 countries) (95% CI: 43–63 TWh) of coal-fired electricity production across the six coun-

tries under investigation. However, country-level heterogeneity is substantive. Germany ex-

hibits the largest absolute response: 56,396 MWh (95% CI: 44,250–68,541 MWh) of additional

coal generation per switching day. The Netherlands shows 18,751 MWh (95% CI: 15407–22095

MWh), while Ireland’s effect is 3,565 MWh (95% CI: 2,686–4,443 MWh). Smaller absolute ef-

fects in some countries reflect both more limited installed coal capacity and a lower baseline

coal share.

Figure 3b reports effects in relative terms. On average, across the sample, coal-fired gener-
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Table 1: Two-stage residual inclusion (2SRI): first stages & second stage

(1) (2) (3)
1st Stage 1st Stage 2nd Stage

Coal Price Gas Price Coal Gen.

Austr. coal price 0.482*** 0.749***
(0.00907) (0.0355)

Asian gas price 0.247*** 3.256***
(0.00596) (0.0449)

1(MCg as > MCcoal ) 17420.5***
(1674.4)

ε̂coal -231.6
(176.2)

ε̂g as 77.01*
(39.85)

Baseload -0.00000165*** 0.00000562** -0.0363
(0.000000642) (0.00000253) (0.0272)

Load 0.000000810*** -0.000000141 0.427***
(0.000000240) (0.000000984) (0.00920)

VRE 7.08e-08 -0.00000300*** -0.462***
(0.000000210) (0.000000834) (0.00685)

Country×Year FE yes yes yes
Month FE yes yes yes
Day-of-week FE yes yes yes
Observations 19,363 19,363 19,322
R-squared 0.952 0.958 0.955
K.P. first-stage F 504

Notes: ε̂coal ;i ,t and ε̂g as;i ,t are the fitted residuals from the first-stage regressions. “K.P.” denotes the
Kleibergen–Paap rk Wald F statistic for instrument relevance. HAC (Newey–West, bw=2) standard errors in

parentheses. Significance: * p<0.10, ** p<0.05, *** p<0.01.

ation increased by 23% per switching day. The relative effect is largest in Ireland (51%), reflect-

ing a small baseline coal level, and smallest in Poland (4%), where the pre-existing coal share

is high. Relative (percentage) effects highlight the intensity of gas-to-coal switching potential

within each system, whereas absolute (MWh) effects also scale with system size and there-

fore are more informative for downstream impacts on CO2 and local air pollutant emissions.

These absolute increments underpin the emission, air quality, and health impact estimates

discussed below.

Heightened CO2 emissions — Figure 4 displays the absolute (levels) and relative (percent-
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(a) Absolute effect on coal electricity infeed (MWh per day)

(b) Relative (logarithmic) effect on coal electricity infeed (%)

Figure 3: Increase in coal-fired electricity production

Figure 3a depicts the coefficient estimates for1(MCg as > MCcoal ), including 95% confidence intervals. These estimates

represent the change in coal-fired electricity generation per day when coal-generated electricity is cheaper than gas-

generated electricity. Figure 3b shows the relative effects derived from a regression where log(emissions) serves as the

dependent variable. The coefficients have been multiplied by 100 to represent percentage values. "All" refers to a panel

regression of all six countries, which includes country fixed effects.

age) responses of CO2 emissions to a relative-cost shock. According to the panel specification,

emissions increase by 11,891 tCO2 per country-day when coal is cheaper than gas (Specifica-

tion 1, Figure 4a). Over the energy-crisis window, with 510 days on which coal was cheaper
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(a) Absolute effect on emissions (tCO2eq per day)

(b) Relative (logarithmic) effect on emissions (%)

Figure 4: Increase in CO2-equivalent emissions

Figure 4a depicts the coefficient estimates for1(MCg as > MCcoal ), including 95% confidence intervals. These estimates

signify the alteration in tons of CO2 per day when coal-generated electricity is cheaper than gas-generated electricity.

Figure 4b depicts the relative effects derived from a regression where log(emissions) serves as the dependent variable.

