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A B S T R A C T

This study quantifies the socioeconomic and environmental repercussions of complete substitution of coal and
lignite in the EU27 providing insights for policymakers. The analysis is conducted at the NUTS-2 level, using the
EUREGIO-2017 multiregional input-output table, and considers the substitution of coal and lignite for electricity
generation and household heating. The results reveal winners and losers at the regional level, with job losses in
coal-reliant regions but gains in areas with alternative energy sectors. A pronounced reduction in CO2 emissions
emerges as a key positive outcome, with significant abatements concentrated in Central-Eastern European re-
gions where coal and lignite were historically more intensively utilized. This study emphasizes the importance of
adopting balanced policies that strike an equilibrium between environmental goals and mitigating adverse so-
cioeconomic effects, including at the subnational level. Policymakers are strongly encouraged to conduct
comprehensive analyses, considering direct and indirect impacts on variables such as value-added, employment,
and CO2 emissions. Moreover, compensatory measures, such as the Just Transition Mechanism, should be
tailored to provide targeted support to the most affected regions, fostering fair and equitable social change.
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1. Introduction

Historically, coal has played a pivotal role in the energy landscape of
numerous EU member states, contributing significantly to power gen-
eration and industrial processes. However, the combustion of coal is a
major contributor to air pollution and greenhouse gas emissions, posing
risks to public health and exacerbating climate change. Therefore, this
historical reliance on coal has, raised concerns about environmental
sustainability, air quality, and greenhouse gas emissions. Recognizing
the urgency to transition to cleaner and more sustainable energy sour-
ces, the EU has outlined ambitious decarbonization goals, prominently
featured in initiatives such as the European Green Deal (European
Commission, 2019).

Furthermore, the socio-economic conditions in the EU-27 also play a
crucial role in shaping the discourse on coal use and phase-out. Various
regions within the EU have distinct economic structures, with some
heavily dependent on coal-related industries (Widuto, 2019). The
socio-economic impact of phasing out coal involves considerations of
employment, economic diversification, and regional development
(Böhringer and Rosendahl, 2022).

In the contemporary landscape, where more than 75% of the EU’s
greenhouse gas (GHG) emissions emanate from the production and
utilization of energy across diverse economic sectors (Alves Dias et al.,
2018, 2021), the imperative is clear. Prioritizing energy efficiency be-
comes paramount, necessitating the development of a new power sector
predominantly based on renewable sources (Solomon and Krishna,
2011). Simultaneously, ensuring the security and affordability of the
EU’s energy supply for consumers and businesses requires a fully inte-
grated and interconnected European energymarket (Gielen et al., 2019).

In alignment with the vision for a sustainable and decarbonized
future, the European Green Deal stands as the EU’s comprehensive
strategy to achieve zero net GHG emissions by 2050 (European Com-
mission, 2019). This initiative aims to foster a fair and prosperous so-
ciety with a resource-efficient and competitive economy, placing a
particular emphasis on clean, affordable, and secure energy. However,
achieving decarbonization involves a crucial step—transitioning away
from coal for electricity and heating.

Despite significant strides towards a greener future, it is noteworthy
that some European economies still heavily depend on coal. As reported
by Widuto (2019) in 2015, there were approximately 128 coal mines in
12 Member States, distributed across 41 regions at the NUTS-2 level.
Additionally, there were 207 coal power plants in 21 Member States,
spanning 103 NUTS-2 regions. Poland hosts the largest number of coal
mines, while Germany leads as the largest European coal producer,
contributing 184 million tons annually. Poland follows closely with 135
million tons, along with Greece and Czechia at 46 million tons each. The
concentration of coal power plants is notably high in Germany (53),
Poland (37), and Spain (16). The European coal sector currently sustains
employment for almost half a million people, although this varies
significantly between regions and countries, with the highest employ-
ment observed in Poland.

Extensive research has explored the socio-economic and environ-
mental impacts of coal phase-out with different geographical scope. With
a multiregional country-level perspective (Chen et al., 2019), at the
regional level in China (Wang et al., 2020; Yan et al., 2022), and in spe-
cific countries such as India (Roy and Schaffartzik, 2021), Colombia (Oei
and Mendelevitch, 2019), and Germany (Hansen et al., 2019; Oei, 2019).
In Europe, studies have focused on various aspects such as the impact of
decarbonization targets on investment decisions (Gerbaulet et al., 2019;
Löffler et al., 2019), the projection of GHG emissions (Giannakis and
Zittis, 2021), and the environmental impacts of EU enlargement (Duarte
and Serrano, 2021). Additionally, research has examined the economic
and environmental impacts of coal phase-out scenarios (Böhringer and
Rosendahl, 2022), the role of solar photovoltaic electricity (Bódis et al.,
2019), and employment effects from removing coal and lignite (Alves
Dias et al., 2021; Mandras and Salotti, 2021).

While these studies provide valuable insights, there is a need for a
more granular analysis of the socioeconomic and environmental impacts
of coal substitution across Europe. In light of this context, this study aims
to explore a pivotal question regarding the socio-economic and envi-
ronmental consequences of coal substitution. The specific focus is on
European regions at the NUTS-2 level, considering both regional and
sectoral interdependencies. Then, this study complements these previ-
ous works by utilizing a multiregional input-output (MRIO) table, spe-
cifically the EUREGIO-2017 (Almazán-Gómez et al., 2023; ESPON,
2022), and employing the Global Extraction Method (GEM)
(Dietzenbacher et al., 2019) to estimate the direct plus indirect impact of
coal substitution on value-added, employment, and CO2 emissions at the
NUTS-2 level. This regional-level perspective identifies regions most
affected and allows to assess potential mitigation strategies.

The GEM is applied at the sectoral level for two alternative scenarios:
both considers the substitution of intermediate inputs provided by the
coal and lignite mining sector to produce electric power in the EU27; in
addition, the second one also considers the substitution of mining to the
heating of households. The substitution of this input is obtained by
raising the production of the alternative sources.

Each scenario is divided into 3 subscenarios. These subscenarios
identify which regions or countries increase their production to replace
the drop in energy production generated by the disappearance of coal.
The first subscenario implies that all countries in the world can supply
each region; This is the least realistic and least restrictive of the scenarios;
It is calculated, and the results are offered in the supplementary infor-
mation (SI). The second subscenario is the most restrictive and assumes
that the substitutionwill be carried out by the same country; The results of
this scenario are also provided in the SI. The third subscenario implies
coupled markets and assumes that the replacement of energy not pro-
duced via coal in each European region must be produced in the same
country or in contiguous countries. This is, from the authors opinion, the
most realistic scenario within the European energy market. The results
presented in this work emanate from this third scenario, serving as the
focal point for the ensuing discussions and forming the basis for our
conclusive analyses. Then, this work is considering the net effects on so-
cioeconomic and environmental variables of the substitution of coal by
other sources in the power generation sector and for heating systems.

The results suggest that the substitution of coal and lignite will have
both the negative and positive effects in terms of value-added and
employment. The regions suffering the largest negative impacts are the
Eastern regions specialized in coal and lignite, while the positive effects
appear in a larger number of regions where the alternative energy sec-
tors are present within the own country and the adjacent ones. The total
effects in terms of employment are reasonable aligned with the ones of
value-added. The CO2 estimation reflects a strong and generalized
reduction in the emissions across all regions in Europe. The largest CO2
abatements are obtained in the Central-Eastern European regions, where
coal and lignite were more intensively used.

This work provides policymakers with a tool to analyse the socio-
economic and environmental trade-offs involved in the energy transi-
tion. By identifying both the winners and losers at the regional level, this
study offers insights into the necessary compensatory measures and
targeted support programs, such as the Just Transition Mechanism, to
ensure a balanced and equitable transition (European Commission,
2020a). This is particularly important in light of the European Green
Deal’s objectives, which aim to achieve a fair and prosperous society
with a competitive economy and zero net GHG emissions by 2050.

