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Abstract

In Poland, the gradual reduction in hard coal mining represents a cornerstone of the energy
transition and economic restructuring strategy, with all mines scheduled to close by 2049
under the Social Agreement. Given Poland’s strong reliance on coal, this process has
far-reaching implications for energy security, employment, regional development, and
macroeconomic stability. The aim of this study is to assess the role and scale of the hard coal
mining sector’s contribution to GDP and to examine the consequences of its gradual decline
for the national energy mix. In the input-output framework, a reduction in domestic hard
coal supply is modelled as a shock to the output of the disaggregated hard coal sector,
affecting both intermediate demand and value added through inter-industry linkages.
The analysis applies an inter-industry input—output framework based on a decomposed
Input-Output Table of Poland, where the aggregated “hard coal and lignite” branch was
disaggregated into thermal hard coal, coking coal, and lignite. Reduction Variants (WR25%,
WR50%, WR75%, and WR100%) were combined with Substitution Variant WS2, which
assumes replacement of domestic hard coal with imported coal, natural gas, and electricity
under varying price scenarios (—40% to +40% relative to reference levels). The Migration
Variant was also included to account for labour market effects. This approach generated a
set of 100 scenarios, reflecting possible pathways of Poland’s energy transition. The results
demonstrate that in every scenario, reducing domestic hard coal supply leads to a decline in
GDP. Losses range from —0.175% to —0.25% under WR25% scenarios to between —0.775%
and —1.1% under WR100%, depending on the relative prices of imported substitutes.
Substitution patterns are highly sensitive to price dynamics: under low natural gas prices,
gas dominates the replacement mix (over 57% share), while under high gas prices, imported
coal prevails (70-90%). Electricity imports consistently remain marginal. These outcomes
highlight Poland’s structural dependence on coal, the vulnerability of GDP to external
price shocks, and the limitations of substitution options. This study concludes that the
reduction in domestic coal mining, though inevitable in the context of the EU climate
policy, will not be economically neutral. It requires careful management of substitution
pathways, diversification of the energy mix, and socio-economic support for coal regions.
The input-output framework used in this research offers a robust tool for quantifying both
direct and indirect effects of the coal phase-out, supporting evidence-based policy for a just
and sustainable energy transition.
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1. Introduction

In Poland, the gradual reduction in hard coal mining has become a central element
of the national energy and economic transformation strategy. In accordance with the
Social Agreement signed in 2021, coal mines are to be successively closed down by 2049,
which marks a fundamental shift in the country’s energy mix and industrial structure
(Figure 1) [1]. This process, while aligned with the European climate policy and global
decarbonisation trends, creates far-reaching challenges for the national economy, especially
for coal-dependent regions. Poland remains one of the most coal-dependent countries in the
European Union, which makes the pace and scale of the transition particularly significant
in shaping both energy security and socio-economic stability.
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Figure 1. The number of mines in line with the forecast for the transformation schedule of the coal
mining sector in Poland. Source: The authors” own elaboration based on [1].

From the macroeconomic perspective, evaluating the consequences of reducing hard
coal extraction is essential not only for the security of the energy sector but also for the
stability of the entire economy. Hard coal mining in Poland has historically been intertwined
with industrial production, regional development, and employment. Therefore, its decline
may affect a broad range of economic activities through inter-industry linkages. The most
appropriate measure of the overall economic effect is Gross Domestic Product (GDP), which
reflects both direct and indirect impacts on national income.

The relationship between hard coal mining and GDP is multidimensional and has
been highlighted in numerous studies. Peptowska and Olczak (2024) [2] provide a compre-
hensive review of the literature, structuring their analysis around five key research areas:
(i) the impact of economic sectors on national economic growth and GDP dynamics, (ii)
identification of key sectors using the input-output method, (iii) the contribution of coal
mining and extractive industries to Poland’s GDP, (iv) analyses of structural changes in
the Polish economy, and (v) the application of input-output models to assess the effects of
sectoral supply reduction. This body of work demonstrates the complexity of capturing
both direct and indirect contributions of coal mining to GDP, as well as the structural
vulnerabilities resulting from its gradual decline [2].

International literature also reinforces this perspective. Studies on energy transi-
tions and resource dependence point to structural vulnerabilities in economies reliant on
coal [3,4]. Research emphasises uneven regional outcomes, where coal-dependent areas
often lag behind in terms of per capita GDP and diversification opportunities, leading to
the so-called “coal lock-in” [5]. Moreover, phase-out processes are associated with labour
market shocks, job losses, and the necessity of significant investment in retraining and
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economic diversification [6,7]. At the same time, environmental degradation caused by coal
mining undermines public health and productivity, further amplifying long-term economic
risks [8].

In addition to importing fossil fuels and natural gas, effective transformation requires
the development of domestic low-carbon technologies, such as hybrid renewable energy
installations using waste gasification [9], the modernisation of coal-fired power units
to increase flexibility in a system dominated by renewable energy sources [10], and the
implementation of nuclear energy—both in the form of large power reactors (AP1000) and
small modular reactors (SMR) [11]. Globally, Garcia-Casals et al. (2019) project that global
GDP may rise by 1.5% by 2031 and 1.0% by 2050 when energy transitions include robust
just transition measures and a shift to renewables [12]. Patrizio et al. report that, compared
with business-as-usual scenarios, gross value added could grow by as much as 50% when
decarbonization strategies incorporate policies such as job guarantees, retraining, and
social protection [13]. In contrast, studies focused on fossil-fuel-dependent regions—such
as Bohlmann et al. (2023) for Mpumalanga and Pollin (2023) for West Virginia—detail
short-term GDP declines (around 1% or costs equivalent to 0.2% of GDP) and job losses
that are partly offset by new opportunities in renewable sectors [14,15].

