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SUMMARY
In 2022, the EuropeanUnion put forward the REPowerEUplan in response toRussia’s invasion of Ukraine, aim-
ing at enhancing short-term energy security by diversifying imports and reducing natural gas demand while
accelerating the deployment of renewable alternatives in the long term. Here, we quantify the life cycle environ-
mental impactsof bothREPowerEU’s short-termmeasures, including the controversial extendedcoal-firedpo-
wer plant operations, and how the first year of the crisis was managed in practice. We find that the policy mea-
sures’ impact on greenhouse gas (GHG) emissions would be negligible, although they could have detrimental
effects on other environmental categories. In practice, GHG emissions dropped by 8.6% driven by energy sav-
ings, yet other environmental burdensworsened, primarily due to coal andoil use.Our results could support the
development and analysis of long-term policies to enhance energy security via natural gas demand reduction
while considering multiple environmental sustainability indicators to avoid collateral damage.
INTRODUCTION

Russia’s invasion of Ukraine has led to a geopolitical crisis that

prompted the European Union (EU) to reconsider its reliance

on Russian oil, coal, and natural gas imports. The situation is

particularly complex when it comes to natural gas since EU

countries have historically strongly relied on Russian natural

gas, i.e., approximately 38% of the EU’s consumption in

2021,1,2 making it hard to abandon the current status quo. Diver-

sification of suppliers aimed at reducing Russian gas imports is

further hampered by capacity constraints on piped natural gas

and liquefied natural gas (LNG).3 Overall, the geopolitical con-

flict, post-pandemic economic recovery, strong reliance on fos-

sil fuels, and mismatch between energy supply and demand

have resulted in a temporary surge in energy prices4,5 and sub-

sequent energy,6 food security,7 and poverty concerns, with Eu-

ropean natural gas peak commodity prices as high as 240 euros

(EUR) per megawatts hour (MWh) monthly average in August

2022 (vs. 38.5 EUR MWh�1 pre-invasion and 32.3 EUR MWh�1

as for the end of 2023).

Prompted by this context, in May 2022, the European Com-

mission released the REPowerEU action plan to enable a total
iScience 28, 111575, Janu
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phase-out of Russian gas imports by 2027 based on three pillars,

i.e., saving energy, diversifying supplies, and accelerating clean

energy.3 In the short term, the plan targeted a quick 110 billion

cubic meters (bcm) reduction of gas imports from Russia (ca.

75% of imports from Russia and ca. 29% of total imports in

20211) by deploying a set of policy actions. These included diver-

sifying pipeline imports, increasing LNG imports, saving energy,

delaying the phase-out of coal and nuclear power plants, and

electrifying heating.8 In the medium and long term, to fully phase

out Russian gas imports, the REPowerEU plan proposes addi-

tionally deploying heat pumps and improving energy efficiency

in buildings (37 bcm), expanding wind and solar power capacity

(21 bcm), deploying sustainable bio-methane (17 bcm), electri-

fying heating and replacing natural gas in industries (12 bcm),

and increasing renewable hydrogen production (27 bcm).8

Looking retrospectively at the first year of the 2022 energy

crisis, the EU reduced natural gas demand by 55 bcm,9 repre-

senting the steepest drop in history. The leading factors driving

this decrease included elevated gas prices, a mild winter, and

prompt policy responses to the crises. These drivers all together

led to changes in behavior and fuel substitution among house-

holds, fuel switching and reduced electricity consumption in
ary 17, 2025 ª 2024 The Author(s). Published by Elsevier Inc. 1
CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the power sector, and production curtailment and fuel switching

within the industrial sector.9

The REPowerEU plan and the actual management of the en-

ergy crisis demonstrated the feasibility of restructuring the

EU’s energy system to reduce reliance on natural gas. Given

that the priority goal of this restructuring was to enhance energy

security during the crisis period, previous works have thoroughly

discussed the associated techno-economic challenges.10–18

Additionally, effort has been made to assess the environmental

impacts of the 2022 natural gas crisis in the electricity generation

mix of Italy based on government plans and modeling sce-

narios.19 However, the broad environmental implications of the

natural gas crisis, including the impact on the EU’s greenhouse

gas (GHG) emissions, remain largely unexplored, despite en-

compassing actions potentially affecting the environment in

distinct ways. Specifically, considering the proposed short-

term measures in the REPowerEU plan, energy savings and de-

laying the phase-out of nuclear plants could help curb GHG

emissions. Additionally, the phase-out of Russian gas could miti-

gate methane leakages.20 In contrast, a temporary turn back to

coal in power generation would raise GHG emissions,21,22 while

likely exacerbating other environmental and human health im-

pacts due to coal mining and combustion (e.g., toxic airborne

emissions23,24). Increasing LNG imports could raise energy con-

sumption across the supply chain owing to the energy required

to liquefy the natural gas25,26 while also leading to higher prices

and energy security issues due to the sudden rise in global de-

mand, potentially affecting other important non-EU LNG im-

porters (e.g., Japan, South Korea, Bangladesh, and Pakistan).27

Moreover, the potential benefits of electrifying heating will

depend on the composition of regional power mixes.28 Since

natural gas consumption is a major driver of the EU’s GHG emis-

sions (ca. 16% of total energy-related CO2 emissions in 202129),

expanding our limited knowledge of the environmental impacts

of restructuring supply and consumption is deemed essential.

Moreover, understanding the impacts of the REPowerEU plan

comparedwith the actual crisismanagement could provide valu-

able insights for policy-making, ultimately supporting more sus-

tainable medium- and long-term planning.

Here, we assess the environmental impacts of restructuring

the EU’s natural gas supply and consumption to cope with the

energy crisis resulting from Russia’s invasion of Ukraine. More

specifically, we evaluate the short-term policy actions of the

REPowerEU plan to quickly reduce 110 bcm of Russian gas in

the first years of the crisis. In an ex-post analysis, we also assess

the extent to which the short-term measures were realized and

evaluate the environmental implications of the actual crisis man-

agement in the same period. Applying life cycle assessment

(LCA), we find that the short-term measures in the REPowerEU

plan would hardly affect current GHG emissions levels because

increased GHG emissions from temporally turning back to coal

could overshadow the reductions in emissions from other mea-

sures. Yet, a delayed phase-out of coal-fired power plants would

worsen other impact categories, namely acidification, eutrophi-

cation, ionizing radiation, land use, particulate matter formation,

and water use. An 8.6%GHG emission drop was identified in the

first-year aftermath mainly driven by energy savings. Neverthe-

less, impacts on acidification, eutrophication (freshwater, ma-
2 iScience 28, 111575, January 17, 2025
rine, and terrestrial), ionizing radiation, land use, particulate

matter formation and photochemical oxidant formation could

worsen by asmuch as 66%compared to pre-invasion levels, pri-

marily due to the increased coal and oil use. Overall, our results

shed light on the environmental implications of the natural gas

crisis management in the EU countries from a policy and after-

math viewpoint. Our study could support the development and

analysis of long-term strategies to further reduce the natural

gas demand to enhance energy security in the context of

geopolitical instability21,22,30 and pursue climate and sustainable

development goals.31,32

RESULTS

EU’s natural gas supply and consumption scenarios
before and after the 2022 crisis
We defined three scenarios to study the EU’s natural gas supply

and consumption for energy purposes (electricity production

and heating in industry, households, and service sector) that

describe the pre-invasion (Base), crisis management based on

proposed short-term policies (REPowerEU), and the first year

of managing the crisis (Aftermath). We omitted natural gas

used for non-energy purposes, e.g., as feedstock for chemical

production (mostly ammonia and methanol synthesis), as this

demand represents only around 4% of the whole EU’s natural

gas demand.2 Moreover, in contrast to other uses of natural

gas particularly for power and heat generation, such demand

would be much harder to replace due to the lack of sufficiently

matured alternative chemical technologies and associated infra-

structure.33–35 For comparison purposes, the three scenarios are

designed to meet the same electricity and heating demand. This

means that, for example, if coal-fired and nuclear power plants

are considered to replace natural gas, they must match the

amount of electricity generated by the natural gas-fired power

plants.