The rest of the paper is structured as follows: Section 2 revises the
literature on the computation of current GHG emissions and its potential
reduction in Europe and other relevant regions in the World. Following
that, Section 3 describes the methodology and scenarios description;
Section 4 reports the results obtained for the two alternative scenarios
considered. Section 5 is dedicated to the Discussion. Section 6, is dedi-
cated to the Conclusions and Policy Implication, providing insights into
the practical implications of the findings.
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2. Literature review

The existing body of research on greenhouse gas (GHG) emissions
measurement, decarbonization, and the transition from coal to alter-
native energy sources spans global and regional perspectives, high-
lighting both challenges and opportunities.

With global perspectives, Chen et al. (2019), utilized the world
input-output database (WIOD) to map energy use, identifying regions
with significant energy imbalances. Yan et al. (2022) and Wang et al.
(2020) using MRIO models and Structural Decomposition Analysis
(SDA) to reveal regional energy use patterns and emission intensities.
Their findings emphasized the varying carbon emission performances
across different regions within China.

Challenges in phasing out coal are well-documented by Zhao and
Alexandroff (2019) who pointed out the high costs of renewable energy
and the vested interests in the coal industry. Conversely, opportunities
were noted in the development of new renewable technologies and the
growing demand for clean energy. Figueiredo et al. (2019) explored the
potential of photovoltaic alternatives in Portugal, underscoring the
broader relevance of integrating such technologies into national energy
systems.

In the European context, Gerbaulet et al. (2019) offer a valuable
contribution. analyzed the impact of decarbonization targets on in-
vestment decisions in the electricity sector, using the dynELMOD model
to highlight the need for clear policy signals. Löffler et al. (2019) stressed
similar needs in their exploration of the European energy system’s future
trajectories, identifying risks associated with shortsighted planning.
Heinrichs et al. (2017) and Hansen et al. (2019) provided detailed as-
sessments of Germany’s transition from coal, focusing on the
socio-economic and environmental implications and the pathways to
achieving a fully renewable energy system by 2050.

Country-specific studies, such as those by Spencer et al. (2018) and
Roy and Schaffartzik (2021) examined the broader challenges of tran-
sitioning away from coal in developing economies like India. These
studies highlighted the tension between increasing energy demands and
the need for clean energy, illustrating the complex dynamics of energy
transitions. Oei and Mendelevitch (2019) provided insights into the
Colombian context, emphasizing the need to reassess coal mining sus-
tainability amid changing global demand.

Further research by Giannakis and Zittis (2021), utilized an envi-
ronmentally extended input–output model to project significant GHG
emissions increases in the EU by 2030 without additional mitigation
measures. Duarte and Serrano (2021) examined the effects of EU
enlargement on Central and Eastern Europe, finding that economic
integration could offset environmental pressures through technological
and structural changes.

The phase-out of coal in Europe has been extensively studied, with
Böhringer and Rosendahl (2022) quantifying the economic and envi-
ronmental impacts of various scenarios using a CGE model. Oei et al.
(2020a, 2020b) explored the socio-economic effects of coal phase-out in
Germany, underscoring the importance of supportive policies for a
successful transition. Bódis et al. (2019) emphasized the role of solar
photovoltaic electricity in aiding the transition of European coal regions.

Technological improvements in energy efficiency were highlighted
by Duarte et al. (2018), who demonstrated positive environmental
outcomes. Alves Dias et al. (2021) estimated significant job losses in
coal-in tensive regions due to decarbonization, while Mandras and Sal-
otti (2021) provided a comprehensive analysis of the direct and indirect
employment effects of removing coal and lignite in Europe.

Despite the breadth of these studies, a gap remains in the regional
analysis of coal substitution impacts across Europe at the NUTS-2 level.
Then, the present work addresses this gap by employing a NUTS-2 level
MRIO framework to estimate impacts on value-added, employment, and
CO2 emissions.

3. Methodology

The MRIO table used is the EUREGIO-2017 (Almazán-Gómez et al.,
2023; ESPON, 2022), encompassing 297 regions at the NUTS-2 level and
64 sectors. This MRIO table is rooted in the FIGARO table for 2017
(Remond-Tiendrez and Rueda-Cantuche, 2019). The EUREGIO-2017
surpasses its predecessor, the EUREGIO-2013 (Thissen et al., 2019), by
extending the FIGARO multi-country framework to the NUTS-2 level,
capturing region-to-region flows for all EU27 countries, the UK, Norway,
Iceland, Switzerland, and Liechtenstein. This multiregional and multi-
sectoral framework stands as the most complete and updated
inter-sectoral inter-regional framework currently available in Europe.

Let’s represent Z as a block matrix with Zrs matrices that capture the
inter-industry relations between regions r and s. Each submatrix Zrs is a
n-by-n matrix where n is the number of sectors considered. The on-
diagonal matrices (Zrr) capture the domestic intermediate flows (intra-
regional intermediate flows). In contrast, all off-diagonal matrices
(Zrs ∀ r ∕= s) contain the inter-industry interregional flows, where Zrs

ij is
the value of the production generated by sector i in region r that is being
used as an intermediate input by sector j in region s (interregional inter-
industry flow). The gross output of each industry is depicted by a column
vector x. Then, by dividing each element of the intermediate inputs
matrix (Zrs

ij ) by the gross output of the sector j in region s (xsj ) we obtain

the matrix of technical coefficients, denoted as A = Zx̂− 1. Each element
of this matrix (Ars

ij ) inform us about the requirements that the industry j
of region s has from the industry i from region r to produce an output of 1
monetary unit (one million Euros in our case). Let’s denote the matrix of
value-added generated as M, where each component Ms

cj represents the
component c of value-added (gross operating surplus, compensation of
employees, taxes, etc.) associated with industry j from region s. For the
shake of simplicity let’s assume there are no other components on the
supply side, and to aggregate the matrixM to obtain a row vector called

m
(
ms

j =
∑

cM
s
cj

)
. Then, by dividing them vector element to element by

the gross output, we obtain, for each sector of each region the share of
value-added over the total output, let’s call this vector as v. Note that
this vector (v) is a vector of value-added requirement per unit of output.
Finally, the final demand matrix, usually called Y, is also a block matrix
of matrices Yrs where each component Yrs

id represent the final demand
that the agent d (households, government, NPISHs, etc.) of region s
makes from industry i of region r. Let’s also aggregate all columns in the
final demand matrix to obtain a column vector (

∑
sdY

rs
id = yri→y). Then,

the main equations are as follows:

x=Ax+ y ↔ x = (I − A)− 1y (1)

m= v̂(I − A)− 1y (2)

Equation (1) depicts the output needed to satisfy the final demand,
while equation (2) shows the associated value-added. Note that the
Leontief model1 is linear, meaning that percentage changes in output
reflect the same percentage changes in value-added at the sector-region

level (x
r*
i − xri
xri

=
mr*

i − mr
i

mr
i

), as well as in employment and CO2 emissions.

Therefore, by utilizing an alternative vector (employment requirement
per unit of output or CO2 emissions per unit of output) in equation (2)
instead of the one for value-added, it is possible to calculate the
employment and CO2 emissions associated with each scenario.

The scenarios, described below, imply changes in certain values of
the intermediate inputs matrix (Z), and consequently in the technical
coefficients matrix (A). Additionally, type B scenarios involve changes in

1 This work employs an input-output model, a general equilibrium model in
practice. This model is value-based (price multiplied by quantity) and does not
incorporate price mechanisms or elasticities. This limitation is recognised and is
expected to be addressed in future research.
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the final demand vector (y). Subsequently, the effect of each scenario on
each sector in each region is calculated by applying equation (2) and
comparing the results with the status quo. This method, known in the
input-output framework as the “Global Extraction Method – GEM”
(Dietzenbacher et al., 2019), is an alternative approach for multire-
gional input-output models to the “Hypothetical Extraction Method –
HEM” (Miller and Blair, 2009), which should only be used in
single-region frameworks.