The coefficients have been multiplied by 100 to represent percentage values. "All" refers to a panel regression of all 6

countries, which includes country fixed effects.

than gas, this resulted in 36 Mt of additional CO2 emissions (≈ 11,891 t · 510 days · 6 countries)

(95% CI: 28–45 Mt), relative to the counterfactual scenario in which gas remained the cheaper

fuel.
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Applying the latest available central estimate of the social cost of carbon of 180 USD2020

(≈ 158 EUR2020) per tCO2 (Rennert et al., 2022) yields an associated global damage cost of

about 6.55 billion USD2020 (≈ 5.73 billion EUR2020). These costs proxy the present value of

incremental climate damages (or equivalently, the benefit of counterfactual abatement).

Country heterogeneity is substantial. Germany exhibits the largest absolute response

(38,056 tCO2 per switching day, 95% CI: 27,020–49,092 t). Other countries experienced a less

pronounced absolute effect, varying between 12,696 tCO2 (95% CI: 9,840–15,552 t) in Poland

and 3,524 tCO2 (95% CI: 2,550–4,498 t) in Ireland.

In relative terms, CO2 emissions increased by 10% across the six sample countries on

switching days. The elasticity is highest for Ireland (26%), where the small baseline makes

percentage swings large, and lowest (and statistically insignificant) for Italy (0.4%).

Increased air pollution — The literature documents that coal-fired electricity generation

emits more particulate matter, heavy metals, sulfur dioxide, and nitrogen oxides than any

other source of electricity (Barreira et al., 2017; Hendryx et al., 2020). The release of these

toxic air pollutants has well-established adverse health effects, including a significantly higher

mortality risk (Carugno et al., 2016; Geng et al., 2021; Henneman et al., 2023; Jerrett, 2015), in-

creased infant mortality (Chay and Greenstone, 2003), more outpatient visits and higher med-

ical expenses (Zheng et al., 2023), reduced life satisfaction and well-being (Petrowski et al.,

2021,?; Wang et al., 2025), and a marked rise in respiratory and cardiovascular diseases (Burt

et al., 2013; Honscha et al., 2021), including asthma (McCarron et al., 2023) and other pul-

monary illnesses (Moore et al., 2016).

In addition, a growing body of research highlights both immediate and longer-term neg-

ative effects of air pollution on cognitive and physical performance. Documented impacts

include declines in verbal and math test scores (Duque and Gilraine, 2022; Zhang et al., 2018),

lower university entrance exam results (Carneiro et al., 2021), deteriorating mental health (Ren

et al., 2019; Xue et al., 2019), increased criminal behavior (Bondy et al., 2020; Cruz et al., 2022;

Herrnstadt et al., 2021), reduced worker productivity (Chang et al., 2019), and diminished soc-

cer performance (interpreted as individual productivity; Lichter et al., 2017). These findings

underscore the importance of understanding the rise in air pollutants and premature deaths

associated with the gas-to-coal shift during the energy crisis.

Figure 5 presents panel regression estimates on the increase in PM2.5, NOx , and SO2 per

day and per country whenever gas is more expensive than coal. Local air pollution increases

significantly due to intensified coal-fired electricity production relative to the counterfactual

scenario in which gas remained the cheaper fuel. During the 510 crisis days when gas was

more expensive than coal, PM2.5 increased by 187 t (≈ 61.13 kg ·510 ·6) (95% CI: 152–222 t) or

19%, NOx by 8,645 t (≈ 2,825 kg ·510 ·6) (95% CI: 6,573–10,715 t) or 10%, and SO2 by 16,303 t

(≈ 5,328 kg ·510 ·6) (95% CI: 10,947–21,658 t) or 24%.
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(a) Absolute effect on air pollution (kg of PM2.5, NOx , SO2)

(b) Relative (logarithmic) effect on air pollution (%)

Figure 5: Increase in PM2.5, NOx , and SO2

Figure 5a depicts the coefficient estimates for 1(MCg as > MCcoal ), including 95% confidence intervals, from panel

regressions of all 6 countries including country fixed effects. These estimates signify the change in kg of PM2.5, NOx , and