The Base scenario comprises the pre-invasion of Ukraine

conditions, assuming the twelve months from June 2021 to the

end of May 2022 (when the REPowerEU plan was launched) as

the representative year (Figure 1A). Here, the EU consumed

427 bcm of natural gas, of which 387 bcm were imported1 and

40 bcm supplied internally.36 Leaving aside other natural gas ap-

plications (291 TWh, mostly for non-energy industrial feedstock)

and gas storage stock change year-over-year (13 bcm to stor-

age),1 the remaining ca. 384 bcm of natural gas was consumed

in the EU annually for heating in households (40% of the total),

heating in the industry (29%), combined heat and power (CHP)

generation (18%), and electricity production (13%).2 This natural

gas was used to supply about 557 TWh of electricity, 213 TWh of

heat from CHP, 991 TWh of heat in industry, and 1,380 TWh of

heat in households, with losses due to energy efficiencies ac-

counting for 613 TWh. Russia supplied about 40% of the

consumed natural gas for energy use, representing 144 bcm

year�1 (128 bcm by pipelines and 16 bcm as LNG). The remain-

ing gas was supplied by Norway (96 bcm by pipelines); Algeria

(35 bcm by pipelines and 9 bcm of LNG); the U.S. (39 bcm of

LNG); Qatar (17 bcm of LNG); Nigeria (16 bcm of LNG); and other

sources, including the UK, Azerbaijan, and Libya. Further infor-

mation regarding natural gas supply and energy demand in the



Figure 1. Overview of the assessed scenarios of

EU’s natural gas supply and consumption for

electricity production and heating

(A) Base scenario shows the situation in the twelve

months from June 2021 until the end of May 2022. Here,

the total natural gas consumption is 427 bcm, out of

which 384 bcm is used to supply 557 TWh of electricity,

213 TWh of heat from CHP, 991 TWh of heat in industry,

and 1,380 TWh of heat in households. Russia supplies

about 40% of the natural gas, accounting for 128 bcm

by pipelines and the other 16 bcm as LNG.

(B) REPowerEU scenario depicts the hypothetical

deployment of the short-term policy actions outlined in

the REPowerEU plan to reduce the imports of Russian

gas by 110 bcm considering the twelve months from

June 2022 as representative year. These measures

include 50 bcm more of LNG from the U.S., 10 bcm of

natural gas from other sources (i.e., the Southern

Corridor), 10 bcm from savings in households, 9 bcm

from electrifying heating in households, 24 bcm from

delaying the phase-out of existing coal-fired power

plants, and 7 bcm from abandoning the phase-out of

existing nuclear power plants. Here, natural gas con-

sumption would drop to 334 bcm while satisfying the

same electricity and heating demand as in the Base

scenario.

(C) Aftermath scenario comprises the first year of man-

aging the crisis in practice considering the twelve

months from June 2022 as the representative year.

Here, a 98 bcm reduction in Russian gas imports was

realized while LNG and other sources of piped gas

increased by 39 bcm and 11 bcm, respectively. On the

demand side, the reduction of 50 bcm of natural gas,

215 TWh in nuclear power, and 117 TWh of hydropower

were compensated by increased coal (59 TWh), oil (68

TWh), solar power (54 TWh), wind power (54 TWh), heat

pumps (14 TWh), higher efficiencies (64 TWh), savings

(348 TWh), and mild weather (176 TWh) Notice that

negative flows from electricity production indicate an

increased demand from the natural gas sector to cover

for reduced nuclear and hydropower capacities. CHP:

combined heat and power. LNG: liquefied natural gas.

NG: natural gas. See also Tables S1–S3.
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EU countries can be found in Tables S1–S3 in the Supplemental

Information (SI).

The REPowerEU scenario depicts a situation where the short-

term policy actions outlined in the REPowerEU planwould be de-

ployed to reduce Russian gas imports by 110 bcm (Figure 1B).

Here, we define the twelve months from June 2022 as the repre-

sentative year of the natural gas crisis management, i.e., starting

immediately after the plan was released and when the Russian

import decrease intensified.1 Considering existing pipelines

and regasification infrastructure, diversifying suppliers would

be insufficient to compensate for the natural gas disruption.11

Specifically, the EU could accommodate 50 bcm more of LNG

and 10 bcm of natural gas from the Southern Corridor via pipe-

line.8 Hence, this alternative new supply mix could overall pro-

vide 334 bcm of natural gas (vs. 384 bcm as before the crisis),

resulting in a potential shortage of 50 bcm year�1, which should

be addressed from a demand-side perspective, i.e., reducing

the natural gas consumption. Short-term measures to accom-

plish such reduction following the REPowerEU plan8 include (1)

10 bcm from decreasing heating needs in households and the

service sector by reducing 1�C thermostats’ set points; (2) 9

bcm from electrifying heating in households; (3) 24 bcm from

delaying the phase-out and increasing the operating hours of

existing coal-fired power plants, and (4) 7 bcm from delaying

the phase-out of existing nuclear power plants. Notice that the

short-term demand-side measures (1, 3, and 4) are regarded

as temporary in the REPowerEU plan, and they are expected

to be rolled back as the medium- and long-term policy actions

are implemented by 2027.8 Note also that, for comparison pur-

poses, the scenarios are designed to meet the same electricity

and heating demand. This means that, for example, coal-fired

and nuclear power plants have tomatch the amount of electricity

generated by natural gas-fired power plants consuming 24 and 7

bcm of natural gas, respectively.

The Aftermath scenario considers the first year of managing

the crisis in practice, based on the report from the International

Energy Agency (IEA) detailingwhat drove the record fall in natural

gas demand9 and employing the same representative year as in

the REPowerEU scenarios (Figure 1C). Here, a big shift to LNG

indeed took place in the supply mix of natural gas to EU coun-

tries, increasing 39 bcm for a total of 136 bcm. The reduction

of Russian gas supply was realized up to 89% out of the

forecasted 110 bcm reduction in the first year of the crisis,

totaling 30 bcm of piped natural gas. As anticipated in the

REPowerEU, diversifying pipe gas imports was responsible for

providing an extra amount (11 bcm) of natural gas. Minor

changes happened in Norway and Algeria imports as well as

endogenous production as these were already at maximum ca-

pacities.37–39 In order to deal with the 50 bcm shortage in natural

gas a range of actions took place. In the power sector, the de-

mand for natural gas actually increased because of unexpected

maintenance in nuclear power plants and record low hydropow-

er production, reducing their respective production by 110 and

60 TWh.9 Overall, to guarantee the 247 TWh of electricity output

from the EU’s natural gas-fired power plants and recover the nu-

clear and hydropower losses, more operating hours in coal-fired

power plants (59 TWh), deployment of solar (54 TWh) and wind

power (54 TWh), and electricity savings (147 TWh) played impor-
4 iScience 28, 111575, January 17, 2025
tant roles. In the industrial sectors, 68 TWh of oil, 29 TWh of

savings from increased efficiency, and 147 TWh of savings

from industrial production curtailments helped reduce the de-

mand for natural gas. Finally, the use of natural gas in house-

holds and the service sector to deliver 1,380 TWh of heating

was partially compensated by heat pumps (14 TWh) and

reduced need due to mild winter (176 TWh), increased thermal

efficiencies (34 TWh), and human behavior-driven savings

(55 TWh).

Limited impact on GHG emissions from the EU’s natural
gas short-term crisis management
Natural gas supply and consumption in the Base scenario emit

1.00 gigaton of CO2 equivalent per year (Gt CO2-eq year�1)

over the whole life cycle from extraction, processing, and trans-

port until its final use to generate electricity or heat (Figure 2C).

The short-term policy actions in the REPowerEU plan would

have a minor impact on the EU’s GHG emissions, despite the

controversial delayed phase-out of coal-fired power plants.

Here, a temporary 24 bcm switch from natural gas- to coal-fired

power plants would increase emissions by 62 Mt CO2-eq year�1

with the other measures concurrently avoiding 73 Mt CO2-eq

year�1, resulting in a net reduction of 12 Mt CO2-eq year�1

(a 1% reduction over the Base).

Saving 10 bcm of natural gas in households has the highest

mitigation potential (24 Mt CO2-eq year�1), followed by compen-

sating 7 bcm of natural gas for electricity with nuclear power

plants (19 Mt CO2-eq year�1). Moreover, compensating 9 bcm

of natural gas via heat pumps in households would avoid 11

Mt CO2-eq year�1. The new supply mix further avoids 19 Mt

CO2-eq year�1 over the whole life cycle by partially replacing

the Russian gas with LNG and piped natural gas from the

southern corridor. This replacement results in less pronounced

upstream methane leakages, which offset the additional energy

requirements of LNG in terms of GHG emissions (Figures S5

and S6).

We find that the first year of the crisis (Aftermath scenario) led

to 0.92 Gt CO2-eq year�1, resulting in an 8.6% reduction in GHG

emissions compared with the Base scenario (Figure 2B). Here,

the increased natural gas demand in the power sector due to

reduced nuclear and hydropower availability contributed to an

additional 60 and 32 Mt CO2-eq year�1, respectively.