Taken together, these findings underscore that the decline of coal mining has implica-
tions well beyond the sector itself: it affects energy-intensive industries, labour markets,
regional development, fiscal stability, and environmental sustainability.

For these reasons, understanding the systemic role of hard coal mining in Poland
requires analytical tools capable of capturing both direct and indirect interactions across
sectors. The input—output (I-O) framework provides such an instrument, enabling the
identification of inter-industry linkages and the measurement of sectoral contributions to
GDP. Its application is particularly valuable in modelling scenarios of mining reduction
combined with substitution by imported resources or alternative energy carriers.

In the input-output framework, a reduction in domestic hard coal supply is modelled
as a shock to the output of the disaggregated thermal hard coal sector, affecting both
intermediate demand and value added through inter-industry linkages.

This study employs a decomposed input-output model to quantify direct and indirect
effects of hard coal supply reduction on GDP and the energy mix, with scenario analysis
detailed in Section 2.

2. Materials and Methods

The methodological framework of this study is designed to quantify the economic
impact of reducing domestic hard coal mining and to assess the associated changes in
the national energy mix. To achieve this, the research applies an inter-industry modelling
approach based on the input—-output (I-O) method. The analysis involves three key steps:
(i) the use of input—output analysis to capture sectoral linkages and multipliers, (ii) the
decomposition of the official Polish input-output tables to separate thermal hard coal from
other coal-related branches, and (iii) the construction of reduction and substitution scenarios
reflecting different levels of coal mining decline, resource price dynamics, and labour
migration. This section first presents the theoretical basis of the I-O method (Section 2.1),
followed by its application to GDP modelling (Section 2.2), and finally the design of
reduction and substitution scenarios (Section 2.3).

2.1. Input-Output Method

The study applies the input—output (I-O) method, originally developed by Wassily
Leontief, which is widely used to analyse inter-industry linkages and to assess the role
of individual sectors in economic growth. The I-O framework is based on input-output
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tables that describe flows of goods and services between sectors within the economy.
By manipulating these tables, it is possible to determine how changes in the output of
one sector—in this case, hard coal mining—affect the production, value added, and final
demand in other sectors. This property makes the I-O method particularly suitable for
quantifying both direct and indirect effects of coal mining reduction on GDP.

In this subsection, the Leontief inter-industry flow method is presented, together with
the calculation scheme applied under the input—output approach. According to Klein (1982),
an economic model is a schematic simplification that omits non-essential aspects in order
to explain the internal functioning, form, or structure of a more complex mechanism [16].
Within the field of research devoted to the modelling of economic interrelationships, input—
output analysis occupies a special place. In Polish literature it is also referred to as input-
output analysis, inter-industry flow analysis, or input-output relations analysis. As Plich
(2002) points out, it is probably the most widely used research method in this context [17].

The inter-industry flow model (input-output) is an economic model that reflects the de-
pendencies between sectors of the economy and is regarded as the most transparent model
of supplier-buyer relations [18]. This model shows how the output of one sector becomes
the input of another sector, and how changes in demand or supply affect the economy as a
whole. This feature provides wide opportunities for application. The input-output model
was proposed by Wassily W. Leontief, inspired by the works of Frangois Quesnay and
Léon Walras [19-23]. Leontief’s input-output model was originally intended to increase
the functionality of Walras’s general equilibrium model and its interdependencies [24].
Leontief’s inter-industry flow method refers to the national economy as a whole [25].

Leontief’s input—-output model is based on matrices of inter-sectoral dependencies.
These matrices present input and output tables of production for each sector of the economy,
and a scheme of such a table is shown below (Table 1).

Table 1. Input-Output Table Scheme.
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Source: Own elaboration based on [17].

In the input-output table, three parts are distinguished (sometimes four—part IV is
devoted to the distribution of gross national income) [26]:
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—  Part I—the intermediate consumption matrix (ICM) (blue color), also called the trans-
action matrix, which includes mutual transactions between sectors. The rows present
the flow of intermediate demand, i.e., purchases of products (services) intended for
further processing. The columns, in turn, are interpreted as the structure of impersonal
costs of individual sectors.

—  Part II—the final demand matrix (FDM) (pink colour), which consists of consumption
in the household sector, in the sector of non-profit institutions serving households,
and in the government and local government sector; gross fixed capital formation;
changes in inventories and valuables; and exports.

—  Part Ill—the gross value added matrix (GVAM) (gold colour), which consists of
employment-related costs; other taxes less subsidies on production; depreciation; net
operating surplus/mixed income; and gross operating surplus/gross mixed income.

In the input—output table for a given year, for each sector/branch of the economy
(i=1,...,n), the output X;, is distinguished, which is divided into intermediate consump-
tion in the branch Xij and into final demand Y; by households, the government sector, as
well as accumulation and exports. Accordingly, the total output for the i-industry (sector)
of the economy is calculated as follows: [27-30]:

Xi= xi1+Xxio+...+ x,-,]-+...+xi,n+Yl-fori,j =12...n (1)

where

i—product/product supplier /branch of the economy from which the product originates,
j—product recipient/branch of the economy to which the product is delivered,

X;—total output of branch i,

x; j—intermediate consumption of products from branch i by branch j, (intermediate demand),
Y;—final consumption of products from branch i, (final demand).