3.1. Scenarios description

As mentioned, the IO framework we use encompasses 64 sectors
across the 297 NUTS-2 European regions (rev. 2016). The specific sec-
tors can be found in the Annex. Here, our focus centres on the following
three sectors, encompassing all the assumptions.

• B - Mining and quarrying
• C19 - Manufacture of coke and refined petroleum products
• D - Electricity, gas, steam, and air conditioning supply

The scenarios are divided into two groups. Scenarios type A (Fig. 1
exclusively target the electricity generation sector, while scenarios type
B (Fig. 2) introduce the prohibition of coal in the final demand
(assuming that the use of coal for heating is prohibited). Thus, all sce-
narios assume the disappearance of coal as an input for energy pro-
duction in the EU27, requiring an increase in the use of oil (Sector C19)
or other sources (Sector D) to compensate for the decline in energy
production in each region. Scenarios “type B″also imply that coal cannot
be used by households. Consequently, to fulfil their heating needs,
sectors C19 and D are utilized. These extractions adhere to the GEM
(Dietzenbacher et al., 2019). Both type A and type B scenarios are
further divided into three sub-scenarios, each subject to three hypoth-
eses regarding the origin of the inputs required to substitute the unused
coal.

In this scenario, the focus is on substituting intermediate inputs from
the coal and lignite mining sector for electricity production in the EU27.
This reduction is counterbalanced by an equivalent increase in inputs
from all other alternative energy sources (oil, wind, thermal, nuclear,
etc.). It’s important to note that this scenario doesn’t involve eliminating
the use of coal in household heating, confining the shock to intermediate
demand rather than final demand.

3.1.1. Scenarios type A - decarbonization of energy production
In more technical terms, we assume a reduction in all Zrs

ij where the
demanding sector j is “D - Electricity, gas, steam, and air conditioning

supply”, the demandant region s belongs to EU27, the supplying sector i
is “B - Mining and quarrying”, and the supplying region belong to the
EU27. The reduction applied to the Zrs

ij is related to the portion of “coal
and lignite” within the entire “Mining and Quarrying” sector in each
region. These values, denoted as cri , have been calculated based on
EUROSTAT data and are detailed in Table A3 in the annex. The equa-
tions expressing this reduction are as follows:

Żrs
ij =

(
1 − cri

)
Zrs
ij ∀ (j=D and s∈EU27 and i=B and r∈EU27)

Żrs
ij =Zrs

ij ∀ (j∕=D or s∕∈EU27 or i∕=B or s∕∈EU27)

Furthermore, we assume that the total intermediate inputs required

by sectors remain constant (
∑

riZ
rs
ij =

∑
riŻ

rs
ij

)
, prompting the need to

establish criteria to compensate for declines in the energy supply sector
of the EU27 regions. As mentioned earlier, we estimate three sub-
scenarios corresponding to three alternative assumptions.

S_A1: The overall reduction (
∑

rizrsij −
∑

riż
rs
ij ) is offset by a propor-

tional increase in the input vectors generated by sectors “C19″ and “D"
across all regions, with an equal distribution. It is crucial to emphasize
that the declines are specifically concentrated in the input flows from “B"
to “D" in EU27 regions (where j= “D” and s ∈ EU27). In this scenario, the
augmented inputs “C19″ and “D" (subscript i) compensating for the
absence of coal can originate from any region r and are adjusted to
maintain the same quantity of intermediate inputs as before, ensuring
that

∑
riZ

rs
ij −

∑
riŻ

rs
ij = 0. In this scenario, there are no restrictions on the

source regions of the compensating products. This scenario, along with
the subsequent ones, adheres to the ad-hoc GEM approach
(Dietzenbacher et al., 2019). Implicit in this scenario is the assumption
that the reduction of the input provided by coal mining in the whole
EU27 is compensated with the increase of “C19” and “D” sectors inputs
using the effective structure of flows already included in the
EUREGIO-2017 table, without imposing any restrictions on the
geographical origin of the new inputs substituting the ones eliminated
from mining.

S_A2: The overall reduction is compensated by the “C19” and “D”
sectors of the regions in the producing countries, with an equitable
distribution. In this case, the inputs “C19” and “D” must come from
regions within the same country. These inputs are rescaled to maintain
the same value of intermediate inputs as before, ensuring that

∑
rizrsij −

∑
riż

rs
ij = 0. Implicit in this second sub-scenario is the assumption that

the reduction of the input provided by coal mining in the entire EU27 is
compensated with the increase of “C19” and “D” sectors inputs produced
within the same country where the mining sector was eliminated. This

Fig. 1. Scheme summarizing Scenarios type A: intermediate demand.
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scenario enforces a “within-country” substitution of energy input,
potentially influencing the positive/negative spillovers of electricity
decarbonization between countries.

S_A3: The overall reduction is compensated by the “C19” and “D”
sectors of the producer country regions and the contiguous countries,
with an equal distribution. Here, the inputs (“i”) “C19” and “D” that
come from regions of the same country and contiguous countries are
rescaled to maintain the same value of intermediate inputs as before,
ensuring that

∑
rizrsij −

∑
riż

rs
ij = 0. The contiguity matrix used is

restricted to EU27 and can be found in the annex Table A4. Implicit in
this third scenario is the assumption of a coupled market, wherein the
reduction of the input provided by coal mining in the entire EU27 is
compensated with the increase of “C19” and “D” sectors inputs produced
within the same country or in neighbouring ones. This setup is designed
to facilitate potential adjustments in the net requirements of energetic
inputs, given the easier integration of the electric networks of the
contiguous countries.

3.1.2. Scenarios type B - decarbonization of energy production and the
cessation of coal heating

Scenarios Type B involve the substitution of intermediate inputs
from the coal and lignite mining sector for electricity production (Sce-
narios Type A), previously considered, plus the replacement of mining
(sector B) for household heating in the EU27. Thus, the shock extends
from intermediate demand to final demand, anticipating a larger effect.
Here, the hypothesis is complete decarbonization in the EU27. Regions
that still produce carbon must reduce the output of sector “B" by the
proportion in which sector “B" is composed of carbon (see Table A3). Let
xri be the output of sector i of region r. Then, the output of sector “B” of
EU27 regions must be reduced:

ẋri =
(
1 − cri

)
xri ∀ (i=B and r∈EU27)

Note that the multiregional IO framework represented by EUREGIO-
2017 corresponds to a closed economy (the whole world). When the
total output of any sector falls, this sector must reduce demand. We then
estimate the fall in final demand as follows (with d subscript indicating
the component of final demand):

ẋri −
∑

sj
żrsij =

∑

sd
ẏrs
id

In this manner, we obtain a column vector indicating a provisional
new total final demand. To appropriately compensate for the declines in
the “B” sectors, we allocate the decreases to the household’s final de-
mand in EU27 regions. Then, following the same approach as before, we
consider three sub-scenarios with hypotheses regarding the geograph-
ical origin of the new inputs required.

• In S_B1, it is assumed that the compensation can come from sectors
“C19” and “D” from any region (the whole world), with full respect
to the effective trade structure of such inputs considered in the
EUREGIO-2017 for each region.

• In S_B2, it is assumed that the compensation will come from the
“C19” and “D” sector produced within the same country where the
“B” is reduced.

• Finally, S_B3 compensates the falls with an increase in “C19” and “D”
households’ final demand, as well as intermediate inputs from the
same country and contiguous countries.

3.2. Socioeconomic and environmental extension of the model

In addition to the EUREGIO-2017 table, it is essential to construct
two additional vectors at the regional-sectoral level that are compatible
with the EUREGIO-2017, capable of translating any impact in Value
Added (VA) and Output into the number of employees and CO2 emis-
sions. To develop the employment (EMP) and carbon dioxide (CO2)
vectors, we utilize the Environmental extended EXIOBASE database
(Stadler et al., 2018). The scope of the socioeconomic and environ-
mental satellite accounts in the latest release of EXIOBASE covers the
period from 1995 to 2020 and contains the values of 1113 stressors
(satellite accounts) for each of the 163 sectors accounted for in 44
countries.