Augmented coal-fired power plant hours and the increased

use of oil for industrial heating resulted in an additional 16 and

6 Mt CO2-eq year�1, respectively.

Similar to the REPowerEU scenario, the new supply mix in the

Aftermath scenario reduced impacts by 21 Mt CO2-eq year�1.

The record wind and solar deployment level that decreased nat-

ural gas demand in electricity production by 11 bcmwas respon-

sible for reducing emissions by 14 and 12 Mt CO2-eq year�1,

respectively. Increased efficiency in industry and households

as well as the deployment of heat pumps led to emissions reduc-

tion of 7, 9, and 2 Mt CO2-eq year�1. On the other side, the main

contributors to emissions reduction included electricity savings

(41 Mt CO2-eq year�1), industrial production curtailment (36 Mt

CO2-eq year�1), reduced individual heating due to mild winter

(44 Mt CO2-eq year�1) and behavioral change resulting from

public campaigns and high gas prices40 (14 Mt CO2-eq year�1).



Figure 2. Climate change impacts of restructuring the EU’s natural gas supply and consumption

(A) and (B) display, respectively, the climate change impacts of the REPowerEU plan and Aftermath scenarios considering the 100-year global warming potentials

(GWPs).

(C) and (D) present the distribution of the difference in climate change impacts from the Base to REPowerEU and Aftermath scenarios, respectively. Furthermore,

it calculates the probability that the alternative scenario emits more GHGs than the Base scenario, denoted in percentage.

(E) Shows the life cycle CO2 emissions distribution from 1000 Monte Carlo simulations for the three scenarios compared with the EU’s yearly carbon budget

consistent with a high likelihood (67%) of limiting global warming to 1.5�C (left axis) and 2.0�C (right axis) above the pre-industrial level downscaled by population

on an egalitarian basis (Table S17). All the scenarios heavily transgress the whole EU budget for the more ambitious temperature 1.5�C goal, and they slightly

surpass the budget in the 2.0�C case. Error bars indicate the quartile coefficient of dispersion (Methods S1). See also Figures S1–S3, S5, S6, and S10 and

Table S17.
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Monte Carlo simulations considering uncertain life cycle inven-

tory (LCI) datamodeledusingnormaland lognormal distributions41

reveal that REPowerEU and Base scenarios are quite similar in the

face of uncertainties. More specifically, we obtain near-zero

p-values (Figures S7–S9) implying a statistically significant mean

distinction between these scenarios. However, the probability of

GHG emissions reduction from the former scenario relative to

those in the latter is ca. 73% (Figure 2C), deemed inconclusive

as it is closer to a coin toss than to 100%. On the other hand, we

show using the same streamlined uncertainty analysis that the

86 Mt CO2-eq year�1 cut achieved in the Aftermath scenario is

robustwith all the 1000MonteCarlo simulations leading to consis-

tent impact reduction compared to the Base scenario (Figure 2D).

Carbon budgets would still be substantially

transgressed by the natural gas consumption for energy

systems

The life cycle CO2 emissions associated with natural gas supply

and consumption in the Base scenario (0.89 Gt CO2, Table S4)
largely surpass the EU’s carbon budgets consistent with a high

likelihood of limiting global warming to 1.5�C (399% of the

budget) and 2.0�C (139% of the budget), as in Figure 2E. The

short-term policy actions in the REPowerEU plan (0.90 Gt CO2,

Table S5) and the Aftermath (0.83 Gt CO2, Table S6) scenarios

would still account for 403 and 373% of the 1.5�C budget and

140 and 130% of the 2.0�C budget, respectively. These trans-

gression levels are computed by comparing the life cycle CO2

emissions of the EU natural gas use for energetic purposes to

the CO2 emission budget as published in the Sixth Assessment

Report (AR6) of the Intergovernmental Panel on Climate Change

(IPCC).42 Since these are cumulative budgets allowed until the

end of the century, they are here annualized and downscaled

following the egalitarian principle43 to be compatible with our

yearly and EU-wide system (see Method details section).

Consistent transgression results are observed if a fixed yearly

carbon budget is employed and allocated by the population of

the respective year, ranging from 295 to 319% of the 1.5�C
iScience 28, 111575, January 17, 2025 5
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budget and 103 and 111% of the 2.0�C budget (Figure S10).

Notice that this approach results in a higher per-capita carbon

budget for individuals today compared to future years, as the

yearly carbon budget remains constant while the population in-

creases over time.

Monte Carlo simulations show that LCI uncertainties would

not alter substantially the transgression levels, with quartile

coefficient of dispersion values between 3.6 and 4.6%

(Tables S4–S8). Accordingly, besides all anthropogenic sources

of GHG emissions, the natural gas sector alone transgresses the

EU’s allocated annual emissions, shedding light on the impor-

tance of drastic changes as soon as possible. By comparing

on a yearly basis, we show how distant the EU’s natural gas

sector and the immediate action tomanage the crisis to enhance

energy security are from reaching emission levels that can guar-

antee agreed climate targets.

Natural gas crisis management could lead to significant
burden shifting
To shed light on the broader environmental implications of the

three scenarios, we next study 15 additional impact categories

based on the Environmental Footprint (EF) method v3.1 (ex-

plained in detail in Methods S2 of the SI). We employ a stream-

lined uncertainty analysis to compare the potential increase or

reduction of impacts in the REPowerEU and Aftermath scenarios

compared to the Base scenario. Specifically, we consider that

those categories with probabilities of increased impacts be-

tween 25% and 75%, or p-values above 0.05, lack enough sta-

tistical evidence to conclude that one scenario is worse than the

other under uncertainty in LCI data44 (see STARMethods section

for a detailed explanation).

We find that the short-term measures in the REPowerEU plan

would cause some statistically significant collateral damage via

burden shifting (GHG emissions slightly decline at the expense

of worsening other impacts) in eight categories, with impact in-

creases above 100% in freshwater eutrophication and ionizing

radiation and between 10 and 100% in acidification, marine

and terrestrial eutrophication, land use, particulatematter forma-

tion, and water use (Figure 3). The only impact category

benefiting in the REPowerEU scenario with statistical signifi-

cance would be ozone depletion (12% reduction over the

Base). The change in impacts from Base to REPowerEU in

climate change, freshwater ecotoxicity, non-renewable energy

resources use, carcinogenic and noncarcinogenic toxicity, metal

and mineral resource consumption, and photochemical oxidant

formation are regarded as inconclusive (Figures S7–S9).

For the Aftermath scenario, we identified burden shifting to the

same categories as in the REPowerEU scenario (Figure 4). How-

ever, here the intensity of the impact increase is at most 66% in

freshwater eutrophication. On the other hand, besides a statisti-

cally significant reduction inGHG emissions as explained before,

we also find a decrease in non-renewable energy resources use,

ozone depletion, and photochemical oxidant formation of at

most 9%.

We note that uncertainties in LCAs mostly arise from the LCI

data and the impact assessment models. Because probabilistic

information on the characterization factors used to translate

emissions into potential impacts is missing, we studied the
6 iScience 28, 111575, January 17, 2025
robustness of our results using Monte Carlo on uncertain LCI

data (Methods S1 in the SI). Moreover, we provide in turn a qual-

itative discussion of the implications of uncertainties in the char-

acterization factors. For the latter, we follow the recommenda-

tion level (or quality level) provided by the European

Commission46–48 (Table S19). In essence, different levels of reli-

ability were defined for each impact category based on the

robustness of their impact assessment model. We observe

that, except for land and water use, burden shifting occurs in

more reliable categories (I and II quality levels).

Coal is the main root cause of environmental collateral

damage

A temporary turn back to coal-fired power plants would be the

major driver of these unwanted side effects, as shown in the

breakdown of impacts by energy type (electricity or heat) and en-

ergy source (natural gas, coal, renewables, etc.) for the three

scenarios in Figure 5. More specifically, the life cycle impacts

of coal-based electricity production are the main reason for

increased acidification, eutrophication (freshwater, marine, and

terrestrial), land use, particulate matter formation, andwater use.

The impact increases in acidification, marine and terrestrial

eutrophication, and particulate matter formation would be due

to direct emissions from coal combustion in electricity produc-

tion (e.g., SO2, NOx, fine particulate matter, and NH3). The

treatment of spoil from coal mining would result in long-term

phosphate emission to groundwater potentializing freshwater

eutrophication. Also, coal mining would be responsible for

increasing land use (mainly due to the land occupation frommin-

ing dumps and mineral extraction sites), water use, and particu-

late matter formation (from fine particulate matter, SO2, and NOx

emissions due to electricity production and blasting). Delaying

the phase-out of nuclear power plants would exacerbate the

ionizing radiation potential, which was rather low in the EU natu-

ral gas sector prior to the crisis, due to radioactive emissions

from Radon-222 and Carbon-14 in the treatment of tailing from

uranium milling as well as spent nuclear fuel. The life cycle im-

pacts of the broader utilization of heat pumps for heating house-

holds and the service sector (e.g., in ionizing radiation and land

and water use) would depend tightly on the electricity mix used

to power them.