The fundamental assumption in input-output analysis is that the flow of products
from branch i to branch j depends solely on the level of total output of branch j. In practice,
this means that the greater the output of a branch, the higher its demand for raw materials.
By analyzing a specific case, we are able to determine the proportion in which inputs
are related to total output. The coefficient 4;;, which describes the share of inputs and
total output value in a given branch j, is called the technical coefficient or the direct input
coefficient, the product intensity coefficient, or the input-output coefficient. It should
be noted that production and product flows are expressed in monetary units, and the
coefficient a; ;, is interpreted as the value of inputs required for production in branch j. The
values of the coefficients ajj, characterizing the share of input from branch i in the total
(global) output value of branch j, are determined by the following formula:

xi,]'
ajj = - 2)
Xj
Hence the equation:
n
X; = Z Xij+Y (3)

I
—

can be written in the form:

X1 = a11X1 +a12x2 + ...+ a1,nXn + 1
Xy = Ap1X1 + 22Xy + ...+ a2 uXn + Y2

Xy = ApaX1+ay2X2 + ...+ ApnXn + Yn
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Leontief’s input-output model describes the structure of the economy for all branches
in a given year, and the equation describing this model is written in the following form:

X=(—-A) 1 xy= L sy (5)

where

X—the vector (n x 1) output in all sectors from X to Xy;
I—the unit matrix;

A—the matrix (n x n) product intensity ratios (a; j);
Y—the vector (n x1) final consumption in all branches.

X1,1 X1,n

. X . X,
— (gl =124| = | - . .
A= o] = |~ (6)
Xn,1 Xn,n
X, e X,

The expression (I — A)fl, called the Leontief inverse matrix (L™1), is the matrix of
material intensity coefficients. The values in this matrix show by how much the output
of each branch 7 must increase in order to enable an increase of one unit in the output of
sector j, when final demand for the products of branch j rises by one unit. In other words,
the elements of this matrix express how much production in each sector must grow to
increase the output of sector j by one unit.

In summary, the input-output table is constructed on the basis of information relating
to a specific economic area, which may be the national economy. These data refer to a
specific period, most often one year.

The Leontief model is linear, and thus additive and homogeneous. Consequently, the
Leontief model can be applied to incremental analysis, i.e., changes in total (final) output,
which can be expressed as follows:

AY = L*AX (7)

The interpretation of the elements of the Leontief matrix describes the increase in
final output in branch i resulting from a one-unit increase in total output in branch j. The
Leontief matrix is used to model the relationships between different sectors of the economy.
The inverse of the Leontief matrix (L ! is applied to invert these relationships and makes it
possible to consider the impact of changes in the output of one sector on the entire economy.
In practice, it can be used for calculations in analyzing the impact of final demand on
economic production. The interpretation of the elements of the inverse Leontief matrix
(L~1) is that this matrix describes what increase in total output in branch i will be caused
by a one-unit increase in final output in branch j.

Leontief’s input—output model is a tool for short-term forecasting of the future value
of the final or total output vector, provided that the assumption of constant production
technology—i.e., time-invariant values of the elements of matrix a—is valid [26].

If, based on the model (I — A) * X =Y, the vector of final output is determined for
a given future vector of total output, we refer to this as a first-type forecast. When the
desired future vector of final output is specified, then on the basis of (I — A lxy =X
the vector of total output is determined that will allow the achievement of final output
at the expected level; such a forecast is referred to as a second-type forecast. The last
type of forecast determined using the Leontief model is a mixed forecast, which involves
forecasting selected elements of the vectors of total and final output when the remaining
elements of both vectors are already specified.

In summary, the following forecasts are used in the Leontief model:
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—  The first type of forecasts: known X (or AX) and unknown Y (or AY):
LxX =Y 8)
- The second type of forecasts: known Y (or AY) and unknown X (or AX):
L'y = X 9)

Mixed forecasts also occur. As shown in the literature review (Section 2), in most previ-
ous studies the essence of applying the input—output model in macroeconomic analyses has
been to examine the impact of changes in elements of final demand, treated as exogenous
in the model. The key elements in this analysis are those of the matrix (I — A)fl. Based
on these elements, certain measures are constructed, known as input-output multipliers,
which in a synthetic way make it possible to determine the impact of exogenous changes
in final demand on the output of a given branch, and through it on changes such as the
growth of consumer spending, production increases, employment, or import requirements.

When constructing the input-output table, in addition to assuming the branch struc-
ture of the economic system, we also take the following into account [31]:

—  The system is closed; i.e., for each branch, the means of production are products
generated within this system;

—  The system is static; i.e., the inputs for production in a given period are products
produced in the same period;

- Production is non-substitutable; i.e., the products of a given branch cannot be replaced
by the products of other branches.