SO2 per day per country when coal-generated electricity is cheaper than gas-generated electricity. Figure 5b depicts the

relative effects derived from a regression where all dependent variables are logarithmized. The coefficients have been

multiplied by 100 to represent percentage values.
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(a) Absolute effect on premature deaths and serious illnesses (# of deaths, # of cases)

(b) Relative (logarithmic) effect on premature deaths and serious illnesses (%)

Figure 6: Increase in premature deaths and serious illnesses

Figure 6a depicts the coefficient estimates for 1(MCg as > MCcoal ), including 95% confidence intervals, from panel

regressions of all 6 countries including country fixed effects. These estimates signify the change in cases of deaths and

illnesses per day per country when coal-generated electricity is cheaper than gas-generated electricity. Figure 6b depicts

the relative effects derived from a regression where all dependent variables are logarithmized. The coefficients have been

multiplied by 100 to represent percentage values.
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Indicative additional premature deaths and illnesses. We provide an illustrative quantifica-

tion of potential health impacts associated with the gas-for-coal switching episodes. Using

exogenous benchmark damage factors from Markandya and Wilkinson (2007) for premature

deaths and serious illnesses attributable to combustion of lignite, hard coal, and natural gas

in Europe, we estimate substantial increases linked to the fuel switch. Figure 6 presents panel

regression estimates at the country-day level for periods when natural gas was more expen-

sive than coal. We find approximately 1,285 (≈ 0.42 ·510 ·6) (95% CI: 1,022–1,567) additional

premature deaths and 11,781 (≈ 3.85 ·510 ·6) (95% CI: 9,285–14,256) cases of serious illnesses,

corresponding to roughly a 17% relative increase in each outcome.

These figures should be interpreted strictly as indicative orders of magnitude rather than

refined epidemiological estimates. The Markandya and Wilkinson (2007) study is widely cited,

fuel-comparable, and transparent, which facilitates a reproducible back-of-the-envelope

translation from additional coal generation to plausible health burdens. This transparency

helps readers gauge potential welfare stakes of the fuel switch. However, these indicative es-

timates inherit limitations from using static literature-based factors rather than contempora-

neous emission inventories and concentration-response modeling. For example, they omit

more recent plant upgrades that probably reduced marginal emissions, ignore medical ad-

vances, and disregard any changes in population density gradients. We therefore present

these estimates solely as indicative health-outcome effects to contextualize the welfare rele-

vance of the coal displacement effect. A full health impact assessment (e.g., integrating plant-

level emission factors, atmospheric dispersion modeling, and current concentration-response

functions) is beyond the scope of this paper.

Elevated external health costs — Moreover, to assess the external health damage costs of

the increase in air pollution, we apply estimates expressed in monetary values (EUR2021) by

the European Environmental Agency (EEA, 2024): 237,123 EUR2021 per ton of PM2.5, 42,953

EUR2021 per ton of NOx , and 38,345 EUR2021 per ton of SO2. Our findings of an additional

187 t PM2.5, 8,645 t NOx , and 16,304 t SO2 thus translate to 44,342,001 EUR2021 for PM2.5,

371,328,685 EUR2021 for NOx , and 625,176,880 EUR2021 for SO2. This makes a total of 1.04

billion EUR2021 of external damage costs related to the air pollution caused by the energy cri-

sis.

These effects indicate a pronounced increase in local air pollution, with significant adverse

health effects, particularly in the form of premature deaths. Moreover, there may have been

other severe adverse impacts on human health, cognitive abilities, and physical performance,

which we could not quantify for a lack of available data. Overall, this points to significant

economic costs of the crisis due to an increased burning of coal. Our estimates indicate that

the additional external damage costs are enormous, exceeding one billion Euros.