In the Aftermath scenario, oil combustion for industrial heating

also contributed to exacerbated acidification, terrestrial eutro-

phication, and particulate matter formation due to emissions of

SO2, NOx, and fine particulate matter to the air. The accelerated

deployment of renewables in the first year of the natural gas

crisis management, specifically from photovoltaic solar power,

would have some negative effects on both land use due to

mounting system production and water use from silicon

production.

Pinpointing themost critical impacts of EU’s natural gas
crisis management
To better interpret the severity of burden shifting, we compare

the impacts of each scenario with recently established annual-

ized thresholds of the Earth’s carrying capacity49 based on the

Planetary Boundaries framework50,51 (Table S18). In essence,

burden shifting toward impact categories closer to their

maximum allowable limits, which are established from the



Figure 3. Statistically significant life cycle environmental impact difference between Base and REPowerEU scenarios
(A–P) histograms depict the spread of environmental impact disparities between the Base and REPowerEU scenarios (impact of the latter minus the impact of the

former across samples), considering the stochastic outcome of 1000 Monte Carlo simulations (Methods S1 in the SI). The selected 16 environmental impact

categories are based on climate change (100-year GWPs as published in the AR6 of the IPCC42) and the additional 15 categories from the EF method v3.1

recommended by the European Commission.45 Here, positive values indicate potential burden shifting, while negative values imply impact reduction. The close-

to-zero p-value rejects the null hypothesis of the paired samples having identical means (i.e., the scenarios are distinguishable), while high values indicate that

there is little statistical difference between the scenarios (i.e., they are statistically indistinguishable). The probabilities (P in the figure) represent the likelihood of

impact reduction (to the left) or burden shifting (to the right) in the alternative scenario (REPowerEU) compared to the Base case. One, two, and three colored stars

represent the relative mean difference in absolute value from Base to REPowerEU to be at least 10, 25, and 100%, respectively, indicating, qualitatively, the

amount of impact increase or decrease across categories. See also Figures S7–S9.
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Figure 4. Statistically significant life cycle environmental impact difference between Base and Aftermath scenarios

(A–P) histograms depict the spread of environmental impact disparities between the Base and Aftermath scenarios based on the 16 impact categories including

climate change (100-year GWPs as published in the AR6 of the IPCC42) and the additional 15 categories from the EFmethod v3.1 recommended by the European

Commission45 and considering the stochastic outcome of 1000 Monte Carlo simulations (Methods S1 in the SI). See the caption of Figure 3 for the interpretation

of this figure. See also Figures S7–S9.
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Earth’s ecological budget and following some downscaling prin-

ciples, should be considered more critical.

Assigning shares of the annualized global ecological capacity

based on the EU’s population (egalitarian principle)43 to all

anthropogenic emissions, we find that the most relevant collat-

eral damage in the REPowerEU scenario (i.e., the whole natural
8 iScience 28, 111575, January 17, 2025
gas sector including the short-term measures proposed in the

REPowerEU plan) corresponds to particulate matter formation

(16% of the maximum allowable impact), freshwater eutrophica-

tion (3%), and acidification (2%) (Figure 6; Figures S11–S13).

Similarly, for the Aftermath scenario, the most relevant collateral

damage occurs in particulate matter formation (17%) and



Figure 5. Breakdown of life cycle environmental impacts of restructuring the EU’s natural gas supply and consumption

(A–L) show the contribution to the 12 impact categories out of climate change (100-year GWPs as published in the AR6 of the IPCC42) and the additional cat-

egories included in the EF method v3.1 recommended by the European Commission,45 in which there is statistically significant burden shifting or impact

reduction. An increased use of coal-fired power plants is the major driver of this collateral damage. CHP: combined heat and power. NG: natural gas. Error bars

indicate the quartile coefficient of dispersion (Methods S1). See also Figure S4 and Tables S4–S8.
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acidification (2%). The first year of the crisismanagement led to a

statistically significant impact reduction in some categories, with

transgression levels of 101% in non-renewable energy re-
sources use, 7% in photochemical oxidant formation, and close

to 0% in ozone depletion. The impacts of the natural gas sector

remain high on non-renewable energy resources consumption
iScience 28, 111575, January 17, 2025 9



Figure 6. Life cycle environmental impacts of restructuring the EU’s natural gas supply and consumption compared against the Earth’s

ecological limits

(A–L) show the contribution of the natural gas sector across scenarios to the EU’s ecological limit derived from the yearly global budget49 downscaled to the EU’s

population following the egalitarian principle in 12 impact categories, where there is statistically significant burden shifting or impact reduction. Themost relevant

categories from an ecological budget transgression perspective correspond to climate change (373–403% of the maximum allowable impact), non-renewable

energy resource consumption (101–111%), particulate matter formation (13–17%), and photochemical oxidant formation (ca. 7%). Notice here that climate

change and land use impacts are calculated with life cycle CO2 emission and soil erosion methods, respectively, for a fair comparison with ecological budgets

(see Table S18 for more detail). See also Figures S11–S13.
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Figure 7. Life cycle environmental impacts on the EU’s share of the Earth’s ecological limits of individual measures to reduce natural gas

consumption

The top color map shows the transgression level impacts caused by switching 10 bcm of natural gas to an equivalent amount of other energy sources on a yearly

basis. For example, switching 10 bcm of natural gas from the power plants to an equivalent amount of electricity production in coal-fired power plants would

increase the transgression of the whole yearly Earth’s carrying capacity downscaled to the EU population by 10.0%. Notice that the color map is cut off at �0.5

and 0.5% to show trends in categories with impact values that are orders of magnitude lower than climate change. The second color map displays the same

information but for the whole supply side measures (i.e., gas suppliers’ diversification) for both REPowerEU and Aftermath scenarios. The bottom color map

provides the yearly transgression level from the natural gas sector before the crisis of 2022. CHP: combined heat and power. See also Figure S14.
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(from 101 to 111%), freshwater ecotoxicity (from 10 to 15%),ma-

terial resource consumption (from 5 to 6%), and photochemical

oxidant formation (around 7%), as in Figure S11, despite not

involving burden shifting from Base to REPowerEU or Aftermath

for these categories. On the other hand, the significant burden

shifting to ionizing radiation, especially from considering addi-

tional nuclear power in the REPowerEU scenario (351% increase

from Base), would have a negligible contribution to the EU’s

ecological limit for this category because of initially low impacts.

We note that the identified statistically significant burden shift-

ing, regardless of the share of the budget occupied, might be of

concern for various reasons. First, the egalitarian downscaling

provides a threshold for all anthropogenic emissions. Therefore,

the low impacts of the natural gas sector do not imply that the

global threshold will be met. Moreover, the robustness of as-

sessing life cycle environmental impacts against the Earth’s car-
rying capacity can be affected by temporal constraints of LCA,

e.g., the lack of time dimension in the LCI models,52 and the

absence of spatial granularity in some impact categories, e.g.,

land and water use, and eutrophication in different mediums.53

Nevertheless, we propose here the use of ecological limits to pri-

oritize efforts and concerns in terms of environmental impact

categories beyond climate change.

Most effective measures to reduce the EU’s natural gas
consumption
Our previous results indicate that the EU’s efforts to reduce

Russian gas imports had a negligible impact on GHG emissions

while potentially resulting in burden shifting. To pave the way for

amore sustainable restructuring of the EU’s energy system, here

we investigate themost effectivemeasures to reduce natural gas

consumption. Figure 7 displays the impacts of replacing 10 bcm
iScience 28, 111575, January 17, 2025 11
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of natural gas with an equivalent amount of other energy sources

on the Earth’s ecological limits downscaled to the EU (see STAR

Methods section). Switching from natural gas to coal or oil in po-

wer generation and heat production in the industry emerge as the

worst options across many impact categories. These measures

to reduce natural gas consumption would lead to impacts repre-

senting 3.3–12.3% of the EU’s yearly carbon budget per 10 bcm

replaced. In addition, such measures would cause a notable in-

crease in other categories, such as acidification (up to 0.8% for

oil-fired CHP), freshwater eutrophication (up to 1.1% for coal-

fired CHP), and particulate matter formation (up to 12.4% for

coal-based industrial heating).