The value of goods and services produced during the year in an enterprise is referred
to as the total output of a given branch. It can be divided into two parts: the portion
intended for the production purposes of the system—so-called inter-enterprise flows—and
the remaining portion, i.e., final output. Total output is the sum of transferred value (raw
materials, semi-finished products, fuel, and energy purchased externally and consumed in
production) and value added (the sum of newly created value in the enterprise, including
depreciation). The total output of all entities in a branch of the national economy constitutes
the total product of the sector, while the sum of total outputs across all branches represents
the global product of the national economy. Total output forms the basis for calculating both
final output and value added. Value added in each sector is calculated by subtracting from
total output the sum of material inputs incurred, originating from different sectors of the
national economy. The process of generating value added in each sector does not coincide
with the process of generating final output, although in the entire national economy the
sum of value added equals the sum of final value produced. By summing the global
product values of all branches expressed through distribution equations and then through
cost equations, and comparing both sums, we obtain the general equilibrium equation.

Using quantitative input-output models, it is possible to formulate statements re-
garding direct and indirect effects based on exogenous changes in demand. However,
these must be interpreted against the background of their limitations and assumptions,
such as time independence and the omission of feedback effects (income and price effects).
Although several decades have passed since the formulation of Leontief’s input—output
model, modifications still appear, and the applicability and interpretation of input-output
multipliers remain a subject of debate [32].

2.2. Calculating the Impact of Coal Mining on GDP Development

The most important advantage of using the input—-output framework is the possibility
to trace how changes in individual sectors translate into the overall value of GDP.
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For the purpose of calculating the impact of reduced thermal hard coal production—
resulting from mine closures—on GDDP, the official Input-Output Table (TPM) prepared
by Statistics Poland (GUS) was decomposed [33]. In this process, the aggregated branch
“Hard coal and lignite” was disaggregated into three separate coal-related branches: ther-
mal hard coal, coking coal, and lignite. The aggregated ‘hard coal and lignite” sector was
disaggregated into thermal hard coal, coking coal, and lignite using production and con-
sumption shares from GUS (2015) and energy balance data additionally enriched with
expert analysis [2].

The aim of this section is to present the methodology applied to assess the impact
of coal mining on GDP by means of inter-industry linkages. Since the modelling process
is complex and requires careful selection of methodological steps in order to eliminate
potential errors at each stage [34-36], the study adopts a mathematical modelling approach
widely applied in economics [37].

2.3. Reduction Variants of Domestic Hard Coal Supply and Substitution Scenarios

In the scenarios, various reduction variants of domestic hard coal supply were adopted
to reflect potential changes in the coal mining sector in Poland. Each variant considers both
the decrease in coal production and the possible employment effects within the mining
sector. A reduction in coal output results in mine closures, which consequently leads to a
reduction in employment in the industry.

The proposed reduction variants are as follows:

- WR25%—reflecting the operation of the hard coal mining sector after a reduction
of approximately 25% in domestic coal supply with a corresponding reduction
in employment;

- WR50%—reflecting a reduction of approximately 50% in domestic coal supply with a
corresponding reduction in employment;

- WR75%—reflecting a reduction of approximately 75% in domestic coal supply with a
corresponding reduction in employment;

- WR100%—reflecting the complete elimination of domestic hard coal production with
a corresponding reduction in employment.

Implementation of these reduction variants results in a new domestic coal supply
structure, which affects inter-industry flows within the economy. In the Decomposed Input—
Output Table (TPMD), both direct effects in the coal sector and indirect effects in other
economic sectors are reflected.

Due to the reduction in domestic hard coal supply, it may become necessary to substi-
tute coal with imported resources or alternative energy sources (Substitution Variants, WS).
The substitution variant considers the use of imported hard coal, imported natural gas,
and imported electricity, taking into account the prices of each resource. Specifically, the
Substitution Variant WS2 considers the replacement of domestic coal with imported hard
coal, imported natural gas, and imported electricity, with their respective prices denoted as
Pug1, Pep, and Pep. In assessing GDP changes, both coal production reduction and possible
labor migration, as well as the impact of prices of alternative energy sources, are considered.

It is important to show the change in GDP as a function of the reduction in thermal coal
extraction and the possible migration of workers, both of which have been incorporated
into the Reduction Variants (WR), while also accounting for the prices of alternative energy
sources, according to the function:

AGDP = f(WRI, Png[r PCI/ PEI) (10)

where
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WR;—Reduction Variant;

Py gr—imported natural gas price [thousand PLN];
P.;—imported hard coal price [thousand PLN];
P,;—imported electricity price [thousand PLN].

The diversity of imported energy source (fuel) prices adopted in the article results from
a number of factors, such as demand elasticity, production costs, market competition, and
import capacity. An analysis of historical data shows significant volatility in commodity
prices, which can have a substantial impact on the economy. Therefore, in order to take this
complexity into account, a wide price range was adopted in the article, covering possible
price changes within the interval from —40% to +40% (formulas (11), (12)), variable price of
imported natural gas and imported hard coal. Electricity import price P,; is held constant
due to short-term import capacity and transmission constraints. It was found that such an
approach enables a comprehensive analysis of the impact of fuel price changes on GDP by
considering the diversity of factors affecting these changes. In particular, by focusing on
the volatility of imported commodity prices, the study can indicate potential consequences
for the economy, taking into account both the positive and negative aspects associated with
such price fluctuations.
[+40%PrgIREF
+20%PygIREF
Pugr = PugIREF (11)
—20%PygIREF
L —40%PygIREF