Initially, we define the following approaches: Value-Added (VA) is
the sum of stressors 3 to 9. Employment (EMP) is the sum of stressors 10
to 15, and CO2 emissions are the sum of stressors 24, 93, 94, 428, 438,
and 439 (see Table A4 in the Appendix). Then, we aggregate the 163
industries available to the 64 considered in EUREGIO-2017. Details

Fig. 2. Scheme for scenario B: intermediate demand + final demand substitution.
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about these 163 industries and the matching can be found in Table A5 in
the Appendix. Subsequently, we divide employment and CO2 by the
value added. These two vectors establish the relationship between these
variables (CO2 and EMP) with VA, now for the 64 sectors considered in
EUREGIO-2017 and the countries considered in EXIOBASE. The coun-
tries included in EUREGIO-2017 but not in EXIOBASE are Iceland,
Liechtenstein, and Argentina. For these three economies, we use, as
proxies, the coefficients from the most closely related countries avail-
able in EXIOBASE, namely Finland, Switzerland, and Brazil,
respectively.

Next, we calculate the sectoral CO2 and EMP implicit values in the
EUREGIO-2017 table at the NUTS-2 level. Finally, the resultant vectors
have been adjusted (re-scaled) to align with the official values provided
by EUROSTAT, OECD, and ILO (see Table A7 in the Annex).

Note that an additional vector of CO2 emissions is needed, where the
emissions of sector “D” represent the emissions caused by electricity
production, but in this case, considering that the energy mix does not
include coal. To develop a CO2 emissions vector coherent with the
general assumptions we first assume a fix coefficient of 800 g of CO2 per
kWh, which has been computed as a conservative average from several
sources (Understanding CO2 Emissions from the Global Energy Sector
(Foster and Bedrosyan, 2014), Carbon Dioxide Emissions from Elec-
tricity (World Nuclear Association, 2022), Specific Carbon Dioxide
Emissions of Various Fuels (Volker Quaschning, 2022)). Then, we sub-
tract those emissions and calculate new coefficients for each country.
Table A8 show the adjustment in the CO2 coefficient of energy supply
sector.

4. Results

In this section, we present the main results, focusing on scenarios
S_A3 and S_B3 due to their complexity. These scenarios involve only the
same country and neighbouring countries supplying the inputs needed
to compensate for the declines in coal and lignite. Results for the other
scenarios are available in the Supplementary Information (SI). Note also
that the results from scenarios type A can be associated with decar-
bonization effects from the supply-side, meanwhile scenarios type B can
be associated with supply plus demand side effects.

4.1. Results of S_A3 scenario

The main results obtained for S_A3 are summarized in Fig. 3, divided
into three panels presenting the outcomes in terms of Value Added
(panel a), Employment (panel b), and CO2 emissions (panel c). It is
important to note that this scenario is the least invasive, as it assumes
that the substitution of coal & lignite only affects the intermediate input
for producing electric power, without involving final demand. The
substitution of this input affects other sectors within each country and
neighbouring ones. Results for the alternative scenarios S_A1 and S_A2
are reported in the SI.

4.1.1. Value added and employment: winners and losers
In terms of value added (VA) and employment, the results depict a

mix of negative and positive effects, reflecting the dynamics of winners
and losers caused by the substitution in the energy mix advocated by the
European Green Deal. Regions heavily specialized in coal and lignite
mining experience substantial negative impacts. Conversely, regions
with a strong presence in alternative energy sectors (C19 and D) observe
positive effects as they provide the necessary input to replace coal and
lignite. The negative shock is pronounced in certain regions, exceeding
1% in terms of Value Added and surpassing 0.5% in terms of Employ-
ment (EMP). The positive effects are moderate and more evenly
distributed, with peaks of 0.23% in terms of VA and 0.06% in terms of
EMP in some regions.

4.1.2. CO2 emission reductions
The estimation of CO2 emissions reflects a substantial and wide-

spread reduction across all European regions. The most significant CO2
reductions occur in Eastern European regions, as well as in Spain, Italy,
and the southern part of France. It’s worth noting that, in this scenario,
increases in CO2 emissions (primarily in Germany and Switzerland) are
consistently lower than 0.32%.

4.1.3. Spatial distribution
Since the substitution is confined to the alternative energy sources

available within each country and its neighbouring ones, the negative
and positive effects are spatially concentrated. This clustering provides
insight into how the positive and negative effects in terms of production
and employment will be grouped in “clubs” of neighbouring countries.
This spatial concentration helps counterbalance the negative and posi-
tive spillovers of the mining and alternative energy sectors within these
regional groups.

In general terms, the detailed results for each European NUTS-2 re-
gion are provided in the Supplementary Information (SI), covering
scenario types 1 and 2. In summary, the decarbonization of the energy
production process does not lead to significant alterations in the overall
value added (VA) generated across Europe, with a minimal variation of
− 0.001% in total Europe’s VA. However, there is a shift in the regional
distribution of VA, identifying winners and losers (Fig. 3, panel a).
Parallel findings and identical spatial distribution patterns are observed
in terms of employment (Fig. 3, panel b). In terms of CO2 emissions, the
S_A3 scenario indicates a notable reduction of nearly 7.6% in CO2
emissions within the EU27. It is noteworthy that these reductions exhibit
spatial unevenness (Fig. 3, panel c).

4.2. Results of S_B3 scenario

Let the focus be on the results of S_B3, summarized in Fig. 4, which is
also divided into three panels, considering the results in terms of Value
Added (panel a), Employment (panel b) and CO2 emission (panel c).
This scenario is the most extensive and aggressive as it assumes the
substitution of both the intermediate input for electricity production and
the elimination of heating based on coal & lignite. Similar to other
scenarios, this substitution involves increasing the production of alter-
native sources in the same country (other regions) and neighbouring
ones.

4.2.1. Value added and employment: winners and losers
In terms of Value Added (VA) and employment, regions specializing

in coal and lignite mining, especially in Eastern regions, experience the
most significant negative impacts. Conversely, positive effects are
observed in numerous regions where alternative energy sectors (C19
and D) are present within the country and adjacent ones. The negative
shock is notable in some regions, with VA losses exceeding 3% and
employment losses exceeding 2%. Positive effects are more widely
distributed among regions.

4.2.2. CO2 emission reductions
Regarding CO2 emissions, it is important to note that the data only

reflect CO2 emissions caused by each productive sector, excluding
household emission. Therefore, the results indicate percentage varia-
tions in emissions required for production. The reduction in CO2 emis-
sions due to not using coal for heating is not considered in Fig. 4 panel c).
However, the actual reduction in CO2 emissions is expected to be greater
than shown. Taking this into account, the results demonstrate a sub-
stantial and widespread reduction in emissions across most European
regions. Exceptions, where emissions increase, are concentrated in
Germany, Switzerland, Poland, and the Baltic republics. These increases
are lower than 6% in all cases. The rise in emissions in these regions is
attributed to their already decarbonized or mostly decarbonized elec-
tricity generation sectors, leaving limited room for improvement. Thus,
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Fig. 3. Scenario A3. Total effects: VA, employment, and CO2 emissions.
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Fig. 4. Scenario B3. Total effects: VA, employment, and CO2 emissions.
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increased electricity production in these regions inevitably leads to
higher CO2 emissions.