Concerning the remaining measures, only energy savings

could simultaneously reduce impacts in all categories, whereas

the other measures would entail some environmental trade-

offs. Shifting to nuclear, solar PV, wind, or biomass in power

generation could reduce the impacts on the carbon budget by

9.2–10.7% per 10 bcm, albeit at the expense of worsening other

impacts. Nuclear power would lead to burden shifting to non-

renewable energy resource use (1.5% of the allowable impact

limit per 10 bcm), biomass and solar PV to land use (6.4 and

0.5% per 10 bcm, respectively), solar and wind to mineral and

metal resources use (1.8 and 0.2% per 10 bcm, respectively),

and hydropower to water use (0.1% per 10 bcm). Wind and hy-

dropower are the only options that would involve only minor

trade-offs (below 0.2% of maximum allowable impacts per 10

bcm). Individual heating in households and the service sector

can benefit considerably from heat pumpswith a 4.2% reduction

of the carbon budget transgression per 10 bcm switched, but

leading to environmental trade-offs that are highly dependent

on the electricity mix as discussed before. Considering the cur-

rent electricity mix of EU countries, we findmore relevant burden

shifting to mineral and metal resources use (1.2% per 10 bcm),

particulate matter formation (0.4% per 10 bcm), and freshwater

eutrophication (0.3% per 10 bcm).

Analogously, we determined the relative change in environ-

mental impacts due to the new EU natural gas supply mix, which

involves mainly replacing imports from Russia with LNG from the

United States. Supplier diversification could reduce impacts in

categories benefiting from reduced methane leakage, i.e.,

climate change, ozone depletion, and particulate matter forma-

tion. In contrast, the main impact categories that would worsen

due to the increase in LNG imports are acidification (0.1–0.2%

of themaximum allowable limit in the REPowerEU and Aftermath

scenarios, respectively), freshwater toxicity (2.3–3.1%), metal

and mineral resources depletion (0.4–0.6%).

We have also assessed the relative change in impacts of re-

placing one bcm of natural gas with an alternative energy source

to account for burden shifting and impact reduction in categories

that do not extensively contribute to transgressing ecological

limits (Figure S14). We show that replacing 24 bcm of natural

gas in power plants with the corresponding energy-equivalent

wind power production (instead of coal, as originally proposed

in the REPowerEU) would reduce the burden shifting in particu-

late matter formation from 19% increase in comparison to

Base (15% of the Earth’s carrying capacity downscaled to the

EU population) to ultimately yield a net impact reduction of ca.

� 4% (Figure S14). This change to the EU’s plan would also yield
12 iScience 28, 111575, January 17, 2025
impact reductions in comparison with the Base case in photo-

chemical oxidant formation (� 16%), climate change (� 14%),

non-renewable energy resource consumption (� 9%), and

terrestrial eutrophication (� 1%). However, it would still maintain

some remaining collateral damage from the REPowerEU, i.e.,

acidification (from 88 to 8% increase from Base), freshwater

eutrophication (from 290% to 35%), land use (from 70 to 20%),

and water use (from 32 to 14%).

Finally, we go beyond assessing one policy recommendation

to define optimal portfolios of measures to replace natural gas

with current alternatives using an optimization model. LCA has

been integrated into energy systems optimization models to

study energy transition pathways,54,55 assessing the impacts

of dynamic changes to the LCIs as well.56 Here, we present opti-

mized portfolios of strategies to reduce natural gas consumption

in the EU to cope with security of supply, building on the findings

in Figure 7. In other words, we explore the potential environ-

mental benefits that the energy crisis could indirectly bring by

catalyzing the deployment of clean energy technologies. For

that, we minimize the mean positive transgression level con-

strained to a natural gas demand reduction target of 50 bcm

(see STAR Methods section for more information), finding that

it can go from 38% (Base) to 30% (optimized scenario) by de-

ploying wind power to replace this amount of natural gas

(Table S9). For a more ambitious natural gas reduction target

of 150 bcm, wind power (247.4 TWh), biomass-fired CHP

(309.6 TWh of electricity), and heat pumps (267.2 TWh) would

reduce the carbon budget transgression to 243%, while

reducing the mean positive transgression level to 25%

(Table S9). The remaining high transgression levels would be in

non-renewable energy resources use (66%), particulate matter

formation (49%), freshwater ecotoxicity (13%), freshwater eutro-

phication (10%), and mineral and metal resource use (9%).

These results highlight that replacing natural gas with more sus-

tainable energy resources can help reduce the pressure on

different sustainability categories measured by mean transgres-

sion level. However, it would still fail to comply with the EU car-

bon emission budget.

DISCUSSION

The Russia-Ukraine war has led to a deep humanitarian crisis,

high inflation, and energy and food security risk.57 The war has

also caused structural changes in global supply chains. Here,

we have shown that the short-term measures proposed in the

REPowerEU plan to restructure the EU’s natural gas supply

and consumption and reduce dependence on Russian gas

would have a minor impact on GHG emissions, despite the rele-

vant amount of coal considered in electricity production. How-

ever, these short-term policy measures, particularly the delayed

phase-out of coal-fired power plants, may exacerbate other im-

pacts beyond climate change, including acidification, eutrophi-

cation (freshwater, marine, and terrestrial), ionizing radiation,

land use, particulate matter formation, and water use. Energy

savings is the only measure that could simultaneously reduce

all impacts; however, it would involve substantial changes in life-

styles and industrial activities to reduce natural gas demand

with potential impacts on other sustainability dimensions
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(i.e., economic and social). Notably, the EU already transgresses

the allocated share of the Earth’s carrying capacity for particu-

late matter formation and land use, while freshwater eutrophica-

tion is within the zone of uncertainty.49 Furthermore, high im-

pacts in these categories may make it harder to attain various

sustainable development goals (SDGs),32 i.e., SDG 3 on good

health and well-being, SDG 6 on clean water and sanitation,

SDG 14 on life below water, and SDG 15 on life on land.

The aftermath report from the IEA detailing the first year of the

crisis following the geopolitical conflict reveals a significant 55

bcm reduction in natural gas demand within the EU,9 which rep-

resents the steepest drop in history, surpassing expectations

outlined in the REPowerEU plan by 10%. The leading factors

driving this downturn in natural gas demand and the success

of managing the first year of the crisis include elevated gas pri-

ces, a mild winter, and prompt policy responses to the crises.9

Consequently, it resulted in natural gas supply diversification;

fuel switching and reduced electricity consumption in the power

sector; changes in behavior, fuel substitution, and issues of heat-

ing poverty among households; as well as production curtail-

ment and shifts in fuel usage within the industrial sector.9 On

the supply diversification side, from the 110 bcm reduction in

Russian gas imports and the additional 50 bcm of LNG expected

in the short-term of the REPowerEU, 98 bcm and 39 bcm were

realized, respectively. On the other hand, the major discrep-

ancies between the proposed policy actions and the first year’s

aftermath include the smaller reliance on coal and nuclear power

compared to the EU plan compensated by energy savings

across sectors. These differences leveraged an 8.6% drop in

GHG emissions for the first year of the crisis management and

burden shifting to the same categories as in the short-term mea-

sures of the REPowerEU plan, although in a reduced magnitude.

Some of the drivers of reduced natural gas demand during the

crisis might not be permanent (e.g., industrial production curtail-

ments and electricity and heat savings). Hence, the full extent of

the policy actions proposed in the REPowerEU plan for the short

term may be essential in the following years should there be an

imbalance in natural gas demand and supply. For instance,

one of the most controversial measures in the plan is the tempo-

rary turn back to coal in electricity production. The plan specifies

that up to 24 bcm of Russian gas could be replaced with coal,8

equivalent to generating an extra 117 TWh year�1 with existing

coal-fired power plants. This represents a 28% increase in coal

electricity production relative to 2021. Recent forecasts from

the IEA confirm that coal electricity production increased in the

EU in 2022.58 For example, 10 GW (GW) of coal-fired power

plants re-entered the market in Germany.58 However, it has

been followed by a record inland consumption decline in 2023

of ca. 22%59 as a consequence of the successful policy-making,

especially the medium- and long-term measures of the

REPowerEU kicking in and propelling the deployment of renew-

able energy.60 Nevertheless, we found that the GHG emissions

from resorting to coal in the first year of the crisis have been

offset with other measures (i.e., energy savings, deployment of

wind and solar electricity capacity, and energy efficiency im-

provements in households and industry). Yet, increased

reliance on coal is in conflict with the 1.5�C pathways assessed

by the IPCC, which states that an 88% global reduction in coal
electricity production would be needed from 2020 to 2030.61

Moreover, the collateral damage on other impact categories

caused by coal mining and combustion should be a primary

concern.