_+400/0PCIREF
P = PeIREF (12)
| —40%PciREF

where

Pygirep—imported natural gas reference price [thousand PLN];
P.irer—imported hard coal reference price [thousand PLN];

In terms of substitution, the prices of raw materials were taken into account, consid-
ering, among other things, import capacity constraints for raw materials and the costs of
technological change. Substitution possibilities were considered separately for the supply
side and the demand side, due to their specific characteristics. Thus, substitution possi-
bilities of flows in enterprises (Part I of the input—-output table) were analyzed, as well as
substitution possibilities of flows on the demand side in the input-output table (Part II of
the input-output table). In addition, Part III of the input-output table was recalculated.
The details of the substitution carried out on the DTPM are presented in a separate scientific
article. Similarly to the case of labor migration, migration variants (WM) were described in
Peptowska (2024) [7]. Substitution flows in ICM and FDM were recalculated proportionally
to energy content and price ratios, with import capacity constraints applied [7]. Based on
these assumptions, it is possible to develop and analyze alternative scenarios for Poland’s
economic system, allowing for an assessment of the impact on GDP, sectoral production,
and the structure of the national economy. In the case of the Substitution Variant based
on changes in the prices of imported raw materials (WS2), a total of 100 research scenario
combinations are possible, namely: 4 reduction variants and 25 substitution variants (vari-
ous combinations of imported coal, natural gas, and electricity prices), in accordance with
Formula (13).

Nsc = nwr * nws (13)
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where

nwr—number of Reduction Variants;
nws—number of Substitution Variants.

The results of the above analyses are presented for each of the designated sub-sites in
the following subsections.

In summary, the methodological framework combines reduction variants (WR), sub-
stitution scenarios (WS), and migration variants (WM), resulting in a comprehensive set
of possible research scenarios. These scenarios allow for the evaluation of the systemic
consequences of hard coal mining decline on Poland’s economy and energy mix. The next
section presents the results of these analyses, focusing on the impact on GDP, sectoral
production, and the structure of the national economy.

3. Results of Analyses

This section presents the results of the modelling exercise based on the reduction,
substitution, and migration variants introduced in the methodological section. The analyses
focus on quantifying the impact of different coal reduction pathways on GDP, while also
considering structural changes in the energy mix and sectoral production. The results are
organised into subsections: first, the overall relationship between economic sectors and
GDP (Section 3.1), followed by the outcomes of specific research scenarios with varying
resource prices and reduction levels (Section 3.2). This structure makes it possible to
highlight both the aggregate economic effects and the detailed dynamics of substitution
under Poland’s ongoing energy transition.

3.1. The Impact of Economic Sectors on the Country’s Economic Growth (GDP)

In this subsection, the results of calculations for the individual research scenarios
are presented. The combination of Reduction Variants, Substitution Variants, and the
introduction of the Migration Variant made it possible to prepare combinations of variants
for research scenarios that may occur within the framework of the energy transition process
being implemented in Poland.

The GDP values were calculated on the basis of the input-output table according to
the following formula:

GDP = TOTAL OUTPUT — INTERMEDIATE CONSUMPTION

+ TAXES ON PRODUCTS MINUS SUBSIDIES ON PRODUCTS 14)
In order to verify the correctness of the preparation of the Decomposed Input-Output
Table, the column balance was checked against the row balance in the table (also taking into
account the changes introduced due to the reduction, substitution, and migration variants).
The verification of the decomposed input-output table confirmed the internal consis-
tency of the model, ensuring that the applied framework is robust for scenario analysis. On
this basis, the study proceeds to assess specific combinations of reduction and substitution
variants, with particular attention to the role of resource price dynamics and migration
effects. The following Section 3.2 presents the results for the Substitution Variant WS2,
which assumes the replacement of domestic hard coal with imported coal, natural gas, and
electricity, across different price scenarios.

3.2. Results of Research Scenarios—Substitution Variant WS2
3.2.1. Natural Gas Price 40% Lower
If the total demand for domestic hard coal for energy purposes is substituted with a

mix of imported resources, namely imported hard coal, imported natural gas, and imported
electricity (WS2), and the price of imported natural gas is 40% lower than the reference
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price (reference price of imported natural gas—PLN 0.7/m?), and we include Migration,
while reducing domestic coal mining by 25% (Reduction Variant WR25%), and if the price
of imported coal is equal to the price of domestic coal, GDP decreases by 0.212%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.175%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.195%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 0.226%, while if it is higher by 40%, it
decreases by 0.239%.

In the case of a 100% reduction (Reduction Variant WR100%), and if the price of
imported coal is equal to the price of domestic coal, GDP decreases by 0.912%. However, if
the price of imported coal is 40% lower than the price of domestic coal, GDP decreases by
0.781%, and if the price of imported coal is 20% lower than the price of domestic coal, GDP
decreases by 0.856%. On the other hand, if the price of imported coal is 20% higher than
the price of domestic coal, GDP decreases by 0.945%, while if it is higher by 40%, the GDP
decreases by 0.978%.

The results for different percentage values of the reference coal price and different
Reduction Variants of mining, assuming a 40% decrease in the price of natural gas, are
presented in the chart in the form of a heat map (Figure 2).