4.2.3. Spatial distribution
Given the assumption that substitution occurs within each country

reducing mining and its neighbouring countries, the negative and pos-
itive effects are observed within groups of countries. It’s essential to note
that this representation is constructed and may not precisely correspond
to reality. However, it illustrates the negative and positive spillovers can
be observed, considering that neighbouring economies are usually more
closely interconnected by inter-regional and inter-sectoral relations.
Notably, the negative effects on socioeconomic variables observed in
regions like Poland, Bulgaria, or Romania generate positive effects in
those countries, as well as in Germany, Slovenia, Austria, and Italy. This
result supports the idea that countries suffering the most from the CO2
emissions of neighbouring coal & lignite use are the ones reaping po-
tential benefits from their substitution.

Overall, this scenario entails the complete substitution of ’coal &
lignite’ across the EU27. Similar to the previous scenario, the overall
impacts (across the entire Europe) on VA and employment are practi-
cally zero (refer to results in the SI). However, there is a shift in the
regional distribution of VA and employment, leading to the identifica-
tion of winners and losers (Fig. 4, panels a) and b In terms of CO2
emissions (required for production, excluding household direct emis-
sions), the S_B3 scenario indicates a notable reduction of nearly 6.9% in
CO2 emissions within the EU27. It’s important to note that, as
mentioned earlier, this reduction in CO2 emissions is underestimated as
household direct emissions are not considered.

4.3. Key findings

The analysis of the socio-economic and environmental impacts of
coal and lignite substitution in the EU27, using the EUREGIO-2017
multiregional input-output table, reveals a complex set of trade-offs at
the regional level. The substitution of coal and lignite in both electricity
generation and household heating generates significant variability in
outcomes across different regions.

One of the key findings is the identification of regions that experi-
ence both positive and negative economic impacts as a result of the
transition. Regions that are heavily dependent on coal and lignite,
particularly in Central-Eastern Europe, are the most negatively affected,
with substantial declines in value-added and employment. Conversely,
regions with established alternative energy sectors see positive eco-
nomic effects, as the demand for these alternative sources increases.

The environmental outcomes are unequivocally positive, with a
pronounced reduction in CO2 emissions across all European regions.
The most significant reductions are observed in regions where coal and
lignite were historically the dominant sources of energy, further
underscoring the environmental benefits of the transition.

5. Discussion

The European Green Deal represents a unified and ambitious strategy
within the EU27 aimed at combatting global warming (European
Commission, 2019). Beyond environmental concerns, the initiative
seeks to safeguard the EU’s natural capital, ensuring the well-being of its
citizens by addressing environment-related risks and impacts. It also
emphasizes the principles of justice and inclusivity in the transition
process (European Commission, 2020b).

A pivotal component of this overarching framework is the imperative
to decarbonize the energy sector and eliminate coal usage in heating
systems (European Commission, 2020c). While this endeavour promises
significant positive outcomes, particularly in reducing greenhouse gas
emissions, it simultaneously poses undeniable challenges, notably in
regions traditionally dependent on coal mining, leading to pronounced
negative socioeconomic impacts (Alves Dias et al., 2018). The trade-offs
inherent in these environmental and socioeconomic variables necessi-
tate a nuanced analysis that considers not only the direct impacts but
also the intricate web of indirect effects, collectively representing the
total repercussions (Mandras and Salotti, 2021).

The findings of this study align with other works focussed on Europe
(Alves Dias et al., 2018, 2021; Mandras et al., 2019a; Mandras and
Salotti, 2021) This work adds to the existing literature a comprehensive
Pan-European quantitative analysis focuses on the socioeconomic and
environmental repercussions associated with the complete substitution
of coal and lignite.

The results obtained suggests that, in the most restrictive scenario
proposed (S_B3), the EU27 could achieve a reduction of approximately
160 thousand tons of CO2 emissions. However, this reduction comes at a
total net cost of approximately 425 million in value-added and a
reduction of 95,000 employment opportunities. These results comple-
ment findings obtained through alternative methodologies, such as the
RHOMOLO-IO model (Mandras et al., 2019b; Mandras and Salotti,
2021). This alternative approach not only estimates employment losses
but also considers the broader impact on value-added and the positive
gains associated with CO2 emissions reduction.

In concert, these diverse insights contribute to a better understand-
ing of the trade-offs between environmental objectives and the socio-
economic consequences inherent in the European Green Deal. This
nuanced understanding positions our approach as a fundamental tool for
policymaking, offering policymakers a comprehensive view of the
multifaceted implications associated with the pursuit of environmental
goals, thereby facilitating more informed and balanced decision-making
processes.

6. Conclusion and policy implications

The present work contributes to enrich the debate about the need of
compensatory programs such as the Just Transition Mechanism adopted
by the EU (European Commission, 2020a). This instrument is under the
umbrella of the European Green Deal and provides targeted support to
help mobilise at least €150 billion over the period 2021–2027 to support
the most affected regions involved in coal, peat, and oil shale activities.
As the European Green Deal progresses, it becomes evident that the
transition away from coal and lignite is not a one-size-fits-all solution.
Regional disparities, technological nuances, and the evolving geopolit-
ical landscape demand an adaptive policy framework. The analysis
provided here is expected to assist policymakers in making informed
decisions by considering the total net trade-offs at both national and
sub-national levels.

This study aimed to quantify the socio-economic and environmental
impacts of transitioning away from coal and lignite in the EU. Using the
EUREGIO-2017 MRIO table and the GEM, two scenarios (S_A3 and S_B3)
were analyzed, focusing on value-added, employment, and CO2 emis-
sions across European regions. The results indicated a mix of negative
and positive effects, with significant reductions in CO2 emissions but
varying socio-economic impacts across different regions.

This work employs an input-output (IO) model, one of the most
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widely used frameworks for economic and environmental analysis
(Rose, 1995; Timilsina, 2022). IO models and Computable General
Equilibrium (CGE) models are both powerful tools, each with their own
strengths and limitations. While both approaches can account for de-
mand- and supply-side effects, CGE models are typically more flexible
for long-term analysis due to their ability to model agent behaviour and
substitutions between factors and inputs. By contrast, IO models, such as
the one used in this study, rely on fixed coefficients (Leontief production
functions) and do not allow for substitution possibilities or reflect price
changes. This fixed nature limits their ability to model supply con-
straints and dynamic market adjustment s (Rose, 1995; Timilsina, 2022).

Despite these limitations, the IO approach provides a more dis-
aggregated analysis than a standard CGE model, particularly useful for
regional-level studies such as ours, which focuses on the NUTS-2 level.
Additionally, comparisons with works such as those by Mandras and
Salotti (2021), which use a more CGE-oriented framework, highlight the
different analytical capabilities between the two approaches. While a
CGE model might offer greater flexibility in accounting for elasticities
and substitution effects, the linear relationships assumed in an IO model
allow for more detailed sectoral and regional insights, even if these re-
lationships are more static.

Our analysis includes two types of scenarios that reflect both supply-
side and demand-side considerations. The Type A scenarios focus solely
on the disappearance of coal as an input for electricity production,
representing the supply-side effect. On the other hand, the Type B sce-
narios assume a complete decarbonization, eliminating coal not only as
an input but also from final demand (households, institutions, exports).
By comparing these two types of scenarios, the demand-side impact can
be inferred, though it is not the primary focus of the study. The inter-
action between supply- and demand-side dimensions could lead to more
complex effects, but such interactions are beyond the scope of this work
and would require more flexible approaches that consider substitution
elasticities and dynamic market adjustments.

The findings of this study have significant policy implications for the
ongoing efforts to align with the European Green Deal’s objectives and
address the challenges associated with the decarbonization of the energy
sector. This analysis underscores the need for policymakers to adopt
approaches considering the balance between environmental sustain-
ability and socioeconomic impacts. The following policy recommenda-
tions emerge from our study.

• Balanced Policies: Policymakers must strike a delicate balance be-
tween achieving environmental goals, such as reducing greenhouse
gas emissions through the elimination of coal in the energy sector
and mitigating the adverse socioeconomic effects on regions
dependent on coal mining.