Increasing the imports of LNG played a pivotal role in the EU’s

plans for securing natural gas supply. Our results show that

partially replacing Russian gas with LNG would have a negligible

impact on GHG emissions.62 Yet, this strategy can have broad

consequences for the transition to a low-carbon economy

because it may cause lock-in effects on natural gas infrastruc-

ture. The EU expanded its LNG import capacity by 40 bcm in

2023, with an additional 30 bcm expected to be operational in

2024.63 Germany is leading the investment in new LNG capacity,

with forecasts indicating a 50 bcm expansion of regasification

terminals by 2026.64 As the lifespan of regasification terminals

can range from 20 to 30 years, the commission of new terminals

can delay the deployment of renewable energies while

hampering the achievement of climate targets,26 as the natural

gas sector takes up alone around four times the EU’s yearly car-

bon budget, calling for a more aggressive step away from this

energy resource toward cleaner alternatives. Notably, recent

studies have shown that meeting the Paris Agreement requires

that no new fossil infrastructure is commissioned while the exist-

ing infrastructure is retired early.65,66

Energy security could be enhanced by reducing Russian gas

imports, yet this should not be done in a way that potentially

hampers sustainable development. The full replacement of

Russian gas with renewable energies would reduce GHG emis-

sions, especially in Germany, Italy, and the Netherlands which

imported, respectively, 55, 29, and 11 bcm in 2021.67 However,

aligning the EU with the goal of limiting global warming well

below 2�C would require a more aggressive stepping away

from natural gas, as non-Russian suppliers accounted for the

majority (ca. 62%) of the EU’s natural gas consumption.1 In the

medium- and long-term, the REPowerEU aims for a large-scale

deployment of wind and solar PV power, renewable hydrogen,

heat pumps, energy efficiency initiatives, and biomethane.8

These measures appended to the short-term ones are expected

to reduce natural gas consumption by 310 bcm by 2030,8 equiv-

alent to ca. 81% of the natural gas consumed for energy pur-

poses in the EU in 2021. These policy actions could substantially

reduce GHG emissions by 2030, albeit they might not be exempt

from burden shifting as demonstrated per technology in Figure 7.

For instance, reducing natural gas demand for electricity

production through the deployment of solar PV power could in-

crease the impacts on freshwater eutrophication and particulate

matter formation mainly from increased mining operations

(Figure 7). Similarly, relying more on renewable hydrogen may

cause unwanted human and ecotoxicity impacts that stem

from the extraction and processing of metals for renewable

energy infrastructure.68

Finally, this work provides policy-makers with comprehensive

environmental impact estimations of measures to cope with the

efforts of reducing natural gas consumption and consequent im-

ports in the EU (Figure 7), which could serve as guidance to

devise more effective long-term strategies. We show here the

importance of considering the significant (statistically and rela-

tive to ecological limits) collateral damage that might be incurred
iScience 28, 111575, January 17, 2025 13
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when making systematic changes to energy systems. Addition-

ally, we show that the natural gas crisis could catalyze the tran-

sition to clean energy technologies by fostering measures to

reduce energy supply risk. The deployment of wind power to

replace natural gas-fired power plants appears to be the most

suitable strategy to curb GHG emissions while also reducing

other impacts. Biomass-based CHP and heat pumps are also

beneficial overall beyond GHG emissions; however, they are

insufficient to keep these sectors within the EU’s ecological

limits. Given the importance and magnitude of natural gas use

in industrial heating (responsible for delivering 991 TWh of ther-

mal energy), its replacement should be the focus of future efforts.

All in all, keeping impacts across environmental sustainability

categories within allowable limits in future endeavors to step

away from natural gas would require optimized portfolios of

technologies.

The main learnings and potential policy implications of this

study can be summarized in three directions. First, we show

the ability of the EU to develop short-term action plans to

ensure energy security during energy crisis times without

necessarily increasing GHG emissions. Therefore, to mitigate

the controversy around temporarily reverting to high-emission

energy sources (e.g., delaying the phase-out of coal), the po-

tential for offsetting the increased impact by other measures

(e.g., energy savings) needs to be rigorously analyzed and

communicated. Second, these short-term plans may lead to

substantial burden shifting, mainly driven by a temporal return

to energy sources like coal. This aspect also deserves

careful consideration and transparent communication. Finally,

the methodological approach presented in this study,

combining scenario analysis with LCA, could be extended

and applied to assess the long-term strategies. We hope

this discussion could open new avenues for future research

to build on our modeling framework, addressing the broader

impacts of further reducing the EU natural gas demand in

the future.

Limitations of the study
To provide more comprehensive and deployable pathways to

reduce the EU’s reliance on natural gas while avoiding burden

shifting, the current approach could be integrated into energy

systems models. This would allow solving for optimized portfo-

lios of measures exploiting regional advantages and taking into

account limited resources (water, land, materials, etc.). Howev-

er, this effort would require further research on regionalized

characterization factors.69,70 Further research efforts are also

needed on downscaling principles43 (e.g., considering regional-

ization and climate justice of carbon budget71,72) and spatially

explicit limits on Earth-system processes.53 Another limitation

of this work is the lack of a comprehensive list of sustainable al-

ternatives to replace natural gas for energy applications in power

generation, industry, and households. That would demand a

thorough analysis of currently ready technologies and the ones

under development and could be the focus of future research.

Moreover, comparing optimized strategies to reduce natural

gas demand further with current policies (e.g., medium- and

long-term measures in the REPowerEU) and considering future

projections could be the focus of subsequent studies. Notably,
14 iScience 28, 111575, January 17, 2025
subsequent research efforts could assess the environmental im-

pacts of changes in a future economy, for which prospective

LCAwould likely be required.73 It would also require careful anal-

ysis of modeling assumptions when it comes to emerging tech-

nologies. For instance, the deployment of renewable hydrogen is

subject to uncertainties in terms of production technology and

regionalization, storage, transportation, and final consump-

tion.74 Additional limitations of the study are discussed in

Methods S3 in the SI.
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11. Fulwood, M., Honoré, A., Sharples, J., and Hall, M. (2022). The EU Plan to

Reduce Russian Gas Imports by Two-Thirds by the End of 2022: Practical

Realities and Implications (The Oxford Institute for Energy Studies).

12. Halser, C., and Paraschiv, F. (2022). Pathways to Overcoming Natural Gas

Dependency on Russia—The German Case. Energies 15, 4939. https://

doi.org/10.3390/en15144939.

13. Lambert, M. (2022). RePowerEU: Can Renewable Gas Help Reduce Russian

Gas Imports by 2030? (The Oxford Institute for Energy Studies) https://www.

oxfordenergy.org/publications/repowereu-can-renewable-gas-help-reduce-

russian-gas-imports-by-2030/.

14. Lau, M., Ricks, W., Patankar, N., and Jenkins, J.D. (2022). Europe’s way

out: Tools to rapidly eliminate imports of Russian natural gas. Joule 6,

2219–2224. https://doi.org/10.1016/j.joule.2022.09.003.

15. Lambert, L.A., Tayah, J., Lee-Schmid, C., Abdalla, M., Abdallah, I., Ali,

A.H., Esmail, S., and Ahmed, W. (2022). The EU’s natural gas Cold War

and diversification challenges. Energy Strategy Rev. 43, 100934. https://

doi.org/10.1016/j.esr.2022.100934.

16. Ravikumar, A.P., Bazilian, M., and Webber, M.E. (2022). The US role in

securing the European Union’s near-term natural gas supply. Nat. Energy

7, 465–467. https://doi.org/10.1038/s41560-022-01054-1.

17. Liu, L.-J., Jiang, H.-D., Liang, Q.-M., Creutzig, F., Liao, H., Yao, Y.-F.,

Qian, X.-Y., Ren, Z.-Y., Qing, J., Cai, Q.-R., et al. (2023). Carbon emissions
and economic impacts of an EU embargo on Russian fossil fuels. Nat.

Clim. Change 13, 290–296. https://doi.org/10.1038/s41558-023-01606-7.

18. Pedersen, T.T., Gøtske, E.K., Dvorak, A., Andresen, G.B., and Victoria, M.

(2022). Long-term implications of reduced gas imports on the decarbon-

ization of the European energy system. Joule 6, 1566–1580. https://doi.

org/10.1016/j.joule.2022.06.023.

19. Ghisellini, P., Passaro, R., and Ulgiati, S. (2023). Environmental assess-

ment of multiple ‘‘cleaner electricity mix’’ scenarios within just energy

and circular economy transitions, in Italy and Europe. J. Clean. Prod.

388, 135891. https://doi.org/10.1016/j.jclepro.2023.135891.