140%- 0.239 0.445
120%- 0.226 0.433
100% - 0.212 0.42
80% - 0.195 0.394
60% - 0.175 0.356
| 1 1 |
WR25% WR50% WR75% WR100%

Figure 2. Percentage decrease in GDP value as a function of Reduction Variants of coal mining and
the percentage-based price of imported coal; taking into account Substitution Variant WS2, a 40%
decrease in the price of natural gas, and the Migration Variant, based on 2015 data. Source: Author’s
own elaboration.

With the increase in the possible reduction in hard coal mining for energy purposes
(from WR25% to WR100%), in the case when substitution occurs with a mix of resources,
namely imported hard coal, imported natural gas, and imported electricity, and when the
price of natural gas is 40% lower than the reference price and the price of imported hard
coal is equal to the price of domestic coal, the decline in GDP value ranges from 0.175% to
0.781%. However, when the price of imported coal changes and coal prices increase by 40%,
the decline in GDP value ranges from 0.239% to 0.978% (this is the largest decline in GDP
value for such an assumed combination of Reduction, Substitution, and Migration Variants).
On the other hand, when the prices of imported resources are lower than domestic prices,
for example, by 40%, the decline in GDP values also falls within the range from 0.239%
to 0.978%.

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
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gas, and imported electricity (WS2), and the price of natural gas is 40% lower than the
reference price (reference price of imported natural gas—PLN 0.7/m?), and we include
Migration and completely cease domestic hard coal mining (WR100%), while the price of
imported hard coal equals the price of domestic hard coal, the result of the Substitution
model indicates the following structure of resource imports (Figure 3a). In this case,
the most significant component is imported natural gas, accounting for more than 56%,
imported hard coal accounts for 42.77% of the replaced energy, and the share of imported
electricity in the structure is small.

0.69%
56.54
%
(@)
0.95
% )
39.88
%
59.17
%
(b)

8.79% 031%

90.90%

(©)

Hm hard coal natural gas electricity

Figure 3. Percentage share of replacing energy from domestic hard coal for Reduction Variant
WR100%, Migration Variant, and Substitution Variant WS2: (a). 40% decrease in the price of natural
gas, imported coal price equal to the reference price (cwr); (b). 40% decrease in the price of natural
gas, imported coal price 40% higher than the reference price; (c). 40% decrease in the price of natural
gas, imported coal price 40% lower than the reference price. Source: Author’s own elaboration.
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However, if the total demand for hard coal in the country is substituted with a mix
of imported resources, namely imported hard coal, imported natural gas, and imported
electricity (WS2), and the price of natural gas is 40% lower than the reference price (reference
price of imported natural gas—PLN 0.7/m?), and we include Migration and completely
cease domestic hard coal mining (WR100%), while the price of imported hard coal is 40%
higher than the price of domestic hard coal, the result of the Substitution model indicates
the following structure of resource imports (Figure 3b). In this case, the share of imported
hard coal is still lower than that of natural gas and amounts to just under 40% of the
replaced energy, while imported natural gas accounts for almost 60%, and the share of
imported electricity in the structure remains small.

In the situation where the total demand for domestic hard coal for energy purposes
is substituted with a mix of imported resources, namely imported hard coal, imported
natural gas, and imported electricity (WS2), and the price of natural gas is 40% lower than
the reference price (reference price of imported natural gas—PLN 0.7/m?), and we include
Migration and completely cease domestic hard coal mining (WR100%), while the price
of imported hard coal is 40% lower than the price of domestic hard coal, the result of the
Substitution model indicates the following structure of resource imports (Figure 3c). In this
case, almost the entire import structure consists of imported hard coal, which accounts for
nearly 91% of total imports.

3.2.2. Natural Gas Price 20% Lower

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 20% lower than the
reference price (reference price of imported natural gas—PLN 0.7/m?), and we include
Migration while reducing domestic coal mining by 25% (Reduction Variant WR25%), and
if the price of imported coal is equal to the price of domestic coal, GDP decreases by
0.215%. However, if the price of imported coal is 40% lower than the price of domestic coal,
GDP decreases by 0.175%, and if the price of imported coal is 20% lower than the price of
domestic coal, GDP decreases by 0.195%. On the other hand, if the price of imported coal is
20% higher than the price of domestic coal, GDP decreases by 0.236%, while if it is higher
by 40%, it decreases by 0.249%.

In the case of a 100% reduction (Reduction Variant WR100%), and if the price of
imported coal is equal to the price of domestic coal, GDP decreases by 0.928%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.78%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.854%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 1.012%, while if it is higher by 40%, GDP
decreases by 1.044%. The above is presented in the chart (Figure 4).

With the increase in the possible reduction in hard coal mining for energy purposes
(from WR25% to WR100%), in the case when substitution occurs with a mix of resources,
namely imported hard coal, imported natural gas, and imported electricity, and when the
price of natural gas is 20% lower than the reference price and the price of imported hard
coal is equal to the price of domestic coal, the decline in GDP value ranges from 0.215% to
0.928%. However, when the price of imported coal changes and coal prices increase by 40%,
the decline in GDP value ranges from 0.249% to 1.044% (this is the largest decline in GDP
value for such an assumed combination of Reduction, Substitution, and Migration Variants).
On the other hand, when the prices of imported resources are lower than domestic prices,
for example, by 40%, the decline in GDP values ranges from 0.175% to 0.78%.
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140%- 0.249 0.486
120%- 0.236 0.473
100%- 0.215 0.432
80%- 0.195 0.394
60% - 0.175 0.356 0.559
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Figure 4. Percentage decrease in GDP value as a function of Reduction Variants of coal mining and
the percentage-based price of imported coal; taking into account Substitution Variant WS2, a 20%
decrease in the price of natural gas, and the Migration Variant, based on 2015 data. Source: Author’s
own elaboration.