Hypothetical carbon price to avert gas-to-coal switching — Finally, we construct for each
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Figure 7: Actual carbon price vs. hypothetical carbon price to avoid a fuel switch
(MCg as = MCcoal )

crisis day a hypothetical carbon price that would remove any economic incentive to dispatch

coal ahead of gas, even at the peak gas prices observed (up to 339 e/MWh). Concretely, we

set the marginal cost of gas-fired generation equal to that of coal-fired generation, MCg as =
MCcoal , in equation (1) and solve for the carbon price that fulfills this condition:

pcoal ;t +ηcoal ·pCO2;t

ρcoal
= pg as;t +ηg as ·pCO2;t

ρg as
,

following equation (1). We then solve for the carbon price:

phy pCO2;t =
ρcoal pg as;t −ρg as pcoal ;t

ηcoalρg as −ηg asρcoal
(11)

This back-of-the-envelope exercise illustrates the potential emissions (and associated dam-

age cost) savings that a sufficiently high carbon price could have delivered by preventing coal

displacement of gas.

Figure 7 juxtaposes the observed EUA allowance price with the implied hypothetical price.

To suppress coal switching even at the peak gas price observed during the crisis, the carbon

price would have needed to rise to roughly 760e/tCO2. Over the full crisis window, the average

observed EUA price was about 75 e/tCO2, whereas the average hypothetical no-switch price

is approximately 198e/tCO2 – about 2.6 times higher.
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Economic context and trade-offs — Our estimates quantify the environmental and health

costs of gas-for-coal switching induced by a relative fuel price shock. They do not, however,

deny that this switch may have conveyed short-run benefits in terms of energy security and

system reliability. In the face of sharply higher gas prices and constrained supply, continued

coal dispatch helped avoid more extreme outcomes: demand rationing, blackout risk, or even

higher wholesale prices, with potentially drastic economic consequences. From a cost-benefit

perspective, the external damages we report (CO2, local pollution, health) are one side of the

ledger; the benefits in the form of avoided outage costs, reduced value of lost load, and lower

geopolitical exposure are the other. While our data do not allow us to monetize these benefits

rigorously, acknowledging this trade-off situates our findings within a broader welfare frame-

work. Future research could integrate plant-level dispatch models with estimates of outage

costs or security-of-supply metrics to quantify the net welfare impact more fully.

Uncertainties and limitations — Our estimates carry several sources of uncertainty. For ex-

ample, we are estimating short-term changes in coal-fired electricity production and related

CO2, pollution, and health outcomes, whereas we are unable to model longer-term structural

adjustments or adaptive behaviors (e.g., investment, sustained demand shifts), which could

change outcomes. Moreover, we rely on literature-based health damage factors that are in-

dicative and may not fully reflect post-2007 abatement technologies or updated epidemiolog-

ical evidence. We note these caveats to maintain clarity and transparency in interpreting our

results.

6 Robustness

Endogeneity bias: 2SRI versus naive OLS — Column 1 of Appendix Table A3 presents the

estimates of a native OLS regressions that disregards any potential endogeneity bias. The esti-

mated treatment effect of a relative-cost shock, 1(MCg as > MCcoal ), is 17,421 in the preferred

2SRI specification versus 16,955 in the naive OLS model – a difference of about 2.7%. This

implies that the endogeneity bias in the naive OLS coefficient is modest in magnitude but still

present. The 2SRI specification remains preferable because it explicitly corrects for (weak) gas-

price endogeneity and yields a slightly larger point estimate. Hence, corrective 2SRI procedure

produces a treatment effect estimate that is close to but somewhat higher than the naive OLS

benchmark.

Continuous marginal-cost spread — Our baseline regressor, 1(MCg as > MCcoal ), reflects the

step-shaped merit order: when gas becomes more expensive than coal, coal units move ahead

in the dispatch queue. To assess whether the magnitude of this spread matters, we re-estimate

the baseline model (equation (7)) using the continuous spread spr ead = MCg as −MCcoal and

its square in a two-stage least squares regression, where we use the Asian gas price and the
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Australian coal price and their squared terms as instruments. Moreover, we apply decile bins

of the spread in a 2SRI regression. The regression outputs are provided in columns 2 and 3

of Appendix Table A3 and the marginal effects of the binned 2SRI regression are visualized in

Appendix Figure A2.

