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Abstract: This paper presents a methodology to select the most exciting business models based on
renewable energy and circular economy technologies within end-of-life coal mines to help develop a
renewable-based energy sector, promote sustainable local economic growth, and maximise the num-
ber of green and quality jobs. To achieve this goal, first, a structural analysis was developed to select
the technical variables that better identify this complex system. Second, a morphological analysis
allowed the construction of the scenario space. Third, a multicriteria assessment was developed to
achieve this goal, based on the previously assessed relevant scenarios, considering the European
Green Deal policies, technical variables that characterise end-of-life coal mine environments, tech-
nology readiness level, the European taxonomy, synergistic potentials, contributions to the circular
economy, and sector coupling. Finally, result indicators were selected to analyse the alternative
options derived from the justification approach, considering the targets set by the European Green
Deal and related taxonomy and the regional policy indicators for the Just Transition Fund. The results
show that eco-industrial parks with virtual power plants represent the most appropriate business
model choice, according to the scoring given to the different aspects. They may be complemented by
a hydrogen production plant, provided that specific economic subventions are obtained to achieve
balanced financial results.

Keywords: coal mine; end-of-life; repurposing; business model; renewable energy; circular economy;
virtual power plant; green hydrogen; POTENTIALS project; GreenJOBS project

1. Introduction

This study focuses on repurposing closed coal mines by deploying emerging renewable
energy and circular economy technologies to help develop a renewable-based energy sector,
promote sustainable local economic growth, and maximise the number of new and quality
jobs. This is perfectly aligned with the European Green Deal policies [1] regarding the
supply of clean, affordable, and secure energy, as well as mobilising the industry for a clean
and circular economy. It is suggested that policymakers support the acceleration of the
energy transition by deploying renewable energy, encouraging policies that establish the
appropriate environment for the extensive penetration of renewables, and balancing the
national urban structure to strengthen self-sustained urban development and guarantee a
sustainable future [2].

According to Keenan and Holcombe [3], repurposing utilises elements of the mining
infrastructure (such as mine housing and roads) and landscape aspects (such as mine
voids and waste heaps) for alternative post-closure activities. These activities may assist in
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transitioning the local economy, mitigating the loss of mines by establishing new forms
of attachment to the region. Under such conditions, the development and deployment
of advanced carbon-saving technologies in the EU makes more sense than relocating to
developing countries [4]. On the other hand, although the decentralisation of energy
systems always implies new opportunities and opportunity costs, the beneficiaries of these
policies are the former coal regions, where local units of prosumers are conceived as being
polycentric governance actors of common-pool resources [5].

Working in this direction, Menendez et al. [6] explored the use of abandoned mines
for underground pumped hydroelectric energy storage, compressed air energy storage
plants, and geothermal applications. They presented a case study in which these three
uses are combined in just one mine. Madlener and Specht [7] analysed the concept of
underground pumped-storage hydropower plants in closed-down underground hard
coal mines in Germany. They concluded that, under favourable conditions, this seems
both technically feasible and economically reasonable. Other authors explored mining
waste as a raw material resource, as a solution to the limited metal supply, for filling in
the knowledge gaps for tailings valorisation [8], with the possibility of benefiting from
methane emissions [9-11].

To achieve this goal and to justify the business model choice, a multicriteria assess-
ment [12-14] was developed based on previously assessed relevant scenarios and micro-
scenarios. Here, a scenario is understood to be a standalone technology or a combination of
technologies that provides a complete solution for the repurposing of closed coal mines to
build a business model for the specific area. Furthermore, a micro-scenario is understood
to be a complementary solution that should be used in combination with other scenarios or
micro-scenarios to create a comprehensive business model.

The scenarios and micro-scenarios were evaluated against the European Green Deal
policies using assessment criteria that were the result of interactions between researchers,
industry experts, and stakeholders in the planning process. This is because, in most
cases, empirical analyses of environmental innovations relied on surveys that allowed for
the inclusion of many explanatory variables, such as different policy instruments or the
influence of pressure groups [15]. These assessment criteria were selected to grasp priorities
in relation to their contribution to the climate-neutral economy transition, their lead on
reductions in greenhouse gas emissions going below the relevant benchmarks, and their
contribution to the generation of jobs and economic growth and embodying them in the
subsequent processes.

However, to have a global vision of the problem, additional technical variables, which
were not specifically considered under the European Green Deal policies and are needed to
properly assess the technological alternatives, were also analysed within the assessment
approach. To select the specific scenario to be developed, we also took into account
the following: variables that characterise end-of-life coal mine environments [16]; the
technology readiness level (TRL) [17] that allows for more effective assessment and better
communication on the maturity of new technologies; the European taxonomy [18], a
classification system establishing a list of environmentally sustainable economic activities,
significant in helping the EU scale up sustainable investment and implement the European
Green Deal; synergistic potential [19], guaranteeing a sustainable and combined use of
assets otherwise overlooked in the high-velocity environments of phasing-out processes;
the circular economy [20-23], which keeps materials, products, and services in circulation
for as long as possible; and sector coupling [24,25]. Which involves the increased integration
of energy end use and supply sectors, improving the efficiency and flexibility of the energy
system, as well as its reliability and adequacy, while reducing the costs of decarbonisation.

In the first stage, technical variables characterising end-of-life coal mine environments
were determined, where they were related to implementing business models relying on
energy based on renewable resources that contribute to the circular economy or energy
storage in closed coal mines. The technical variables were evaluated using the structural
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analysis method [26]. The set of technical variables for the structural analysis was obtained
via consensus, applying the Delphi method.

In the second stage, a specific analysis was developed to identify technical variables
for scenario development, mainly via a combination of results from the structural analysis.

In the third stage, the identification of potential scenarios that could be implanted as
business models in end-of-life coal mines was performed using morphological analysis.
The obtained scenarios were then evaluated using a multicriteria analysis.

In the last stage, justifying and assessing the business model’s choice with specifying
outputs and result indicators was carried out.

The Delphi method was applied in all stages. There were 40 experts from 4 countries
who took part in the Delphi surveys. In the group participating in the study, 22 experts
were from Poland, 7 were from Germany, 6 were from Greece, and 5 were from Spain.
The experts represented research and scientific institutions (80%) and the coal mining and
energy industry (20%). The range of years of experience in coal-mining-related activities
was from 10 to over 35 years.

In the procedures of group assessment carried out by the experts, their competences
were assessed according to Formula (1) [27].

K = 0.5 x (K, 4+ K,) 1)

where:

K} is an indicator of an expert’s competence, whose value ranges from 0.3 (the lowest
competence) to 1.0 (the highest competence).
K; is the factor determining the degree of knowledge held by the expert assessing the
problem, wherein the degree of knowledge of the issues is expressed in points ranging
from 0.1 to 1.0.
K, is the coefficient of argumentation and consists of three sources of argumentation:
theoretical analysis (argumentation degree from 0.1 to 0.3), experience (argumentation
degree from 0.2 to 0.5, and intuition (argumentation degree 0.2). In total, value K; = 1
corresponds to a high coefficient of argumentation.