3.2.3. Natural Gas Price Equal to the Reference Price

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is equal to the baseline
price (reference price of imported natural gas—PLN 0.7/m?), and we include Migration
while reducing domestic coal mining by 25% (Reduction Variant WR25%), and if the price
of imported coal is equal to the price of domestic coal, GDP decreases by 0.215%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.175%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.195%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 0.235%, while if it is 40% higher, GDP
decreases by 0.259%.

In the case of a 100% reduction (Reduction Variant WR100%), and if the price of
imported coal is equal to the price of domestic coal, GDP decreases by 0.927%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.779%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.852%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 1.002%, while if it is 40% higher, GDP
decreases by 1.109%.

The comprehensive results are presented in the chart (Figure 5) in the form of a
heat map.

With the increase in the possible reduction in hard coal mining for energy purposes
(from WR25% to WR100%), in the case when substitution occurs with a mix of resources,
namely imported hard coal, imported natural gas, and imported electricity, and when the
price of natural gas is equal to the reference price and the price of imported hard coal is
equal to the price of domestic coal, the decline in GDP value ranges from 0.215% to 0.927%.
However, when the price of imported coal changes and coal prices increase by 40%, the
decline in GDP value ranges from 0.259% to 1.109% (this is the largest decline in GDP value
for such an assumed combination of Reduction, Substitution, and Migration Variants). On
the other hand, when the prices of imported resources are lower than domestic prices, for
example, by 40%, the decline in GDP values ranges from 0.175% to 0.779%.
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Figure 5. Percentage decrease in GDP value as a function of Reduction Variants of coal mining
and the percentage-based price of imported coal; taking into account Substitution Variant WS2, the
natural gas price equal to the reference value, and the Migration Variant, based on 2015 data. Source:
Author’s own elaboration.

3.2.4. Natural Gas Price 20% Higher

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 20% higher than the
reference price (reference price of imported natural gas—PLN 0.7/m?), and we include
Migration while reducing domestic coal mining by 25% (Reduction Variant WR25%), and
if the price of imported coal is equal to the price of domestic coal, GDP decreases by
0.215%. However, if the price of imported coal is 40% lower than the price of domestic coal,
GDP decreases by 0.175%, and if the price of imported coal is 20% lower than the price of
domestic coal, GDP decreases by 0.195%. On the other hand, if the price of imported coal is
20% higher than the price of domestic coal, GDP decreases by 0.235%, while if it is higher
by 40%, GDP decreases by 0.254%.

In the case of a 100% reduction (Reduction Variant WR100%), and if the price of
imported coal is equal to the price of domestic coal, GDP decreases by 0.926%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.778%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.851%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 1.003%, while if it is 40% higher, GDP
decreases by 1.077%.

The percentage decrease in GDP value as a function of Reduction Variants of coal
mining and the percentage-based price of imported coal; taking into account Substitution
Variant WS2, a 20% increase in the price of natural gas, and the Migration Variant, is
presented in the chart (Figure 6).

With the increase in the possible reduction in hard coal mining for energy purposes
(from WR25% to WR100%), in the case when substitution occurs with a mix of resources,
namely imported hard coal, imported natural gas, and imported electricity, and when the
price of natural gas is 20% higher than the reference price and the price of imported hard
coal is equal to the price of domestic coal, the decline in GDP value ranges from 0.215% to
0.926%. However, when the price of imported coal changes and coal prices increase by 40%,
the decline in GDP value ranges from 0.254% to 1.077% (this is the largest decline in GDP
value for such an assumed combination of Reduction, Substitution, and Migration Variants).
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On the other hand, when the prices of imported resources are lower than domestic prices,
for example, by 40%, the decline in GDP values ranges from 0.175% to 0.778%.

140% - 0.254 0.504
120%- 0.235 0.467
100% - 0.215 043
80%- 0.195 0.394
60% - 0.175 0.356 0.558
I 1 I |
WR25% WR50% WR75% WR100%

Figure 6. Percentage decrease in GDP value as a function of Reduction Variants of coal mining and
the percentage-based price of imported coal; taking into account Substitution Variant WS2, a 20%
increase in the price of natural gas, and the Migration Variant, based on 2015 data. Source: Author’s
own elaboration.

3.2.5. Natural Gas Price 40% Higher

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 40% higher than the
reference price (reference price of imported natural gas—PLN 0.7/m?), and we include
Migration while reducing domestic coal mining by 25% (Reduction Variant WR25%), and
if the price of imported coal is equal to the price of domestic coal, GDP decreases by
0.215%. However, if the price of imported coal is 40% lower than the price of domestic coal,
GDP decreases by 0.175%, and if the price of imported coal is 20% lower than the price of
domestic coal, GDP decreases by 0.195%. On the other hand, if the price of imported coal
is 20% higher than the price of domestic coal, GDP decreases by 0.235%, while if it is 40%
higher, GDP decreases by 0.254%.