• Comprehensive Analysis: When formulating and evaluating decar-
bonization policies, it is imperative to conduct a comprehensive
analysis that goes beyond direct effects. Considering both direct and
indirect impacts on variables such as value added, employment, and
CO2 emissions provides a better understanding of the trade-offs
involved.

• Compensatory Measures: Compensatory programs, such as the Just
Transition Mechanism, should be designed to provide targeted sup-
port to the most affected regions, ensuring fair and equitable social
change.

• Sub-national Dimension: Understanding the trade-offs at sub-
national levels is crucial for tailoring interventions to the specific
needs and challenges of most affected regions.

• Adaptability to External Factors: Recognizing the impact of external
events, such as geopolitical shifts, policymakers should be adaptable
in their approach. The recent Russian invasion of Ukraine and
ensuing economic sanctions serve as a reminder that unforeseen
events can reshape the energy landscape, necessitating a flexible
policy framework (Almazán-Gómez et al., 2024).

• Addressing Research Gaps: Policymakers should acknowledge the
limitations highlighted in this study and support further research to
address gaps, including the technical aspects of energy substitution,
variations in total energy supply, investment requirements for plant
transformations, and potential modifications in technology and
production capacity.

Overall, this research provides an analysis of the socio-economic and
environmental trade-offs involved in the transition away from coal and
lignite in the EU. The identified trade-offs and policy implications offer
valuable insights, but they must be considered within the context of an
ever-changing global and regional landscape. Ensuring a resilient and
equitable energy transition across the European Union requires a
commitment to environmental sustainability, socio-economic justice,
and adaptable policy formulations.

While this research makes significant contributions, it is not without
limitations. The approach does not address price elasticity and factors
such as the technical substitution relationships between fossil and
alternative energy sources, potential variations in total energy amounts,
and the investment needed for plant transformation. Additionally, it
does not explicitly consider modifications in technology within each
alternative energy source, production capacity constraints, or external
factors like sanctions and geopolitical events (Almazán-Gómez et al.,
2024; Chepeliev et al., 2022; Estrada and Koutronas, 2022). Future
research should delve deeper into the technical and economic intricacies
of energy substitution, evaluate potential shifts in overall energy de-
mand, and consider the dynamic nature of technological advancements.
Additionally, the impact of geopolitical events on energy policies re-
quires ongoing evaluation to ensure that strategies remain resilient and
adaptable to changing circumstances.
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8. Annex

Table A.1
Countries and sectors included in FIGARO IO table.

BE Belgium S_64 CH Switzerland S_30
BG Bulgaria S_64 NO Norway S_30
CZ Czechia S_64 RU Russian Federation S_30
DK Denmark S_64 TR Turkey S_30
DE Germany S_64 CA Canada S_30
EE Estonia S_64 MX Mexico S_30
IE Ireland S_64 AR Argentina S_30
EL Greece S_64 BR Brazil S_30
ES Spain S_64 ZA South Africa S_30
FR France S_64 AU Australia S_30
HR Croatia S_64 SA Saudi Arabia S_30
IT Italy S_64 ID Indonesia S_30
CY Cyprus S_64 CN China S_30
LV Latvia S_64 IN India S_30
LT Lithuania S_64 JP Japan S_30
LU Luxembourg S_64 KR Korea (Republic of) S_30
HU Hungary S_64 WRL_REST Rest of the World S_30
MT Malta S_64 ​ ​ ​
NL Netherlands S_64 ​ ​ ​
AT Austria S_64 ​ ​ ​
PL Poland S_64 ​ ​ ​
PT Portugal S_64 ​ ​ ​
RO Romania S_64 ​ ​ ​
SI Slovenia S_64 ​ ​ ​
SK Slovakia S_64 ​ ​ ​
FI Finland S_64 ​ ​ ​
SE Sweden S_64 ​ ​ ​
UK United Kingdom S_64 ​ ​ ​
US United States of America S_64 ​ ​ ​

Source: EUROSTAT. Note: Switzerland and Norway economies in the
EUREGIO-2017 are composed by 64 sectors.
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Table A.2
Sectors in FIGARO tables

A A01 Crop and animal production, hunting and related service activities
A02 Forestry and logging
A03 Fishing and aquaculture

B B Mining and quarrying
C10-12 C10-12 Manufacture of food products; beverages and tobacco products
C13-15 C13-15 Manufacture of textiles, wearing apparel, leather and related products
C16-18 C16 Manufacture of wood and of products of wood and cork, except furniture; manufacture of articles of straw and plaiting materials

C17 Manufacture of paper and paper products
C18 Printing and reproduction of recorded media

C19 C19 Manufacture of coke and refined petroleum products
C20_21 C20 Manufacture of chemicals and chemical products

C21 Manufacture of basic pharmaceutical products and pharmaceutical preparations
C22_23 C22 Manufacture of rubber and plastic products

C23 Manufacture of other non-metallic mineral products
C24_25 C24 Manufacture of basic metals

C25 Manufacture of fabricated metal products, except machinery and equipment
C26 C26 Manufacture of computer, electronic and optical products
C27 C27 Manufacture of electrical equipment
C28 C28 Manufacture of machinery and equipment n.e.c.
C29_30 C29 Manufacture of motor vehicles, trailers and semi-trailers

C30 Manufacture of other transport equipment
C31-33 C31_32 Manufacture of furniture; other manufacturing

C33 Repair and installation of machinery and equipment
D_E D Electricity, gas, steam and air conditioning supply

E36 Water collection, treatment and supply
E37-39 Sewerage, waste management, remediation activities

F F Construction
G G45 Wholesale and retail trade and repair of motor vehicles and motorcycles

G46 Wholesale trade, except of motor vehicles and motorcycles
G47 Retail trade, except of motor vehicles and motorcycles

H H49 Land transport and transport via pipelines
H50 Water transport
H51 Air transport
H52 Warehousing and support activities for transportation
H53 Postal and courier activities

I I Accommodation and food service activities
J58-60 J58 Publishing activities

J59_60 Motion picture, video, television programme production; programming and broadcasting activities
J61 J61 Telecommunications
J62_63 J62_63 Computer programming, consultancy, and information service activities
K K64 Financial service activities, except insurance and pension funding

K65 Insurance, reinsurance and pension funding, except compulsory social security
K66 Activities auxiliary to financial services and insurance activities

L68 L68 Real estate activities
M_N M69_70 Legal and accounting activities; activities of head offices; management consultancy activities

M71 Architectural and engineering activities; technical testing and analysis
M72 Scientific research and development
M73 Advertising and market research
M74_75 Other professional, scientific and technical activities; veterinary activities
N77 Rental and leasing activities
N78 Employment activities
N79 Travel agency, tour operator reservation service and related activities
N80-82 Security and investigation, service and landscape, office administrative and support activities

O84 O84 Public administration and defence; compulsory social security
P85 P85 Education
Q Q86 Human health activities

Q87_88 Residential care activities and social work activities without accommodation
R_S R90-92 Creative, arts and entertainment activities; libraries, archives, museums, and other cultural activities; gambling and betting activities

R93 Sports activities and amusement and recreation activities
S94 Activities of membership organisations
S95 Repair of computers and personal and household goods
S96 Other personal service activities

T_U T Activities of households as employers; undifferentiated goods- and services-producing activities of households for own use
U Activities of extraterritorial organisations and bodies

Source: FIGARO Project / EUREGIO-2017
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Table A.3
Weight of Carbon over all mining sector
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The data on mining and more specifically the share of the B5 division in the B section have been estimated on the basis of data contained in
EUROSTAT’s Structural Business Statistics tables for economic entities in the NACE nomenclature. The calculation took into account the number of
employees and the number of entities in both division B5 – Mining of coal and lignite and the corresponding proportion of division B9 - Mining support
service activities.
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Table A.4
EU27 contiguity matrix at the country level

Source: Own elaboration

Table A.5
Stressors used.