The experts’ competence calculated as Ky ranged from 0.6 to 1.0.

Figure 1 shows a scheme of the performed and presented actions in the paper, as well
as the obtained goals.

GOALS ACTIONS

Potential of end-of-life coal mines .| Finding & assessing relevant variables — Delphi survey +

Y

MICMAC method (structural analysis)

L J

Development of scenarios — Delphi survey + MORPHOL
method (morphological analysis)

h J

Opportunities to develop new
business models ¥

Assessing of scenarios — Delphi survey + MULTIPOL
method (multicriteria analysis)

L 4

New economic activities and jobs in o Justifying & assessing the business model choice —
Coal Regions in Transition "| specifying outputs and result indicators — Delphi survey

Figure 1. Scheme of goals and actions.
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2. Materials and Methods
2.1. Structural Analysis

Structural analysis is a tool that structures the pooling of ideas. This form of analysis
describes a system using a matrix, which combines the constituent components of the
system. This method identifies technical variables that are both influential and dependent:
those that are essential to the evolution of the system. Structural analysis was carried out
by experts from the field under study.

The different phases of the method are as follows: listing the technical variables,
describing the relationship between technical variables, and identifying the key variables.

In order to perform a structural analysis of this complex system and correctly identify
interactions between technical variables, the “cross-impact matrix multiplication applied to
classification” approach was used using the MICMAC software v. 6.1.2 based on the Godet
and Bourse method [28,29].

Structural analysis is a method of organising and analysing sets involving a large
number of technical variables that interact with each other. The analysed technical variables
may be seemingly unrelated to each other (direct influences), but the use of the MICMAC
method makes it possible to determine their mutual influences and the relationship between
them (indirect influences). The essence of the method is to assess the influence of each
technical variable on the others, assuming that the influence of technical variable “n” on
technical variable “m” may be different from the influence of technical variable “m” on
technical variable “n”.

The responses must be qualitative. For each pair of technical variables, the following
questions were asked: is there a relationship of direct influence between technical variable
“n” and technical variable “m”? If there is not, one puts value 0. If there is, one must
ask whether this relationship of direct influence is low (value 1), medium (value 2), or
high (value 3). Two methods of structural analysis were used: the direct method, which
estimates the overall direct influence and dependence (the direct dependence of a variable
in the system directly from the matrix of direct influence), and the indirect method, which
estimates the overall influence and dependence of a variable using other system technical
variables (matrix of indirect influence). Comparing the results of the direct and indirect
methods confirms the importance of certain variables and reveals some variables that, due
to their indirect effects, play a dominant role (and that the direct classification did not allow
to be revealed). Therefore, the usage of structural analysis makes it possible to compare
the hierarchy of technical variables in different classifications, obtain a range of relevant
information on them, and identify key variables in the system. The location of the groups
of technical variables is shown in Figure 2 [29].

Figure 2 shows groups of technical variables that are characterised by different poten-
tial and importance.

The key variables are located in the first quadrant (in the upper-right corner) and are
characterised by the highest dependence, as well as the highest influence, on others. They
are technical variables of high sensitivity and can be viewed as being responsive to the
challenges of the system.

Determinant variables are situated in the second quadrant (upper-left) and are charac-
terised by high influence and a limited /low dependence or relationship. Depending on
their evolution, they can become brakes or drivers of the system.

Autonomous variables are situated in the third quadrant (bottom-left), not affecting
the system (low dependences and low influences). They correspond to past trends or inertia
of the system or are disconnected from it.

The result variables are situated in the fourth quadrant (bottom-right). These variables
have a not-so-great influence on other variables but are highly dependent on them. They
could be descriptive indicators of the system.

Regulatory variables are situated in the central area and are characterised by medium
influences and dependences. They become the key to achieving compliance with the key
variables. They determine the excellent functioning of the system under normal conditions.
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Figure 2. Grouping of technical variables by dependency and influence.

2.2. Morphological Analysis

Morphological analysis can be useful in firing the imagination, helping to identify
new products or previously unknown procedures, and sweeping the field of possible
scenarios. The issue of choosing dimensions and key variables and their order, plus the
relevant alternatives, is a determining one for the pertinence, coherence, plausibility, and
transparency of the scenarios. The dimensions may be identified using the results of the
structural analysis (MICMAC) to identify key variables.

The assessment of the selected scenarios was carried out using morphological analysis [30]
as the best method to explore the possible recombination of elements that make up the
structural analysis. This method is mainly used for constructing scenarios, but it is equally
suitable for forecasting the development of technology and the creation of potentially new
products or services. For this purpose, the MORPHOL software v 5.1.2 was used. Starting
from the structural analysis, it was necessary to include a selection of the technical variables
that will be used for scenario development with morphological analysis. It is interesting not
to select many variables from each group so that the field of possibilities or “morphological
space” does not become huge and impossible to handle.

Thus, an analysis was developed to identify technical variables for scenario devel-
opment from the structural analysis. Second, each technical variable’s development alter-
natives were selected and justified for a working horizon. Third, morphological analysis
was used to evaluate possible recombination of the elements comprised in the investigated
system. However, although the morphological analysis produced a relatively large number
of scenarios, it was necessary to develop a brainstorming session to avoid leaving out
specific combinations that did not appear during the analysis.

The result of this work was the “scenario space”, characterised by all the feasible
combinations of system components. It was constructed based first on the key variables
that were considered, as they have a strong influence and strong dependence on the rest
of the variables. Second, determinant variables characterised by high influence and low
dependence were considered. Finally, result variables that have a low influence on the
others but a high dependence from others were considered.

Finally, the scenarios obtained from the morphological analysis were arranged and
transformed into a list of relevant business models after eliminating some feasible scenarios
to be developed without achieving any essential synergies from the end-of-life coal mines.
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2.3. Justification Approach

Scenario and micro-scenario options from end-of-life coal mines in the process of phas-
ing out were evaluated using multicriteria assessment and the MULTIPOL tool v.4.0 [31].

MULTIPOL (an acronym for MULT]Icriteria and POLicy) is one of the most straight-
forward existing multicriteria applications, but by no means is it the least useful. It is
based on evaluating actions using a weighted average, similar to evaluating students in
a class calculated according to coefficients per subject. Classic multicriteria approaches
are used in MULTIPOL: census possible scenarios, analyse consequences, elaborate on
criteria, evaluate scenarios, define policies, and sort scenarios. Hence, every scenario is
evaluated, considering each criterion with a simple scale. Evaluation is possible via either
questionnaires or meetings with experts, where a consensus is necessary.

Furthermore, scenario evaluation is not uniform in that different contexts related to
the objective are also considered. One of these contexts is a policy: a set of weights tuned to
the criteria. These weights represent different value systems for decision-makers, diverse
strategies, multiple scenarios, and assessments, including possible changes in the time
horizon. For each policy adopted, experts assign an appropriate weight based on the
assumed criteria.