In both regressions, we find positive but diminishing marginal effects. In the first regres-

sion, the linear term on spr ead is positive and significant (489.6, p < 0.01), while the squared

term is negative and significant (−1.33, p < 0.01), indicating a concave relationship with coal

output. The decile-bin regression shows a monotonic increase in predicted coal generation

from the lowest to the highest spread, but the increments flatten in the upper bins. Hence,

once the marginal-cost ordering flips, larger spreads add relatively little additional coal dis-

patch. These patterns corroborate the binary-switch specification as an economically mean-

ingful summary of the regime shift.

Adjustment speed — In European electricity markets, unit commitment and dispatch are set

in day-ahead (and even intraday) auctions, so coal and gas plants routinely adjust output on a

daily – and often hourly – basis. Our dependent variables are daily aggregates of these hourly

decisions, and the binary cost-ordering indicator is built from daily marginal costs, mirroring

the operational rhythm of the day-ahead market.

However, to allow for slower operational responses, we re-estimate the model with lagged

switching indicators (lags 1–3 of 1(MCg as > MCcoal )) and with a three-day moving average.

Across these specifications, coefficients remain qualitatively similar to the baseline (Appendix

Figure A3). None of the lagged or moving-average coefficients is statistically different from the

contemporaneous estimate, indicating that our results are not sensitive to assumptions about

the exact speed of dispatch adjustment.

7 Conclusion

Europe’s 2021/22 gas price surge, triggered by geopolitical events, reordered relative marginal

costs between gas and coal and, in turn, altered electricity dispatch. While right before the

crisis, a high price for EU CO2 allowances ensured that electricity production from gas was

cheaper than that of coal, the shock to relative fuel prices led to a gas-to-coal fuel switch. Our

study focuses on the environmental and health implications of this relative-cost shock: when

MCg as > MCcoal , coal moves ahead of gas in the merit order and is dispatched more inten-

sively.

Using a causal 2SRI design on daily data (2015–2023) for six EU countries with substan-

tial gas-to-coal switching potential, and instrumenting European fuel prices with exogenous

benchmarks from other regions, we isolate the effect of the marginal-cost reversal on coal-fired

generation, CO2, local air pollutants, and indicative health outcomes. We estimate that coal-
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fired electricity rose by 23% (53 TWh; 95% CI: 43–63 TWh), CO2 emissions by 10% (36 MtCO2;

95% CI: 28–45 Mt), PM2.5 by 19% (187 t, 95% CI: 152–222 t), NOx by 10% (8,442 t, 95% CI: 6,573–

10,715 t), and SO2 by 24% (16,238 t, 95% CI: 10,947–21,658 t). Applying literature-based dam-

age factors, we obtain illustrative increases of 1,285 premature deaths (95% CI: 1,022–1,567)

and 11,781 serious illnesses (95% CI: 9,285–14,256), implying external health costs exceeding

one billion EUR2021. These health figures should be interpreted strictly as indicative orders of

magnitude, not causal health estimates, because they rely on static literature values that may

not reflect post-2007 abatement technologies or updated epidemiology.

Our results demonstrate that ensuring supply adequacy through additional coal dispatch

in response to fuel price shocks carries substantial environmental and health costs. They

also yield several policy-relevant insights. First, the implied “no-switch” carbon price peaks

around 760 e/tCO2 (average 198 e/tCO2 versus an observed 75 e/tCO2), underscoring that

even well-functioning carbon markets can be stressed by extreme shocks. Second, fixed emis-

sion caps and other market-based instruments may be vulnerable to sudden relative-price

shifts, suggesting the need for stabilizing mechanisms or complementary measures. Third,

our results demonstrate that effective crisis management may require a balanced portfolio of

instruments: market-based tools to preserve efficiency and provide long-run signals, com-

plemented by temporary command-and-control measures, such as dispatch constraints and

targeted subsidies, to contain short-term externalities.

Finally, while it is beyond our empirical scope to model clean-energy deployment, our

findings imply that reducing exposure to volatile fossil-fuel price spreads can lower the risk of

environmentally costly switching episodes. We therefore frame investments in low-emission

generation and demand-side flexibility as policy implications, not direct empirical results.