variable code description

Value Added str0003 Compensation of employees; wages, salaries, & employers’ social contributions: Low-skilled
str0004 Compensation of employees; wages, salaries, & employers’ social contributions: Medium-skilled
str0005 Compensation of employees; wages, salaries, & employers’ social contributions: High-skilled
str0006 Operating surplus: Consumption of fixed capital
str0007 Operating surplus: Rents on land
str0008 Operating surplus: Royalties on resources
str0009 Operating surplus: Remaining net operating surplus

Employment str0010 Employment: Low-skilled male
str0011 Employment: Low-skilled female
str0012 Employment: Medium-skilled male
str0013 Employment: Medium-skilled female
str0014 Employment: High-skilled male
str0015 Employment: High-skilled female

CO2 str0024 CO2 - combustion - air
str0093 CO2 - non-combustion - Cement production - air
str0094 CO2 - non-combustion - Lime production - air
str0428 CO2 - agriculture - peat decay - air
str0438 CO2 - waste - biogenic - air
str0439 CO2 - waste - fossil - air

Source: Own elaboration based on EXIOBASE.
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Table A.6
Sectoral matching

A01 s001 Cultivation of paddy rice
A01 s002 Cultivation of wheat
A01 s003 Cultivation of cereal grains nec
A01 s004 Cultivation of vegetables, fruit, nuts
A01 s005 Cultivation of oil seeds
A01 s006 Cultivation of sugar cane, sugar beet
A01 s007 Cultivation of plant-based fibers
A01 s008 Cultivation of crops nec
A01 s009 Cattle farming
A01 s010 Pigs farming
A01 s011 Poultry farming
A01 s012 Meat animals nec
A01 s013 Animal products nec
A01 s014 Raw milk
A01 s015 Wool, silk-worm cocoons
A01 s016 Manure treatment (conventional), storage and land application
A01 s017 Manure treatment (biogas), storage and land application
A02 s018 Forestry, logging and related service activities (02)
A03 s019 Fishing, operating of fish hatcheries and fish farms; service activities incidental to fishing (05)
B s020 Mining of coal and lignite; extraction of peat (10)
B s021 Extraction of crude petroleum and services related to crude oil extraction, excluding surveying
B s022 Extraction of natural gas and services related to natural gas extraction, excluding surveying
B s023 Extraction, liquefaction, and regasification of other petroleum and gaseous materials
B s024 Mining of uranium and thorium ores (12)
B s025 Mining of iron ores
B s026 Mining of copper ores and concentrates
B s027 Mining of nickel ores and concentrates
B s028 Mining of aluminium ores and concentrates
B s029 Mining of precious metal ores and concentrates
B s030 Mining of lead, zinc and tin ores and concentrates
B s031 Mining of other non-ferrous metal ores and concentrates
B s032 Quarrying of stone
B s033 Quarrying of sand and clay
B s034 Mining of chemical and fertiliser minerals, production of salt, other mining and quarrying n.e.c.
C10-12 s035 Processing of meat cattle
C10-12 s036 Processing of meat pigs
C10-12 s037 Processing of meat poultry
C10-12 s038 Production of meat products nec
C10-12 s039 Processing vegetable oils and fats
C10-12 s040 Processing of dairy products
C10-12 s041 Processed rice
C10-12 s042 Sugar refining
C10-12 s043 Processing of Food products nec
C10-12 s044 Manufacture of beverages
C10-12 s045 Manufacture of fish products
C10-12 s046 Manufacture of tobacco products (16)
C13-15 s047 Manufacture of textiles (17)
C13-15 s048 Manufacture of wearing apparel; dressing and dyeing of fur (18)
C13-15 s049 Tanning and dressing of leather; manufacture of luggage, handbags, saddlery, harness and footwear (19)
C16 s050 Manufacture of wood and of products of wood and cork, except furniture; manufacture of articles of straw and plaiting materials (20)
C16 s051 Re-processing of secondary wood material into new wood material
C17 s052 Pulp
C17 s053 Re-processing of secondary paper into new pulp
C17 s054 Paper
C18 s055 Publishing, printing and reproduction of recorded media (22)
J58 s055 Publishing, printing and reproduction of recorded media (22)
J59_60 s055 Publishing, printing and reproduction of recorded media (22)
C19 s056 Manufacture of coke oven products
C19 s057 Petroleum Refinery
C24 s058 Processing of nuclear fuel
C20 s059 Plastics, basic
C20 s060 Re-processing of secondary plastic into new plastic
C20 s061 N-fertiliser
C20 s062 P- and other fertiliser
C20 s063 Chemicals nec
C21 s063 Chemicals nec
C22 s064 Manufacture of rubber and plastic products (25)
C23 s065 Manufacture of glass and glass products
E37-39 s066 Re-processing of secondary glass into new glass
C23 s067 Manufacture of ceramic goods
C23 s068 Manufacture of bricks, tiles and construction products, in baked clay
C23 s069 Manufacture of cement, lime and plaster
C33 s070 Re-processing of ash into clinker
C23 s071 Manufacture of other non-metallic mineral products n.e.c.
C24 s072 Manufacture of basic iron and steel and of ferro-alloys and first products thereof
C24 s073 Re-processing of secondary steel into new steel

(continued on next page)
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Table A.6 (continued )

C24 s074 Precious metals production
C24 s075 Re-processing of secondary precious metals into new precious metals
C24 s076 Aluminium production
C24 s077 Re-processing of secondary aluminium into new aluminium
C24 s078 Lead, zinc and tin production
C24 s079 Re-processing of secondary lead into new lead, zinc and tin
C24 s080 Copper production
C24 s081 Re-processing of secondary copper into new copper
C24 s082 Other non-ferrous metal production
C24 s083 Re-processing of secondary other non-ferrous metals into new other non-ferrous metals
C24 s084 Casting of metals
C25 s085 Manufacture of fabricated metal products, except machinery and equipment (28)
C33 s085 Manufacture of fabricated metal products, except machinery and equipment (28)
C25 s086 Manufacture of machinery and equipment n.e.c. (29)
C27 s086 Manufacture of machinery and equipment n.e.c. (29)
C28 s086 Manufacture of machinery and equipment n.e.c. (29)
C33 s086 Manufacture of machinery and equipment n.e.c. (29)
S95 s086 Manufacture of machinery and equipment n.e.c. (29)
C26 s087 Manufacture of office machinery and computers (30)
C28 s087 Manufacture of office machinery and computers (30)
C33 s087 Manufacture of office machinery and computers (30)
C26 s088 Manufacture of electrical machinery and apparatus n.e.c. (31)
C27 s088 Manufacture of electrical machinery and apparatus n.e.c. (31)
C28 s088 Manufacture of electrical machinery and apparatus n.e.c. (31)
C29 s088 Manufacture of electrical machinery and apparatus n.e.c. (31)
C33 s088 Manufacture of electrical machinery and apparatus n.e.c. (31)
C26 s089 Manufacture of radio, television and communication equipment and apparatus (32)
C27 s089 Manufacture of radio, television and communication equipment and apparatus (32)
C28 s089 Manufacture of radio, television and communication equipment and apparatus (32)
C33 s089 Manufacture of radio, television and communication equipment and apparatus (32)
S95 s089 Manufacture of radio, television and communication equipment and apparatus (32)
C26 s090 Manufacture of medical, precision and optical instruments, watches and clocks (33)
C28 s090 Manufacture of medical, precision and optical instruments, watches and clocks (33)
C31_32 s090 Manufacture of medical, precision and optical instruments, watches and clocks (33)
C33 s090 Manufacture of medical, precision and optical instruments, watches and clocks (33)
C29 s091 Manufacture of motor vehicles, trailers and semi-trailers (34)
C30 s091 Manufacture of motor vehicles, trailers and semi-trailers (34)
C28 s092 Manufacture of other transport equipment (35)
C30 s092 Manufacture of other transport equipment (35)
C33 s092 Manufacture of other transport equipment (35)
C26 s093 Manufacture of furniture; manufacturing n.e.c. (36)
C31_32 s093 Manufacture of furniture; manufacturing n.e.c. (36)
C33 s093 Manufacture of furniture; manufacturing n.e.c. (36)
S95 s093 Manufacture of furniture; manufacturing n.e.c. (36)
E37-39 s094 Recycling of waste and scrap
E37-39 s095 Recycling of bottles by direct reuse
D s096 Production of electricity by coal
D s097 Production of electricity by gas
D s098 Production of electricity by nuclear
D s099 Production of electricity by hydro
D s100 Production of electricity by wind
D s101 Production of electricity by petroleum and other oil derivatives
D s102 Production of electricity by biomass and waste
D s103 Production of electricity by solar photovoltaic
D s104 Production of electricity by solar thermal
D s105 Production of electricity by tide, wave, ocean
D s106 Production of electricity by Geothermal
D s107 Production of electricity nec
D s108 Transmission of electricity
D s109 Distribution and trade of electricity
D s110 Manufacture of gas; distribution of gaseous fuels through mains
D s111 Steam and hot water supply
E36 s112 Collection, purification and distribution of water (41)
F s113 Construction (45)
F s114 Re-processing of secondary construction material into aggregates
G45 s115 Sale, maintenance, repair of motor vehicles, motor vehicles parts, motorcycles, motor cycles parts and accessories
G45 s116 Retail sale of automotive fuel
G46 s117 Wholesale trade and commission trade, except of motor vehicles and motorcycles (51)
G47 s118 Retail trade, except of motor vehicles and motorcycles; repair of personal and household goods (52)
S95 s118 Retail trade, except of motor vehicles and motorcycles; repair of personal and household goods (52)
I s119 Hotels and restaurants (55)
H49 s120 Transport via railways
H49 s121 Other land transport
H49 s122 Transport via pipelines
H50 s123 Sea and coastal water transport
H50 s124 Inland water transport
H51 s125 Air transport (62)