For each policy, an average score is assigned to the scenarios and a table of classification
profiles is created in comparison with the policy scenarios. An assessment of the risks
associated with uncertainty or incompatible alternatives is obtained using a scenario
classification map based on the mean values and standard deviations of the results obtained
for each policy. Policies have been selected that assume the fact that climate change coupled
with ongoing environmental degradation are existential threats to Europe and the world,
and that should be addressed in terms of scenarios and micro-scenarios. The European
Green Deal, developed for this purpose, will transform the EU into a modern, renewable-
resource-based, competitive economy.

Then, evaluation criteria emanated from the study’s goal and objectives. Defining cri-
teria resulted from interactions between researchers, external experts, and the stakeholders
in the participatory planning process, aiming at grasping priorities and embodying them
in the subsequent processes.

The evaluation of scenarios and micro-scenarios related to policies was developed
using these inputs. However, although the justification approach was initially based on
evaluating scenarios/micro-scenarios related to EU policies, other relevant aspects were
considered: the synergistic potential, technology readiness level (TRL), circular economy,
European taxonomy, technical criteria, and sector coupling.

2.4. Analysing Alternative Options

Finally, result indicators were selected to analyse the alternative options derived from
the justification approach, considering the targets set by the European Green Deal and
related taxonomy and the regional policy indicators for the Just Transition Fund [32].

3. Variables

Before proceeding with the structural analysis, technical variables were identified,
analysed, and reduced according to their representability. All technical variables adopted
relate to both technical characteristics (e.g., heap soil characteristics, fly ash characteristics,
and water temperature) and evaluation criteria (e.g., level of competitiveness or size of
costs) that are related to renewable energy technologies combined with energy storage
and a circular economy. The technical variables in these systems were defined based
on the knowledge and results gained from the literature review, experts’ knowledge,
and stakeholders.

The result of the first phase was an unsorted, comprehensive list of technical variables.
The difficulty was in finding a consensus, not only on the meaning of the technical variables,
but even in determining which aspects should be formalised as technical variables and
which should not. A detailed clarification of the technical variables was therefore necessary
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to enable a better perception of the relationships between the variables in the later phases
of the analysis. A homogeneous list of 70 technical variables of the system was obtained
as a consensus. The technical variables were analysed into four groups: the “Power
plant” group, the “Mining surface” group, the “Mining underground” group, and the
“Global” group.

There were 38 technical variables from the “Power plant” group subjected to structural
analysis. As a result of direct and indirect analyses, nine technical variables were defined
as key variables: available space for new technologies/projects, land use restrictions
(power plants), the character of the local area, electro-intensive industries, proximity to
industries, neighbourhood and proximity to the nearest urban/industry, access/proximity
to road infrastructure, access/proximity to railway infrastructure, and constant energy
consumption industries.

Then, 16 technical variables from the “Mining surface” group were subjected to
structural analysis. As a result of direct and indirect analyses, eight technical variables
were defined as key variables: the geotechnical stability of waste heaps, geometry of the
waste heaps, area of the waste heaps, height of the waste heaps, angle of slopes of the waste
heaps, fire hazards at the waste heap, status of reclamation of the waste heap, and land use
restrictions (mine).

Furthermore, 16 technical variables from the “Mining underground” group were
subjected to structural analysis. As a result of direct and indirect analyses, two technical
variables were defined as key variables: the volume of pumped water and the flooding
status of the mine.

Finally, 69 technical variables from the “Global” group were subjected to structural
analysis. As a result of direct and indirect analyses, eight technical variables were defined
as key variables: access/proximity to railway infrastructure, available space for new
technologies/projects, land use restrictions (power plant), the character of the local area,
neighbourhood and proximity to the nearest urban/industry, access/proximity to road
infrastructure, proximity to industries, and electro-intensive industries.

Due to the similarity of some of the analysed technical variables related to the mining
surface, technical variables including the height of the waste heap, angle of slopes of the
waste heap, and geometry of the waste heap were combined into the geometry of the waste
heaps. The power plant variables character of the local area, neighbourhood and proximity
to the nearest urban/industry, and proximity to industries were combined into character of
the local area/proximity to industry. Finally, the power plant variables access/proximity
to road infrastructure and access/proximity to railway infrastructure were combined into
access/proximity to transport infrastructure, resulting in a total of 22 variables.

4. Discussion
4.1. Assessment of Relevant Scenarios

A specific analysis was developed to identify technical variables for scenario devel-
opment. This was mainly via a combination of results from the structural analysis, firstly
prioritising key variables, followed by determinant variables. Result variables with a low
influence on the others but high dependence are often descriptive indicators of the system'’s
evolution and were discarded because of this fact. The result of this analysis is presented
in Table 1.

The next step was to consider the different alternatives for each technical variable.
Table 2 presents the list of alternatives for each technical variable, extended with an “in-
different” option for each variable in case none of the alternatives are specifically needed.
Combining the different alternatives for each analysed variable allows the computing of
100,000 possible scenarios.

The development of scenarios is the next step in the morphological analysis process
and corresponds to the development alternatives for the selected working horizon of the
technical variables. Some micro-scenarios that can partially address some objectives were
described after the global scenarios. Their application will depend on the specific needs
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or wills of the coal regions interested in exploring these possibilities, and they can always
complement more specific scenarios.

Although the results of the morphological analysis resulted in a relatively large number
of scenarios, it was necessary to develop brainstorming sessions. This was due to the need
not to leave out specific combinations of variables that did not emerge during the analysis
due to time constraints. Ultimately, this related to the decision regarding whether to go
with a typical scenario or a micro-scenario, which was sometimes difficult and required a
consensus to be reached.

The list of scenarios and micro-scenarios obtained using the morphological analysis
was arranged and transformed into final lists (Tables 3 and 4). This was carried out after
eliminating some scenarios and micro-scenarios that, in most of the cases, were feasible to
be developed without achieving any essential synergies from the end-of-life coal mines.

Table 1. List of technical variables for scenario development.

Technical Variables

Description

Character of the local area/proximity
to industry

This technical variable describes the characteristics of the surrounding areas: industrial
and post-industrial, urban, suburban, rural, agricultural. The type of local area determines
the type and amount of connectivity to infrastructure facilities.

Available space for new
technologies/projects

This technical variable refers to the amount of available space for the installation of new
technologies (it does not include waste storage areas). This space includes all areas
provided by the surroundings of a coal power plant and/or coal mine.

Available infrastructures for
new technologies

This technical variable includes the type of infrastructure that can facilitate the adaptation
of the power plant/mine. This can be internal infrastructure, such as water
demineralisation facilities, or external infrastructure, such as a water purification station
or a water pumping station.

Concessions, contracts and
other regulations

This technical variable refers to obligations such as providing a thermal energy supply
after decommissioning or those arising from legal regulations, which may determine the
future destinations of the mine.

Land use restrictions

This technical variable takes into account land use restrictions (other than waste heaps),
mainly related to land use plans approved by local authorities, which may condition
certain industrial, commercial, or residential centres.

Physical characteristics of waste heaps

This technical variable refers to the waste heap’s physical characteristics—geotechnical
stability, angle of natural response, geomorphic shape, and waste heap height and area.

Waste heap development constraints

This technical variable refers to waste heap development constraints (gas and fire hazards
and reclamation status).