Any comprehensive cost-benefit assessment should weigh these potential long-run benefits

against the short-run external costs we quantify here.

Data and code availability

The data and models used in this study were processed in Stata 18 and are available on GitHub

at https://github.com/mliebens/From-Gas-to-Coal.

Declaration of generative AI and AI-assisted technologies in the

writing process

During the preparation of this work the authors used ChatGPT in order to improve the lan-

guage and style of the text. After using this tool, the authors reviewed and edited the content

as needed and take full responsibility for the content of the published article.
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Appendix

Figure A1: Share of coal and gas capacity

This figure depicts the 2021 capacity shares of coal and gas the six sample countries. "Coal" encompasses both hard coal

and lignite. Data source: ENTSO-E (2024).
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Table A1: Efficiency factors by ture vintage, ture type, and fuel type

Fuel Ture Vintage Efficiency Fuel Ture Vintage Efficiency
type type (online factor type type (online factor

until) (ρ) until) (ρ)

LI ST 1955 0.29 HC ST 2000 0.45
LI ST 1960 0.3 HC ST 2023 0.48
LI ST 1965 0.31 NG GT 1970 0.3
LI ST 1970 0.32 NG GT 1980 0.33
LI ST 1975 0.33 NG GT 1990 0.35
LI ST 1980 0.35 NG GT 2024 0.38
LI ST 1985 0.37 NG ST 1950 0.3
LI ST 1990 0.39 NG ST 1960 0.34
LI ST 1995 0.42 NG ST 1970 0.36
LI ST 2000 0.44 NG ST 1980 0.38
LI ST 2005 0.45 NG ST 1990 0.42
LI ST 2023 0.47 NG ST 2023 0.44

HC ST 1955 0.3 NG CC 1980 0.44
HC ST 1960 0.31 NG CC 1985 0.47
HC ST 1965 0.32 NG CC 1990 0.52
HC ST 1970 0.33 NG CC 1995 0.56
HC ST 1975 0.34 NG CC 2000 0.59
HC ST 1980 0.36 NG CC 2005 0.6
HC ST 1985 0.38 NG CC 2014 0.61
HC ST 1990 0.4 NG IC 1980 0.34
HC ST 1995 0.43 NG IC 2014 0.35

Notes: LI = lignite, HC = hard coal, NG = natural gas, ST = steam ture, GT = gas ture, CC = comed cycle, IC = internal
combustion.
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Table A2: Capacity-weighted efficiency factors applied in our sample

Country Year ρNG ρHC ρLI Country Year ρNG ρHC ρLI

CZ 2015 0.551 0.394 0.360 IT 2015 0.582 0.429 0.320
CZ 2016 0.551 0.394 0.360 IT 2016 0.582 0.429 0.320
CZ 2017 0.551 0.394 0.368 IT 2017 0.582 0.429 0.320
CZ 2018 0.551 0.394 0.370 IT 2018 0.582 0.431 0.320
CZ 2019 0.551 0.394 0.370 IT 2019 0.582 0.431 0.320
CZ 2020 0.551 0.394 0.384 IT 2020 0.583 0.434 0.320
CZ 2021 0.551 0.394 0.390 IT 2021 0.583 0.434 0.320
CZ 2022 0.551 0.394 0.390 IT 2022 0.583 0.434 0.320
CZ 2023 0.551 0.394 0.390 IT 2023 0.583 0.434 0.320
CZ 2024 0.551 0.394 0.390 IT 2024 0.583 0.434 0.320
DE 2015 0.503 0.401 0.390 NL 2015 0.547 0.437 NA
DE 2016 0.511 0.404 0.390 NL 2016 0.543 0.455 NA
DE 2017 0.512 0.405 0.390 NL 2017 0.542 0.455 NA
DE 2018 0.514 0.412 0.390 NL 2018 0.541 0.467 NA
DE 2019 0.514 0.413 0.394 NL 2019 0.539 0.467 NA
DE 2020 0.514 0.415 0.394 NL 2020 0.537 0.467 NA
DE 2021 0.516 0.415 0.394 NL 2021 0.537 0.467 NA
DE 2022 0.506 0.416 0.397 NL 2022 0.537 0.467 NA
DE 2023 0.524 0.419 0.402 NL 2023 0.544 0.467 NA
DE 2024 0.529 0.419 0.408 NL 2024 0.544 0.467 NA
IE 2015 0.544 0.415 NA PL 2015 0.592 0.370 0.366
IE 2016 0.544 0.415 NA PL 2016 0.592 0.372 0.366
IE 2017 0.544 0.415 NA PL 2017 0.585 0.378 0.366
IE 2018 0.544 0.415 NA PL 2018 0.592 0.379 0.370
IE 2019 0.544 0.415 NA PL 2019 0.589 0.396 0.370
IE 2020 0.544 0.415 NA PL 2020 0.587 0.400 0.375
IE 2021 0.541 0.415 NA PL 2021 0.587 0.401 0.375
IE 2022 0.531 0.415 NA PL 2022 0.588 0.404 0.375
IE 2023 0.546 0.415 NA PL 2023 0.588 0.410 0.375
IE 2024 0.566 0.415 NA PL 2024 0.588 0.410 0.375