(continued on next page)
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Table A.6 (continued )

H52 s126 Supporting and auxiliary transport activities; activities of travel agencies (63)
N79 s126 Supporting and auxiliary transport activities; activities of travel agencies (63)
H53 s127 Post and telecommunications (64)
J61 s127 Post and telecommunications (64)
K64 s128 Financial intermediation, except insurance and pension funding (65)
K65 s129 Insurance and pension funding, except compulsory social security (66)
K66 s130 Activities auxiliary to financial intermediation (67)
L68 s131 Real estate activities (70)
N77 s132 Renting of machinery and equipment without operator and of personal and household goods (71)
J58 s133 Computer and related activities (72)
J62_63 s133 Computer and related activities (72)
S95 s133 Computer and related activities (72)
M72 s134 Research and development (73)
J62_63 s135 Other business activities (74)
K64 s135 Other business activities (74)
M69_70 s135 Other business activities (74)
M71 s135 Other business activities (74)
M73 s135 Other business activities (74)
M74_75 s135 Other business activities (74)
N77 s135 Other business activities (74)
N78 s135 Other business activities (74)
N80-82 s135 Other business activities (74)
P85 s135 Other business activities (74)
O84 s136 Public administration and defence; compulsory social security (75)
P85 s137 Education (80)
M74_75 s138 Health and social work (85)
Q86 s138 Health and social work (85)
Q87_88 s138 Health and social work (85)
E37-39 s139 Incineration of waste: Food
E37-39 s140 Incineration of waste: Paper
E37-39 s141 Incineration of waste: Plastic
E37-39 s142 Incineration of waste: Metals and Inert materials
E37-39 s143 Incineration of waste: Textiles
E37-39 s144 Incineration of waste: Wood
E37-39 s145 Incineration of waste: Oil/Hazardous waste
E37-39 s146 Bio gasification of food waste, incl. land application
E37-39 s147 Bio gasification of paper, incl. land application
E37-39 s148 Bio gasification of sewage sludge, incl. land application
E37-39 s149 Composting of food waste, incl. land application
E37-39 s150 Composting of paper and wood, incl. land application
E37-39 s151 Wastewater treatment, food
E37-39 s152 Wastewater treatment, other
E37-39 s153 Landfill of waste: Food
E37-39 s154 Landfill of waste: Paper
E37-39 s155 Landfill of waste: Plastic
E37-39 s156 Landfill of waste: Inert/metal/hazardous
E37-39 s157 Landfill of waste: Textiles
E37-39 s158 Landfill of waste: Wood
S94 s159 Activities of membership organisation n.e.c. (91)
J59_60 s160 Recreational, cultural, and sporting activities (92)
J62_63 s160 Recreational, cultural, and sporting activities (92)
N79 s160 Recreational, cultural, and sporting activities (92)
R90-92 s160 Recreational, cultural, and sporting activities (92)
R93 s160 Recreational, cultural, and sporting activities (92)
R93 s161 Other service activities (93)
S96 s161 Other service activities (93)
T s162 Private households with employed persons (95)
U s163 Extra-territorial organisations and bodies

Source: Own elaboration.

Table A.7
CO2 emissions and employment at the country level

Country CO2 (thousand tons) Jobs (thousand people)

AU 414,598 12,252
AT 69,599 4260
BE 99,448 4638
CA 569,360 18,416
CZ 107,613 5222
DK 36,235 2789
EE 18,788 659
FI 44,652 2473
FR 353,367 26,803
DE 785,883 41,664
EL 74,855 3753

(continued on next page)
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Table A.7 (continued )

Country CO2 (thousand tons) Jobs (thousand people)

HU 49,452 4421
IS 3605 194
IE 39,133 2194
IT 352,850 23,023
JP 1,188,123 64,815
KR 650,156 26,868
LV 7215 895
LT 13,572 1355
LU 9261 272
MX 487,667* 229
NL 162,610 8605
NO 43,631 2644
PL 337,683 16,423
PT 55,231 4757
SK 36,031 2531
SI 14,592 959
ES 274,642 18,825
SE 42,594 5022
CH 38,183 4637
TR 425,329 28,197
UK 388,283 31,965
US 5,207,751 153,337
AR 121,932* 11,568
BR 474,097* 89,808
BG 47,582 3150
CN 6,233,500* 776,400
HR 18,718 1625
CY 7523 380
IN 982,728* 360,574
ID 381,061* 122,781
LI 155 19
MT 1559 221
RO 77,203 8671
RU 1,646,457 2795
ZA 273,170* 16,364

Source: EUROSTAT, OECD and ILO. *Data from a different year.

Table A.8
CO2 coefficient (adjustment factor for European Green Deal scenarios)

BE Belgium 0.9965
BG Bulgaria 0.4211
CZ Czechia 0.3645
DK Denmark 0.1317
DE Germany 1.0000
EE Estonia 1.0000
IE Ireland 0.9060
EL Greece 0.8937
ES Spain 0.7009
FR France 0.8144
HR Croatia 0.3853
IT Italy 0.7583
CY Cyprus 1.0000
LV Latvia 0.9998
LT Lithuania 1.0000
LU Luxembourg 1.0000
HU Hungary 0.6254
MT Malta 1.0000
NL Netherlands 0.7392
AT Austria 0.8108
PL Poland 0.9323
PT Portugal 0.6016
RO Romania 0.5055
SI Slovenia 0.0840
SK Slovakia 0.3835
FI Finland 0.4157
SE Sweden 0.8526

Source: Own work.
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8.1. Appendices (supplementary material to be published online)

Results: further details.

Fig. A.6. Scenario A.1. Total effects: VA, employment, and CO2 emissions.
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Fig. A.7. Scenario A.2. Total effects: VA, employment, and CO2 emissions.
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Fig. A.8. Scenario B.1. Total effects: VA, employment, and CO2 emissions.
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Fig. A.9. Scenario B.2. Total effects: VA, employment, and CO2 emissions.
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