Material type deposited on the
waste heaps

This technical variable describes the specific characteristics of the materials deposited
ontp the heaps, taking into account whether they are separated into mining waste and
coal preparation waste, or whether they are mixed.

Flooding status of the mine

This technical variable describes the flooding status of a closed mine. It is related to the
depth to which it was flooded, as well as the size of the flooded underground
area/excavations.

Pumped water chemistry/quality

This technical variable determines the quality and chemistry of pumped mining water
(salt, hazardous substances).

4.2. Scenario Assessment

First, policies were selected, considering that climate change and environmental

degradation threatens Europe and the world. The European Green Deal will transform
the EU into a modern, renewable-resource-based, and competitive economy to meet these
challenges by providing the three policies shown in Table 5.
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Table 2. List of technical variables and their alternatives.

Technical Variable

Alternative 1

Alternative 2

Alternative 3

Alternative 4

Alternative 5 Alternative 6

. . Constant energy Indifferent
- Non-populated or scarcely . R . Electro-intensive .
Area characteristic Mainly populated area Mainly industrial area . . consumption character of the
populated area industries . .
industries local area
. Relevant available space Limited available space for Indifferent available space
Available space : - .
for new technologies new technologies for new technologies
Relevant available Limited available Indifferent available
Infrastructure infrastructures for new infrastructures for new infrastructures for new
technologies technologies technologies
Concessions for power Obligations arising from Indifferent to

Concessions/obligations

generation

concessions or other

No concessions/obligations

concessions/obligations

Land restrictions

Existence of land use
restrictions

No land use restrictions

Indifferent to land use
restrictions

Heap characteristics

Flat area, geotechnical
stability

Inclined area, geotechnical
stability

Landslides and /or wind
and water erosion

Indifferent to waste heap
characteristics

Heap constraints

Gas or fire hazard

Reclaimed or partially
reclaimed waste heaps

Natura 2000 area or specific
territorial development
plan area

No development
constraints

Indifferent to waste
heap development
constraints

Heap material

Separate waste

Inert waste

Indifferent to waste heap
material type

Indifferent to flooding

Flooding status Non-flooded Completely flooded Partially flooded status
. Pumped water with a high Pumped water with a low .
Water quality Pumped water with content of mineral content of mineral Indifferent to pumped

hazardous substances

substances

substances

water quality
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Table 3. List of relevant scenarios.

No. Short Label Long Label
1 Virtual Scenario “Virtual power plant” [33]
2 Hydrogen Scenario “Green hydrogen plant” [34-36]
3 Ecopark Scenario “Eco-industrial park” [37]
. Scenario “Cultural heritage and sports/recreation areas using
4 Tourism ”
green energy
5 FloatingPV Scenario “Floating PV panels at flooded open-pit coal mine”
6 Pumping Scenarllo Pumped }},ydroelectnc storage (PHS) at former
open-pit coal mines
7 Fisheries Scenario “Fisheries in flooded open-pit coal mines”
Scenario “Combined cycle gas turbine (CCGT) powered by
8 CCGT ”
natural gas
9 Minegas Scenario .M,l,ne gas utilisation for gas-powered CHP
power units
10 Nuclear Scenario “Small modular reactors (SMRs)”
11 Biofuels Scenario “Biofuel combustion or production”
12 Molten salt Scenario “Molten salt plant” [38,39]
13 Agrophotovoltaics Scenario “Agrophotovoltaics (APV) at former open-pit coal

mine areas”

Table 4. List of relevant micro-scenarios.

No. Short Label Long Label
1 Batteries Micro-scenario “Ancillary services provided by batteries”
Micro-scenario “Circular mining technologies based on
2 Waste heaps . " & &
material recovery
Micro-scenario “Usage of methane from degasification units in
3 Methane .,
closed coal mines
4 Water Micro-scenario “Circular mining technologies for pumped
water material recovery”
5 Forest Micro-scenario “Forest restoration at former open-pit coal mines”
6 Information Micro-scenario “Large-scale IT infrastructure”
7 Geothermal Micro-scenario “Geothermal energy”
8 Gravitricity Micro-scenario “Gravitricity”
9 Dense fluids Micro-scenario “Dense fluids”
10 Hydropumping Micro-scenario “Underground hydro-pumping”

Table 5. List of European Green Deal policies.

No. Short Label Long Label

1 Climate Policy “No net emissions of greenhouse gases by 2050”
2 Growth Policy “Economic growth decoupled from resource use”
3 People Policy “No person and no place left behind”

Seven assessment criteria were then selected based on the goals and objectives of the
study. The development of the criteria resulted from the interaction between the researchers,
external experts, and stakeholders in a participatory process, where the main aspect was to
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both grasp the priorities and include them in subsequent processes. The list of assessment
criteria is presented in Table 6.

Table 6. List of assessment criteria.

No. Short Label Long Label

1 Security Criteria “Energy security”

2 Greening Criteria “Renewable resources”

3 Cost Criteria “Low investment barriers”
4 Benefits Criteria “Benefits”

5 Development Criteria “Regional development”

6 Environment Criteria “Environment”

7 Employment Criteria “Job creation”

Every relevant scenario and policy was evaluated against the selected criteria. Thus, it
was possible to obtain the scores of scenarios related to the policies (Table 7).

Table 7. Result of evaluation of scenarios related to policies.

) Policies Standard
Scenarios - Mean . L.

Climate Growth People Deviation
Virtual power plant 13.3 9.4 7.4 10 2.5
Green hydrogen plant 16.4 10.5 10.9 12.6 2.7
Eco-industrial park 125 [ 159 13.8 15
Cultural heritage and sports/recreations 10 8 9.2 9.1 0.8
Floating PV panels at flooded open pits 12.5 9.6 8.5 10.2 1.7
Pumped hydroelectric storage 17.2 11.5 9.6 12.8 3.2
Fisheries in flooded open-pit coal mines 5.6 7.8 8.1 7.2 1.1
CCGT 10.8 11 9.7 10.5 0.6
Mine gas utilisation in CHP units 6.4 6.4 53 6 0.5
Small modular reactors (SMRs) 14.2 11.7 15.1 13.7 1.4
Biofuel combustion or production 15 - 12.4 13.5 1.1

Molten salt plant 181 | 188 | 109 14.2 3

Agrophotovoltaics 15.3 114 10.1 12.3 22

Coloured figures indicate the three highest values achieved within each policy. Bold scenarios correspond to those
with at least one coloured figure.

As with the scenarios, every relevant micro-scenario and policy was evaluated against
the selected criteria. Thus, it was possible to obtain the scores of the micro-scenarios related
to the policies (Table 8).

However, to obtain a global vision of the problem, additional criteria that were not
specifically considered under the European Green Deal policies and that are needed to prop-
erly assess the technological alternatives were also analysed within the assessment approach:

a. Technical variables

Evaluating scenarios/micro-scenarios related to the technical variables presented in
Table 1 was also considered as an input for justifying the choices.
b.  Technology readiness level (TRL)

Another criterion considered was each specific scenario’s technology readiness level
(TRL) [17].