20. Jordaan, S.M., Ruttinger, A.W., Surana, K., Nock, D., Miller, S.M., and

Ravikumar, A.P. (2022). Global mitigation opportunities for the life cycle

of natural gas-fired power. Nat. Clim. Change 12, 1059–1067. https://

doi.org/10.1038/s41558-022-01503-5.

21. Kuzemko, C., Blondeel, M., Dupont, C., and Brisbois, M.C. (2022). Rus-

sia’s war on Ukraine, European energy policy responses & implications

for sustainable transformations. Energy Res. Social Sci. 93, 102842.

https://doi.org/10.1016/j.erss.2022.102842.

22. Tollefson, J. (2022). What the war in Ukraine means for energy, climate

and food. Nature 604, 232–233. https://doi.org/10.1038/d41586-022-

00969-9.

23. Oberschelp, C., Pfister, S., Raptis, C.E., and Hellweg, S. (2019). Global

emission hotspots of coal power generation. Nat. Sustain. 2, 113–121.

https://doi.org/10.1038/s41893-019-0221-6.

24. Rauner, S., Bauer, N., Dirnaichner, A., Dingenen, R.V., Mutel, C., and Lu-

derer, G. (2020). Coal-exit health and environmental damage reductions

outweigh economic impacts. Nat. Clim. Change 10, 308–312. https://

doi.org/10.1038/s41558-020-0728-x.

25. Swanson, C., Levin, A., Stevenson, A., Mall, A., and Spencer, T. (2020).

Sailing to nowhere: Liquefied natural gas is not an effective climate strat-

egy. Natural Resources Defense Council. https://www.nrdc.org/sites/

default/files/sailing-nowhere-liquefied-natural-gas-report.pdf.
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Guillén-Gosálbez, G. (2021). Sustainability footprints of a renewable car-

bon transition for the petrochemical sector within planetary boundaries.

One Earth 4, 565–583. https://doi.org/10.1016/j.oneear.2021.04.001.

34. MacDowell, N., Fennell, P.S., Shah, N., andMaitland, G.C. (2017). The role

of CO2 capture and utilization in mitigating climate change. Nat. Clim.

Change 7, 243–249. https://doi.org/10.1038/nclimate3231.

35. Kätelhön, A., Meys, R., Deutz, S., Suh, S., and Bardow, A. (2019). Climate

change mitigation potential of carbon capture and utilization in the chem-

ical industry. Proc. Natl. Acad. Sci. USA 116, 11187–11194. https://doi.

org/10.1073/pnas.1821029116.
iScience 28, 111575, January 17, 2025 15

https://www.bruegel.org/publications/datasets/european-natural-gas-imports/
https://www.bruegel.org/publications/datasets/european-natural-gas-imports/
https://doi.org/10.2908/NRG_BAL_C
https://doi.org/10.2908/NRG_BAL_C
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2022:230:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=COM:2022:230:FIN
https://doi.org/10.1038/s41560-023-01209-8
https://doi.org/10.1038/s41560-023-01209-8
https://www.iea.org/topics/global-energy-crisis
https://www.iea.org/topics/global-energy-crisis
https://doi.org/10.3390/en15176114
https://doi.org/10.1038/s43016-022-00659-9
https://doi.org/10.1038/s43016-022-00659-9
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=SWD:2022:230:FIN
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=SWD:2022:230:FIN
https://www.iea.org/commentaries/europe-s-energy-crisis-what-factors-drove-the-record-fall-in-natural-gas-demand-in-2022
https://www.iea.org/commentaries/europe-s-energy-crisis-what-factors-drove-the-record-fall-in-natural-gas-demand-in-2022
https://www.iea.org/commentaries/europe-s-energy-crisis-what-factors-drove-the-record-fall-in-natural-gas-demand-in-2022
https://www.iea.org/reports/a-10-point-plan-to-reduce-the-european-unions-reliance-on-russian-natural-gas
https://www.iea.org/reports/a-10-point-plan-to-reduce-the-european-unions-reliance-on-russian-natural-gas
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref11
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref11
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref11
https://doi.org/10.3390/en15144939
https://doi.org/10.3390/en15144939
https://www.oxfordenergy.org/publications/repowereu-can-renewable-gas-help-reduce-russian-gas-imports-by-2030/
https://www.oxfordenergy.org/publications/repowereu-can-renewable-gas-help-reduce-russian-gas-imports-by-2030/
https://www.oxfordenergy.org/publications/repowereu-can-renewable-gas-help-reduce-russian-gas-imports-by-2030/
https://doi.org/10.1016/j.joule.2022.09.003
https://doi.org/10.1016/j.esr.2022.100934
https://doi.org/10.1016/j.esr.2022.100934
https://doi.org/10.1038/s41560-022-01054-1
https://doi.org/10.1038/s41558-023-01606-7
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.joule.2022.06.023
https://doi.org/10.1016/j.jclepro.2023.135891
https://doi.org/10.1038/s41558-022-01503-5
https://doi.org/10.1038/s41558-022-01503-5
https://doi.org/10.1016/j.erss.2022.102842
https://doi.org/10.1038/d41586-022-00969-9
https://doi.org/10.1038/d41586-022-00969-9
https://doi.org/10.1038/s41893-019-0221-6
https://doi.org/10.1038/s41558-020-0728-x
https://doi.org/10.1038/s41558-020-0728-x
https://www.nrdc.org/sites/default/files/sailing-nowhere-liquefied-natural-gas-report.pdf
https://www.nrdc.org/sites/default/files/sailing-nowhere-liquefied-natural-gas-report.pdf
https://doi.org/10.1038/s41560-022-01060-3
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref27
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref27
http://refhub.elsevier.com/S2589-0042(24)02802-5/sref27
https://doi.org/10.1038/s41893-020-0488-7
https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy
https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy
https://www.iea.org/data-and-statistics/data-product/greenhouse-gas-emissions-from-energy
https://doi.org/10.1016/j.scitotenv.2022.155865
https://www.un.org/en/climatechange/paris-agreement
https://www.un.org/en/climatechange/paris-agreement
https://sdgs.un.org/goals
https://sdgs.un.org/goals
https://doi.org/10.1016/j.oneear.2021.04.001
https://doi.org/10.1038/nclimate3231
https://doi.org/10.1073/pnas.1821029116
https://doi.org/10.1073/pnas.1821029116


iScience
Article

ll
OPEN ACCESS
36. bp (2022). Statistical Review of World Energy 2022. https://www.bp.com/

en/global/corporate/energy-economics/webcast-and-on-demand.html.

37. European Parliment (2023). EU energy partnerships: Norway. https://www.

europarl.europa.eu/RegData/etudes/BRIE/2023/753941/EPRS_BRI(2023)

753941_EN.pdf.

38. Tahchi, B. (2024). Algerian gas to strengthen energy security of the Euro-

pean Union: Policy, capacity and strategy. Energy Rep. 11, 3600–3613.

https://doi.org/10.1016/j.egyr.2024.03.022.

39. Eurostat (2024). Natural gas supply statistics. https://ec.europa.eu/eurostat/

statistics-explained/index.php?title=Natural_gas_supply_statistics.

40. Bagheri, M., Kocha�nski, M., Kranzl, L., Korczak, K., Mayrhofer, L., M€uller,
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Ecoinvent life cycle assessment database

v3.9.1 (cut-off system model)

Ecoinvent41 https://ecoinvent.org/

Eurostat complete energy balances Eurostat2 https://doi.org/10.2908/NRG_BAL_C

Bruegel European natural gas imports

dataset

Bruegel1 https://www.bruegel.org/dataset/

european-natural-gas-imports

Software and algorithms

Python v3.9.18 Python Software Foundation https://www.python.org/

Brightway2 v2.4.3 Brightway LCA Software Framework75 https://github.com/brightway-lca/

brightway2

Activity-Browser v2.9.0 LCA-ActivityBrowser76 https://github.com/LCA-ActivityBrowser/

activity-browser

Wurst v0.3.3 POLCA77 https://github.com/polca/wurst

Presamples v0.2.8 PascalLesage78 https://github.com/PascalLesage/

presamples

Pyomo v6.7.3 Pyomo79 https://www.pyomo.org/

Code to reproduce this study This study https://doi.org/10.5281/zenodo.14163698
METHOD DETAILS

Scenario definition
We applied the standardised LCA methodology80,81 to quantify the potential environmental impacts of alternative scenarios for nat-

ural gas supply and consumption in the EU. The functional unit was defined as the EU’s annual consumption of natural gas-based

electricity and heat in industry and households as they were before the invasion of Ukraine, i.e., 557 TWh of electricity, 213 TWh of

heat from CHP, 991 TWh of heat in industry, and 1380 TWh of heat in households.2 The system boundaries included all the relevant

impacts from the extraction, processing, distribution, and combustion of fossil fuels (e.g., natural gas and coal) as well as the

manufacturing, operation, and final disposal of the required infrastructure (i.e., power plants, wind turbines, solar PV panels, boilers,

etc.).