Notes: LI = lignite, HC = hard coal, NG = natural gas, NA = not available, meaning that the country has no such power
plants. If an efficiency factor does not vary over the years, it means that no new power plants in this fuel category

have come online during that time.
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Table A3: Robustness regressions

(1) (2) (3)
OLS 2SLS 2SRI

Coal gen. Coal gen. Coal gen.

1(MCg as > MCcoal ) 16955.0***
(1646.8)

spread 489.6***
(34.95)

spread2 -1.325***
(0.140)

ε̂g as 42.55
(40.91)

ε̂coal -215.0
(177.7)

Baseload -0.0362 -0.0363 -0.0389
(0.0272) (0.0270) (0.0269)

Load 0.427*** 0.425*** 0.424***
(0.00920) (0.00915) (0.00909)

VRE -0.461*** -0.458*** -0.459***
(0.00686) (0.00679) (0.00674)

bin2 4119.7**
(1932.1)

bin3 15138.0***
(2029.7)

bin4 23821.0***
(2050.0)

bin5 25066.1***
(2813.2)

bin6 28543.1***
(2872.8)

bin7 29390.9***
(2798.0)

bin8 35075.4***
(2721.0)

bin9 30175.5***
(2705.7)

bin10 40644.0***
(2675.3)

Country×Year FE yes yes yes
Month FE yes yes yes
Day-of-week FE yes yes yes
Observations 19,322 19,322 19,322
R-squared 0.955 0.955 0.956
K.P. first-stage F 576 504

Notes: Column 1 reports the naive OLS specification with the binary switching indicator. Column 2 instruments the
continuous marginal-cost spread and its square with Asian gas and Australian coal prices (and their squares) in a

2SLS regression. Column 3 uses decile bins of the continuous marginal-cost spread in a 2SRI regression. ε̂coal ;i ,t and
ε̂g as;i ,t are the fitted residuals from the first-stage regressions. “K.P.” denotes the Kleibergen–Paap rk Wald F statistic.

HAC (Newey–West, bw=2) standard errors in parentheses. Significance: * p<0.10, ** p<0.05, *** p<0.01.
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Figure A2: Predicted coal generation per coal-gas spread quintile bin

Note that coal generation remains positive even in bins with MCcoal > MCgas because some units operate at technical

minimum (“must-run”) and coal may still be required to meet demand once gas and other technologies are exhausted.
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Figure A3: Speed of adjustment
Notes: This Figure plots coefficient estimates and their 95% CI for the lagged switching indicators

1(MCg as > MCcoal )t−1, 1(MCg as > MCcoal )t−2, 1(MCg as > MCcoal )t−3, and a three-day moving average.

Estimates come from separate 2SRI second-stage regressions with HAC (Bartlett, bw=2) standard errors and the full set

of controls and fixed effects.
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