According to this criterion, small modular reactors (SMRs) were no longer considered

in the analysis due to their low TRL, as only a small number of pilots are being developed
worldwide at present.
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c.  European taxonomy

The European taxonomy [18] has also been identified as a rather important factor
in justifying the selected scenarios. It is imperative that investments be redirected to
sustainable projects and activities in order to achieve the EU’s energy and climate goals for
2030, as well as those of the European Green Deal.

d. Synergistic potential

To justify the business model’s choice, the synergistic potential of the different scenar-
ios was also considered as a crucial analysis criterion [19,20].

e. Circular economy
The circular economy was considered in the assessment [21-23].
f.  Sector coupling

Finally, sector coupling involves the increased integration of energy end use and
supply sectors, improving the flexibility and efficiency of the energy system as well as its
adequacy and reliability [24,25].

Table 8. Result of evaluation of micro-scenarios related to policies.

. . Policies Standard
Micro-Scenarios - Mean . ..
Climate  Growth People Deviation
Ancillary services with batteries 13.8 _ 5.8 10.1 3.3
Waste heap material recovery 5.8 6.3 7.1 6.4 0.5
Usage of methane 8.5 7.8 7.8 8 0.3
Pumped water material recovery 7.5 6.2 6.4 6.7 0.6
Forest restoration at open pits 7.5 72 72 7.3 0.1
Large-scale IT infrastructure 4 6 2.8 42 13
Geothermal energy 19.6 _ 12.4 15.5 3
Gravitricity 12.2 8 7.6 9.2 2.1
Dense fluids 185 | 108 88 12.7 2.8
Underground hydro-pumping 18.2 10.5 9.3 12.7 3.9

Coloured figures indicate the three highest values achieved within each policy. Bold scenarios correspond to those
with at least one coloured figure.

4.3. Business Model Choice

Although the evaluation of scenarios/micro-scenarios related to policies was first
considered to justify the business model choice, linear scoring was given to the different
aspects, following a detailed analysis of each scenario/micro-scenario.

According to the aspects analysed within the scenario evaluation, eco-industrial parks
are the most appropriate and exciting scenario choice to be selected, according to the
scoring given to the different aspects, following the previous explanations (Figure 3).

Undergoing a similar scoring process according to the aspects considered within
the evaluation approach, Figure 4 presents the micro-scenario classification. Geothermal
energy is the most appropriate and exciting micro-scenario choice to be selected. However,
although batteries are situated far below geothermal energy, they should be considered for
energy storage, as they are the first technology in this area. Batteries are closely followed
by the two pumping technologies: dense fluids and hydro pumping, with lower TRLs in
both cases. As pumping technologies increase their TRLs in the future, they will probably
surpass batteries, and the scenario may radically change.

Accordingly, the most optimal business model refers to eco-industrial parks as an
integrated alternative to sustainable energy generation technologies and the creation of
a circular economy [37]. The main goal of eco-industrial parks is to reduce waste and
pollution by promoting short-distance transportation and optimising the transfer of materi-
als and energy within the industrial park. This scenario obtained the second average in
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the scenario evaluation, with high TRLs of the technologies involved (e.g., photovoltaic
and geothermal), no problematic requirements for the European taxonomy, an exciting
contribution to the circular economy, and a high level of sector coupling.

60
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£
S 30
@A
20
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0
Molten Eco-industrial ~ Biofuels ~ Small modular ~ Pumped Green Biofuels
salt plant park (combustion) reactors (SMRs) hydroelectric hydrogen plant (production)
Bvaluati ¢ storage
v uah(.)no B Technical criteria m TRL B European taxonomy
scenarios

B Synergistic potential ¥ Circular economy M Sector coupling
Figure 3. Scenario choice scoring.
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Geothermal energy Dense fluids Underground Ancillary services
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Figure 4. Micro-scenario choice scoring.

Sustainable energy generation technologies that could be considered within eco-
industrial parks comprise wind energy production and solar energy production connected
with energy storage and/or geothermal energy. These could be used to provide cooling
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and/or heating to the enterprises or companies participating in the eco-industrial park,
thus constituting or simultaneously developing a virtual power plant.

However, an eco-industrial park with a virtual power plant should be supported by
tax breaks, other financial privileges, and other benefits to boost and diversify the economy
of the post-mining area. This would attract external investment due to tax exemptions for
businesses, access to preferential credits from National authorities, the European Bank for
Reconstruction and Development, the European Investment Bank, local business support
institutions, and others.

4.4. Business Model Result from Indicators

According to their high TRL, eco-industrial parks with virtual power plants may be
complemented by a green hydrogen plant, provided that specific economic subventions are
obtained to achieve balanced financial results. Other alternatives that should be considered
according to the business model choice justification for scenarios and micro-scenarios are
molten salt plants, batteries, or biofuels.

Result indicators were selected considering the targets set by the European Green Deal
and related taxonomy and the regional policy indicators for the Just Transition Fund [32],
and these are presented in Table 9, together with the final values achieved.

The following scale was adopted for the evaluation of result indicators for the busi-
ness models:

Low impact—weight 1.
Medium-low impact—weight 2.
Medium impact—weight 3.
Medium-high impact—weight 4.
High impact—weight 5.

Two rounds of a Delphi survey were held with experts from the Central Mining
Institute, National Research Institute (GIG-PIB), Poland; Polish Power Plants Association
(TGPE), Poland; Hulleras del Norte S.A. (HUNOSA), Spain; Technische Hochschule Georg
Agricola University (THGA), Germany; the University of Oviedo (UNIOVI), Spain; and the
Centre for Research and Technology—Hellas (CERTH), Greece.

The results for the “full-time employment creation” indicator from the first Delphi
survey are shown in Table 10. The results obtained in the second Delphi survey that
deviated from the average are highlighted in yellow.

The final results in Table 9 show that the business model with the highest score is the
scenario of an eco-industrial park (with a virtual power plant) plus the scenario of a green
hydrogen plant. However, site-specific requirements may differ due to the “weighting” of
technology for individual locations.

Based on all of the aspects that were considered, eco-industrial parks with a virtual
power plant are the most suitable and exciting business model choice, according to the
scores given to the various aspects. The scenario refers to an integrated alternative for
sustainable energy generation technologies and circular economy contributions at closed
coal mines. The main objective of this scenario is to reduce waste and pollution by pro-
moting short-distance transport and optimising materials and energy flows. Sustainable
energy-generation technologies comprise renewable energy production with their storage,
and the production of geothermal energy to provide energy and/or heat to the compa-
nies/industries in the eco-industrial park.

According to their high TRL, eco-industrial parks with a virtual power plant may be
complemented with the production of hydrogen, provided that specific economic subven-
tions are obtained to achieve balanced financial results. Another possibility is combining
them with a molten salt plant as a storage option that may complement geothermal energy
production. This should be supported by tax breaks and easily accessible credit to boost
and diversify the economy in the area, attracting external investment via tax exemptions
for businesses, and access to preferential loans from national authorities, the European
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Investment Bank, the European Bank for Reconstruction and Development, local business
assistance institutions, and others.

Table 9. Business models result from indicators.