Life cycle inventory
The LCI database ecoinvent v3.9.1 (cut-off system model)41 was used to model the alternative scenarios (see Figure S15;

Tables S10–S16 in the SI). Regarding electricity supply, ecoinvent’s inventories for stand-alone and CHP natural gas-fired, coal-fired,

nuclear, wind, and solar PV power plants were used. More specifically, we created regional supply mixes for each electricity produc-

tion option by considering the share of each EUMember State based on the electricity mixes available in the ecoinvent database. For

example, natural gas combined cycle power plants in Italy contribute with ca. 5% of the electricity produced from natural gas in the

EU. Heating was divided into heat from CHP, heat in industry, and heat in households. As for electricity production, we created

regional heating mixes for the EU based on data available in the ecoinvent database. Finally, we also created a new inventory for

the supply of high-pressure natural gas at the EU level. This activity contained the contribution share of each supplier, i.e., domestic

production, imports by pipeline from Russia, Norway, Algeria, and Azerbaijan, and imports of LNG from the U.S., Qatar, Russia,

Nigeria, and Algeria. Note that the share of each supplier was modified according to the scenario assessed.

An important aspect of our modeling approach is that we considered the interdependencies between the measures implemented

in the scenarios as well as their impact on the other activities in the background system. This was achieved by relinking our tailored

activities among them aswell as to the other activities in the LCI database. This implies that if, for example, an activity requires natural

gas from the EU market, this natural gas is supplied according to the supply mix defined in our scenario. Similarly, if an activity re-

quires electricity from the EUmix, this mix has a higher or lower share of natural gas-fired, coal-fired or nuclear power plants depend-

ing on the scenario assessed. The systematic modification of the LCI database as well as the life cycle impact assessment (LCIA)

calculations were performed with the open-source LCA software Brightway275 and Wurst.77 The reader is referred to Methods S2

in the SI for more background information on LCIA calculation as well as the assumptions and interpretation of the impact assess-

ment methods employed. Additionally, methodological assumptions and limitations of our analysis is discussed in Methods S3.
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Climate change and carbon budgets
The climate change impacts assessment was carried out considering the 100-year GWPs published in the AR6 of the IPCC.42 We

also calculated the life cycle CO2 emissions associated with natural gas supply and consumption against the IPCC AR6 carbon bud-

gets consistent with a high probability (67%) of limiting global warming to 1.5�C and 2.0�Ccompared with pre-industrial level.42 Since

the carbon budgets represent cumulative global CO2 emissions, they need to be downscaled to the EU level. Here, we employed the

egalitarian principle, according to which the carbon budget is allocated on an equal share per capita basis.82,83 Similarly, to annualize

the per capita carbon budgets consistent for the years between 2020 and 2100, we divided them by the cumulative population in the

same period, achieving constant yearly per capita emission limits,82 such that

ICB

�
kg CO2

person,year

�
=

CB2020� 2100Z2100

2020

PopðtÞ dt
=

CB2020� 2100½kg CO2�
CPop2020� 2100½person,year�

where ICB is the individual, yearly carbon budget, CB2020� 2100 is the global CO2 emission threshold to achieve some temperature

increase goal with some likelihood, and CPop2020� 2100 is the cumulative world population between 2020 and 2100 (based on world

population prospects from the United Nations84), see Table S17 in the SI. Notice that the yearly carbon budget per capita is the same

for every person in the world from 2020 to 2100, which agrees with the egalitarian principle. In addition to climate change impacts, we

assessed other 15 impact categories included in the EF method v3.1 recommended by the European Commission.45,85

Sensitivity analysis
We performed a sensitivity analysis to determine the relative change in environmental impacts caused by the supply and demand

measures to cope with the shortage of natural gas imported from Russia. We calculated the difference in life cycle impacts that

occurred by switching the equivalent electricity and heat production from 10 bcm of natural gas to the alternative technologies

(15 options as presented in Figure 7) using the open-source Python package Presamples78 jointly with Brightway275 (Table S20).

The sensitivity analysis results, jointly with the environmental impacts of restructuring the natural gas supply mix (60 bcm fromRussia

replaced by LNG and piped gas from Azerbaijan), were divided by the EU’s ecological limits of each impact category (Table S18) to

provide relative changes. It should be noted that because the model for calculating life cycle impacts is linear,86 the sensitivity infor-

mation calculated for 10 bcm of natural gas can be extrapolated to larger amounts.

Optimisation analysis
We derived an optimisation model to determine optimal portfolios of policy recommendations based on different natural gas reduc-

tion targets. Departing from the sensitivity analysis results, we want optimise the mean positive transgression level (MPTL) across

impact categories considering the natural gas demand reduction alternatives in Figure 7. As such, we define

MPTL =

P
l˛ L max

�P
r ˛Rðdr,rr;lÞ+Dl;0

�
jLj ;

in which L is the set of 16 impact categories fromEF v3.1,R is the set of 15 natural gas replacement alternatives (Figure 7), d˛ R15 are

the decision variables accounting for the natural gas replacement to other technologies in bcm, r˛R15316 are the parameters with

the sensitivity results of the impact of alternative r in EU’s ecological limit of category l per bcm, andD˛R16 are the parameters of the

impacts of the new supply mix on the ecological limits. Specifically,MPTL is the sum of positive impacts (computed by applying the

max operator between the impact and zero) of substituting natural gas by other energy sources across all impact categories divided

by the number of impact categories. ReformulatingMPTLwith positive slack variables,87 t˛R16, the resulting optimisationmodel is a

linear programming problem as follows

min

P
l˛ L

el

jLj
s:t: tl =

X
r ˛R

ðdr,rr;lÞ+Dl;cl˛ L

el R tl;cl˛ L

el R 0;cl˛ LX
r ˛R

dr = d

X
r ˛P

dr %dP;
X
r ˛C

dr %dC;
X
r ˛ I

dr %dI;
X
r ˛H

dr %dH

(Equation 1)
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where e˛R16 is the variable accounting for the absolute impact on the EU’s ecological limit in category l and d˛R is the natural gas

demand reduction target. Additionally, d is constrained by the total amount of natural gas required by power plants (P3R), CHP (C3
R), industry (I3R), and household (H3R), defined as dP, dC, dI, and dH, respectively. The solution of the optimisation problem 1, d� ˛
R15, defines the amount of natural gas in bcm that is replaced by each of the other technologies as in Figure 7 tominimiseMPTL. This

linear programming problem is modeled in Pyomo88 and solved with the solver CPLEX 22.1.179, guaranteeing that the solution is

globally optimal. Therefore, the resulting MPTL is the lowest possible value that could be attained, given the considered natural

gas demand reduction target (d) and set of alternative technologies (R).

QUANTIFICATION AND STATISTICAL ANALYSIS

Wegenerated 1000Monte Carlo samples for both technosphere and biosphere data for each scenario, followed by subsequent LCIA

calculations and the computation of key statistical metrics. Subsequently, statistical indicators were computed for scenario compar-

isons, including the p-value to study the statistical mean difference across scenarios and the probability of increased emissions (dis-

cernibility) for scenario superiority.44

We streamlined the scenario comparison process by first evaluating the p-value from the number of degrees of freedom (df = n �
1) and the paired sample t-test (t) of equal means given by

t =
dffiffiffiffiffi
s2d
n

r ;

where d and sd are the average and standard deviation of the uncertain outcome difference between two scenarios, and n is the num-

ber of experiments. If the p-value exceeds 0.05, both scenarios are deemed to have indistinguishable mean values, implying no sta-

tistically meaningful difference. Conversely, if it is below 0.05, we proceed to assess scenarios based on the probability of increased

emissions fromBase (B) to some alternative scenario (A) denoted PðA >BÞ using the discernibility analysis for dependent datasets,89

such that

PðA > BÞ =
1

n

Xn

i = 1

Qðai � biÞ;

whereQ is the Heaviside step function (returns 1 if its argument is positive and 0 otherwise), a;b˛Rn are the Monte Carlo simulation

outcomes for the alternative and Base scenarios, respectively (i.e., impact values of each alternative in simulation i). A probability

exceeding 75% denotes a significant emission increase, while a value below 25% indicates a significant emission reduction. For

probabilities between 25% and 75%, the statistical significance of one scenario being superior over the other is considered incon-

clusive. See Methods S1 in the SI for more details on the uncertainty analysis.
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