In the case of a 100% reduction (Reduction Variant WR100%), and if the price of
imported coal is equal to the price of domestic coal, GDP decreases by 0.925%. However,
if the price of imported coal is 40% lower than the price of domestic coal, GDP decreases
by 0.777%, and if the price of imported coal is 20% lower than the price of domestic coal,
GDP decreases by 0.849%. On the other hand, if the price of imported coal is 20% higher
than the price of domestic coal, GDP decreases by 1.004%, while if it is 40% higher, GDP
decreases by 1.08%.

The percentage decrease in GDP value as a function of Reduction Variants of coal
mining and the percentage-based price of imported coal; taking into account Substitution
Variant WS2, a 40% increase in the price of natural gas, and the Migration Variant, is
presented in the chart (Figure 7).

With the increase in the level of reduction in hard coal mining for energy purposes
(from WR25% to WR100%), and in the case when substitution occurs with imported hard
coal, imported natural gas, and imported electricity, and when the price of natural gas
is 40% higher than the reference price and the price of domestic hard coal is equal to the
price of imported coal, the decline in GDP value ranges from 0.215% to 0.925%. However,
when the price of imported coal changes and coal prices increase by 40%, the decline in
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GDP value ranges from 0.254% to 1.08% (this is the largest decline in GDP value for such a
combination of Reduction, Substitution, and Migration Variants). On the other hand, when
the prices of imported resources are lower than domestic prices, for example, by 40%, the
decline in GDP values ranges from 0.175% to 0.777%.

140% - 0.254 0.503
120%- 0.235 0.466
100% - 0.215 043
80%- 0.195 0.393
60% - 0.175 0.356 0.558
1 I I 1
WR25% WR50% WR75% WR100%

Figure 7. Percentage decrease in GDP value as a function of Reduction Variants of coal mining and
the percentage-based price of imported coal; taking into account Substitution Variant WS2, a 40%
increase in the price of natural gas, and the Migration Variant, based on 2015 data. Source: Author’s
own elaboration.

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 40% higher than the
reference price, and we include Migration while completely ceasing domestic hard coal
mining (WR100%), and the price of imported hard coal equals the price of domestic
hard coal, the result of the Substitution model indicates the structure of resource imports
presented in the chart (Figure 8a). Significant is the import of hard coal, along with more
than 19% of natural gas imports, with a small share of imported electricity.

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 40% higher than the
reference price, and we include Migration while completely ceasing domestic hard coal
mining (WR100%), and the price of imported hard coal is 40% higher than the reference
price of domestic hard coal, the result of the Substitution model indicates the structure of
resource imports presented in the chart (Figure 8b). The import of natural gas is visible
at almost 30%, and imported hard coal accounts for over 70%, while electricity imports
remain at a low level.

In the case where the total demand for domestic hard coal for energy purposes is
substituted with a mix of imported resources, namely imported hard coal, imported natural
gas, and imported electricity (WS2), and the price of natural gas is 40% higher than the
reference price, and we include Migration while completely ceasing domestic hard coal
mining (WR100%), and the price of imported hard coal is 40% lower than the reference
price of domestic hard coal, the result of the Substitution model indicates the structure of
resource imports presented in the chart (Figure 8c). In this case, almost the entire demand
is covered by imported hard coal.
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Figure 8. Percentage share of replacing energy from domestic hard coal for Reduction Variant
WR100%, Migration Variant, and Substitution Variant WS2. (a). 40% increase in the price of natural
gas, imported coal price equal to the reference price; (b). 40% increase in the price of natural gas,
imported coal price 40% higher than the reference price; (c). 40% increase in the price of natural gas,
imported coal price 40% lower than the reference price; Source: Author’s own elaboration.

4. Conclusions

The main objective of this study was to indicate the role and scale of the hard coal
mining sector’s contribution to GDP while also exploring the consequences of its gradual
decline for the structure of the national energy mix in Poland. The results clearly demon-
strate that the reduction in domestic hard coal mining, under all substitution scenarios
considered, leads to a decline in GDP. The scale of this decline varies depending on the
depth of reduction and relative prices of imported substitutes, but the direction is con-
sistently negative. This confirms the structural importance of coal mining for the Polish
economy and the risks associated with its rapid phase-out.

The accelerated phase-out of hard coal mining negatively affects Poland’s GDP, as
confirmed by all analyzed reduction scenarios. Even moderate reductions lead to a GDP
decline of around 0.18-0.25%, while full sector closure results in losses of 0.8-1.1%. This
reflects the structural importance of the coal industry for the national economy and its role
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in maintaining the balance of the power system. Coal remains essential for ensuring the
continuity of the national electricity system, at least until the commissioning of a nuclear
power plant, which would realistically occur around 2040. Given Poland’s limited domestic
gas resources and supply risks, a full transition to natural gas is not justified from an energy
security perspective. The KPEiK (National Energy and Climate Plan) outlines the expected
transformation of the national energy mix and its economic effects, indicating that a well-
designed energy transition—supported by an adequate investment program—can mitigate
the negative economic effects of coal sector closure and even generate a positive impact on
GDP through new industrial development. The authors emphasize the need to coordinate
restructuring processes with the development of low-emission technologies, workforce
migration, and the use of human and infrastructural potential from closed mines and power
plants—for example, by repurposing them for the production of components for new low-
emission power units. It is recommended that the energy transition be carried out at a pace
aligned with the country’s economic and infrastructural capacities to minimize GDP losses
and maintain energy security until new-generation sources are fully implemented.
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