Eco-Industrial Park (with Virtual Power Plant) Plus

Scenario Scenario Micro-Scenario Scenario Scenario
No. Direct Result Indicators “Green Hp “Molten Salt “Batteries” “Biofuels “Biofuels
Plant” Plant” (Production)” (Combustion)”
1 Full-time employment 38 32 16 44 36
creation

2 Full-time new 3.0 18 14 3.0 2.0
researchers

3 Companies mt.roducm‘g 42 20 25 34 24

process/product innovations
Patent applications submitted

4 to EPO 3.0 24 22 3.0 1.8

5 Energy users copnected to 36 38 38 16 24
smart grids

6 The capacity of rer}ewable energy 36 42 36 20 34

production installed

7 Energy efficiency (sgpport for the 18 36 4 18 34
smart grid)

8 Estimated low GHQ emissions (tons of 46 42 36 20 16

CO; equivalent)
9 Tonnes” of recycled waste (more 40 30 1.0 26 12
waste, lower value)
10 Space required to develop the option 24 31 42 29 29
(more space, lower value)
1 Improvement of qgahty of offered 40 30 28 34 38
services within the park
Benefits/return on investments
12 (CapEx and OpEx) 32 2.8 3.0 32 3.7
13 Potential to Stiml.,lléit.e other business 47 23 28 40 30
activities
14 Energy security degree (independence) 4.0 3.6 4.0 4.4 4.6
15 Reduqlon in environmental impact 48 43 33 55 20
(higher impact, lower value)

16 Environmental impact at the place 42 38 40 24 14
of operation

17 Increased compe.titiveness of 44 28 24 44 40

the region
TOTAL 63.3 53.9 50.2 50.7 46.5

Table 10. Result output for “full-time employment creation” indicator after first Delphi survey.

Full-Time Employment

Scenario “Green H,

Scenario “Molten

Micro-Scenario

Scenario “Biofuels

Scenario “Biofuels

Increase Plant” Salt Plant” “Batteries” (Production)” (Combustion)”
GIG-PIB and TGPE 4 5 4
HUNOSA 3 3 1 5 4
THGA 3 3 2 4 4
UNIOVI 5 2 2 4 3
CERTH 4 4 2 4 2
Average 3.8 3.4 44 3.4

Coloured figures correspond to values with high deviation from the average.
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5. Results

To determine the economic diversification potential, the likely commercial viability
and the added value of the eco-industrial parks (with virtual power plants [40]), a pre-
feasibility study (including CapEx, OpEXx, cash flows, and expected financial outcomes)
was developed with the following characteristics:

e A photovoltaic installation in a 50 ha coal mine waste heap area with an installed
capacity of 1 MW /ha, thus totalising 50 MW [34].

e  Unconventional hydro-pumped storage, calculated to cover half of the daytime energy
production by photovoltaic means (with a 10% safety margin), with around half of
the daytime hourly energy production occurring in twice the time, resulting in an
installed capacity of 200 MWh and power of 10 MW.

e A geothermal energy generation plant of 4 MW, producing 5000 MWh of heating and
2000 MWh of cooling per year.

e A green hydrogen plant with PEM technology electrolysers of 2.5 MWe (megawatt
electrical).

e Aneco-industrial park of 100,000 m? will be developed in liberated areas that are not
in waste heap areas.

Table 11 presents the basic photovoltaic parameters for a 50 ha coal mine waste heap
area with an installed capacity of 1 MW /ha and a capacity factor of 30%. This corresponds
to the percentage of time that the installation is used per year, with 50% of the energy to be
stored and the rest to be sold.

Table 11. Photovoltaic deployment parameters.

Parameter Value
Installed capacity 50 MW
Estimated investment (plant life: 25 years) 20 MEUR
Capacity factor (% time of use of the installation per year) 30%

Daily production (50 MW x 30% x 24 h) 360 MWh
Fraction of energy to be sold, the rest to be stored 50%
Daytime energy sold (360 MWh x 50%) 180 MWh
Daytime energy price 40 EUR/MWh
Daytime revenue (180 MWh x 40 EUR/MWh) 7200 EUR
Photovoltaic annual revenues (7200 EUR x 365) 2.63 MEUR
Annual expenditure (staff, maintenance, and overhead) 0.50 MEUR

The unconventional hydro-pumped energy storage method using dense fluids (pro-
posed in the GreenJOBS RFCS project) has two newness values, compared to what has
been already proposed at worldwide levels. Firstly, it can be implemented in flooded,
closed coal mines, which has eliminated the costs associated with pumping mine water in
general and the water used for geo-thermal energy production, in particular. It is not easy
to implement, and is not even feasible with alternative methods of energy storage such as
the gravitricity method. Secondly, the use of dense fluids allows the provision of density
differentials between the fluids, and the greater the difference, the more efficient the system
will be. On the other hand, the deep infrastructure (mining working and excavations) of
underground coal mines makes them very suitable for designing a system to satisfy the
output requirements: large height differentials between the surface and deep underground
galleries /workings that eliminate the need for a bottom pressure vessel, with a relatively
stable pressure, due to the thickness of the overburden.

For these reasons, the pre-feasibility study will consider this technology, while batteries
will only be considered as a backup for the whole system.
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Net Present Value (NPV) = —27,065 +

Table 12 presents the unconventional hydro-pumped storage parameters calculated
to cover the daytime energy storage (with an added 10% safety margin). These param-
eters include around half of the daytime hourly production of energy in twice the time
(approximately 16 h), resulting in an installed capacity of 200 MWh and power of 10 MW.

Table 12. Unconventional hydro-pumped storage deployment parameters.

Parameter Value

Installed capacity 200 MWh-10 MW
Estimated investment (plant life: 50 years) 5 MEUR
Round-trip efficiency 80%

Daytime energy storage (360 MWh x 50%) 180 MWh
Night-time energy production (180 MWh x 80%) 144 MWh
Night-time energy price 70 EUR/MWh
Night-time revenues (144 MWh x 70 EUR/MWh) 10,080 EUR

Annual revenue for disrupted pumped hydro (10,080 EUR x 365) 3.68 MEUR

Annual expenditure (staff, maintenance, and overheads) 0.15 MEUR

Although unconventional pumped hydro storage can perform rapid ramping, avoid-
ing photovoltaic curtailment and loss of load, it needs several minutes to respond to signals.

Thus, batteries should be used, but only for short periods. Batteries have proven to
be remarkably rapid in responding to signals (from sub-seconds to seconds), with costs
declining notably while technical parameters such as degradation rates and energy density
keep improving. Consequently, they will play a vital role in the flexibility of the energy
storage system.

High-power batteries would be used for short periods, with an estimated investment
of 1.5 MEUR for an installed energy capacity of 200 MWh and power of 2 MW, and an
annual expenditure of approximately 0.05 MEUR. This information was obtained from the
Pacific Northwest National Laboratory [41].

Table 13 presents the cash flows for the time period of the first 3 years, using constant
2022 euros, an annual depreciation of 5%, and a working capital of approximately 9% of
the operating revenues.

Taking into account an 8% capital cost, the expected financial outcomes for period of
25 years will be:

4538 4538 4538
2% 21,991 KEUR @)
(1+0.08) * (14 0.08) (1+0.08)”
Internal rate of return (IRR) = 16% (©)]
Payback Period (PP) = 9 years 4)

Regarding geothermal energy, Table 14 presents the parameters for a 4 MW geothermal
energy plant producing 5000 MWh of heating and 2000 MWh of cooling per year. Hulleras
el Norte, S.A. (HUNOSA) facilitated most of the data.

Table 15 presents the cash flows for the first three years, using constant 2022 euros, an
annual depreciation of 5%, and a working capital of approximately 9% of the operating revenues.
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Net Present Value (NPV) = —1541 +

Table 13. Cash flow calculation for the virtual power plant (kEUR).

Item 2022 2023 2024
Capital expenditure (26,500)
Working capital (565)
Operating revenues 6310 6310
Operating expenses (700) (700)
Depreciation (20 years) (1325) (1325)
EARNINGS BEFORE INTEREST AND TAXES 4285 4285
Taxes (25%) (1072) (1072)
NET INCOME 3213 2700
CASH FLOW (net income + depreciation) (27,065) 4538 4538
Table 14. Geothermal energy deployment parameters.
Parameter Value
Installed capacity 4 MW
Estimated investment (plant life: 20 years) 1.5 MEUR
Thermal energy supplied (heating) 5000 MWh
Thermal energy supplied (cooling) 2000 MWh
Energy produced per kWh of electricity consumed 4.5 kWh
Electricity cost (from virtual power plant) 55 EUR/MWh
Heating energy sale price 0.07 EUR/kWh
Cooling energy sale price 0.05 EUR/kWh
Annual expenditure (staff, maintenance, and overheads) 75,000 EUR
Table 15. Cash flow calculation for geothermal energy (kEUR).
Item 2022 2023 2024
Capital expenditure (1500)
Working capital (41)
Operating revenues 450 450
Operating expenses (160) (160)
Depreciation (20 years) (75) (75)
EARNINGS BEFORE INTEREST AND TAXES 215 215
Taxes (25%) (54) (54)
NET INCOME 161 161
CASH FLOW (net income + depreciation) (1541) 236 236

Finally, considering an approximate 8% capital cost, the expected financial outcomes

for 20 years will be:
236 236 236
+ +...+ ———; = 776 KEUR (5)
(1+0.08) (14 0.08) (1+0.08)%
Internal rate of return (IRR) = 13% (6)
Payback Period (PP) = 11 years (7)
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Net Present Value (NPV) = —5170 +

Net Present Value (NPV) = —2670 +

The green hydrogen plant will be designed with 2.5 MWe of electrical power dedicated
to hydrogen generation; the electrolyser will allow a nominal flow rate of 500 Nm? H, /h
(0.012 kg Hy /s = 1036.8 kg Hy /day). The purity of the H, generated will be 99.998%, and
the operating range will be between 5 and 125% of the nominal H; flow rate.

The hydrogen produced will be sold to electro-intensive-power industries or compa-
nies nearby:.

Table 16 presents the green hydrogen plant parameters.

Table 16. Green hydrogen plant deployment parameters.

Parameter Value

Installed capacity 2.5 MWe
Estimated investment (plant life: 15 years) 5 MEUR
Functioning hours of the installation for one year 6000 h

Annual hydrogen production 270,000 kg/year
Operating expenses (personnel, maintenance, repairs) 250,000 EUR
Electrical consumption of the plant 3 MWh
Hydrogen sale price 7 EUR/kg
Electricity cost (from virtual power plant) 55 EUR/MWh

Table 17 presents the cash flows for the period of the first 3 years, using constant
2022 euros, an annual mean depreciation of 6.7%, and a working capital of approximately
9% of the operating revenues.

Table 17. Cash flow calculation for the green hydrogen plant (KEUR).

Item 2022 2023 2024
Capital expenditure (5000)

Working capital (170)

Operating revenues 1890 1890
Operating expenses (1240) (1240)
Depreciation (20 years) (333) (333)
EARNINGS BEFORE INTEREST AND TAXES 317 317
Taxes (25%) (79) (79)
NET INCOME 238 238
CASH FLOW (net income + depreciation) (5170) 571 571

Considering the 8% cost of capital, the financial results expected in 15 years will be
as follows:

571 571 571
+ Fod—2 = _283KEUR ®)
(1+0.08) " (1+40.08) (1+0.08)"°
Internal rate of return (IRR) = 7% )

Thus, the investment is not feasible unless a specific subvention is obtained for devel-
oping the green hydrogen plant, such as a 50% subvention of the total investment, which
aligns with big ticket projects within the Research Fund for Coal and Steel (RFCS) [42]; so,
taking into account a subvention of 2.5 MEUR, the new expected financial outcomes will be:

51 571 571
(14 0.08)

5 +...+ ————— = 2217kEUR (10)
(1+0.08) (1+0.08)
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Internal rate of return (IRR) = 20% (11)

Payback Period (PP) = 7 years (12)

Finally, developing a business park to attract industry is timely, and it can take at least
4 years, and this has a financial cost associated with the planning and execution of the
work. A typical industrial park of 100,000 m? will have 10% of the area for green space and
30% for roads and general facilities if its overall shape is not complicated. Table 18 presents
the eco-industrial plant deployment parameters.

Table 18. Eco-industrial park deployment parameters.

Parameter Value

Total area available 100,000 m?
Estimated time for development Four years
Percentage of green areas over total area available 10%
Percentage of roads and auxiliary services over the total area 30%
Available area for industries 60%

Sale price 60 EUR/m?
Cost of execution related to the total area available 10 EUR/m?
Planning cost to be developed during the first 2 years 100,000 EUR
Drafting of the project during the third year 100,000 EUR

Table 19 presents the cash flows for all years of the investment, using constant 2022 euros.

Table 19. Cash flow calculation for the eco-industrial park (kEUR).

Item 2022 2023 2024 2025 2026
Capital expenditure (50) (50) (100) (1000)

Operating revenues 3600
Taxes (25%) (600)
CASH FLOW (50) (50) (100) (1000) 3000

Finally, considering an 8% capital cost and assuming that the coal mine company owns
the land, the expected financial outcomes will be:

50 100 1000 3000

Net Present Value (NPV) = —50 — — - + = 1229 KEUR (13)

(1+0.08) (140.08)> (140.08)° (1+0.08)*

The last step of the assessment of economic impact was the uncertainty and sensitivity
analysis of its variables. Sensitivity analysis involves studying how model input uncertainty
can be apportioned to different sources of uncertainty in model inputs. It indicates exactly
how much the IRR or NPV will change in response to a given change in a single input
variable, with the others held constant. A Monte Carlo simulation was used to conduct an
uncertainty analysis of the critical variables.

The programme used to carry out the sensitivity and uncertainty analysis was @RISK
v7.5 from Palisade Corporation (Ithaca, NY, USA).

Figure 5 presents the internal rate of return (IRR) distribution after the Monte Carlo
analysis of the virtual power plant. The mean of 17.95% was sensitively higher than the
calculated 16%. Thus, the calculated IRR can be considered robust; the same was true for
the NPV.
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Figure 5. Internal rate of return (IRR) distribution of the virtual power plant.

6. Conclusions

This paper presents a methodology to select the most exciting business models based
on renewable energy and circular economy technologies within end-of-life coal mines to
help develop a renewable-based-energy sector, promote sustainable local economic growth,
and maximise the number of green and quality jobs.

This research’s most significant added value is the methodology developed to assess
scenarios and micro-scenarios for end-of-life coal mines. The final results developed with
this methodology have been carried out according to the experts’ knowledge and experience
and are not site-specific. The developed methodology is an essential tool for assessing the
potential of specific decommissioned mining plants. Each of the parameters of the analysed
system is of significant importance and may influence the final results of the study and,
above all, the selection of the most optimal technology.

To achieve this goal, first, a structural analysis was developed to select the techni-
cal variables that better identify this complex system and correctly identify interactions
between technical variables. The structural analysis confirmed the importance of certain
technical variables and revealed some technical variables that, due to their indirect effects,
play a dominant role. This made it possible to compare the hierarchy of the technical
variables in different classifications, and a range of relevant information was obtained,
identifying the key variables of the system.

Second, a morphological analysis allowed the scenario space to be constructed, as
it is the best method to explore the possible recombination of elements that make up the
structural analysis. The scenario space was characterised by all the feasible combinations
of system components. The scenarios obtained from this analysis were arranged and
transformed into a list of relevant business models after eliminating some feasible scenarios
to be developed without achieving any essential synergies from the end-of-life coal mines.

Third, a multicriteria assessment was developed to achieve this goal, based on the
previously assessed relevant scenarios, considering the European Green Deal policies,
technical variables that characterise end-of-life coal mine environments, the technology
readiness level, the European taxonomy, synergistic potential, contributions to the circular
economy, and sector coupling. Scenario and micro-scenario options from end-of-life coal
mines in the process of phasing out were evaluated, assigning an average score for each
policy. A table of classification profiles was created in comparison with the policy scenarios.
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Also, an assessment of the risks associated with uncertainty or incompatible alternatives
was obtained using a scenario classification map based on the mean values and standard
deviations of the results obtained for each policy.

Finally, result indicators were selected to analyse the alternative options derived from
the justification approach, considering the targets set by the European Green Deal and
related taxonomy and the regional policy indicators for the Just Transition Fund. While
considering a portfolio of solutions (business models), none should be rejected, despite the
results obtained being different for individual technologies. The site-specific requirements
may differ due to the “weighting” of technology for individual locations.

The main initiative that can stimulate the regional economy, making it easier to
maintain employment, is an eco-industrial park with a virtual power plant.

Eco-industrial parks (with virtual power plants) could be integrated and provide an
attractive alternative for the generation of sustainable energy from renewable sources,
innovative energy storage technologies, circular economy contributions, and synergies,
producing the different types of goods needed for an industrial and social transition
in the EU.

The transformation of coal mines into eco-industrial parks with sustainable energy
could help mitigate climate change and reduce the unemployment created by the closure
of coal mines. Economic impact assessments should then be developed to select the most
attractive business models to fight against this situation.

However, “eco-industrial park” business plans must be supported with financial
privileges, tax breaks, and other benefits to boost and diversify the area’s economy and
growth of employment, attracting external investment. However, is that not the aim of the
Just Transition Fund?

If these areas are to be developed according to business models, pre-investment
preparations should be carried out. Specifically, a pre-feasibility study and a preliminary
implementation plan should be developed for each case.

Nevertheless, it is envisaged that, according to the results of the evaluation of the direct
result indicators presented in this research, preference should be given to eco-industrial
parks (with a virtual power plant) plus a green hydrogen plant, followed by the molten
salt plants. The other scenarios received similar scores and should be considered a comple-
mentary range of solutions for further analysis.

Regarding the results of the feasibility study, the financial outcomes of a virtual power
plant are good, with an IRR of 16%. In addition, the sensitivity and uncertainty analysis
demonstrate that the estimated figures are robust. The financial outcomes of the geothermal
energy deployment are also positive. However, the IRR reduces to 13%, but in the case of a
green hydrogen plant, the financial outcomes are adverse, and the investment is not feasible
unless a specific subvention is obtained for its development. A 50% subvention aligning
with big ticket projects within the Research Fund for Coal and Steel (RFCS) changes a green
hydrogen plant into a desirable investment.

Addressing the limits of our research while considering a portfolio of business models,
and although the results obtained are different for individual technologies, none should be
rejected. The site-specific requirements may differ due to the “weighting” of technology
for individual locations. The research started with the POTENTIALS RFCS project, which
has already finished. It is currently being continued with the GreenJOBS RFCS project
by developing two forward-facing business plans: a plan for a “virtual power plant”
where the energy produced from renewable sources will be used to power electro-intensive
industries and/or companies with constant energy consumption located close to coal
mines, such as non-ferrous metal factories or data centres, or eventually sold to the grid;
and a plan for a “green hydrogen plant”, where hydrogen (H;) will be produced by the
electrolysis of water from the mine, and electricity produced from renewable sources.
Further developments, such as the MINE-TO-H2 big ticket RFCS project, will use this last
business plan to build a pilot project addressing the repurposing of a former coal mine
into a 2.5 MW green hydrogen plant, scalable up to 5 MW, where green hydrogen for the
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passenger road transport sector will be produced using circular economy actions, such as
using mine water for the electrolysis and electricity from a photovoltaic installation located
in a former open-pit coal mine.

Thus, these RFCS projects represent the starting path for future research developments
as well as outlining fundamental policy prescriptions in the form of possible roadmaps
for updating territorial Just Transition plans. These are crucial for addressing evolving
challenges and maintaining effectiveness in guiding the Just Transition process in former
coal mining regions, providing valuable insights for embarking on these transition journeys.
They demonstrate the significance of comprehensive strategies, stakeholder engagement,
and the integration of economic, social, and environmental considerations in achieving a
successful Just Transition. The aim is to complement or correct the different operations
envisaged to propose initiatives that stimulate the regional economy, making it easier to
maintain employment.

Author Contributions: Conceptualisation, A.K., A.F. and PR.F; methodology, A.K. and PR.E;
software, S.G.-C.; validation, A.K.; formal analysis, A.K. and A.E,; investigation, A.F.; resources,
AF. and G.EV,; data curation, G.E.V.; writing—original draft preparation, G.FV,, S.G.-C. and A.F;
writing—review and editing, PR.F,; visualisation, S.G.-C.; supervision, P.R.E; project administration,
A K. and P.R.F. and funding acquisition, A.K. All authors have read and agreed to the published
version of the manuscript.

Funding: The research presented in this paper was carried out as part of the POTENTIALS project
(Synergistic potentials of end-of-life coal mines and coal-fired power plants, along with closely related
neighbouring industries: update and re-adoption of territorial Just Transition plans) funded by the Re-
search Fund for Coal and Steel (RFCS), the European Commission, under contract number 101034042;
as part of the GreenJOBS project (Leveraging the competitive advantages of end-of-life underground
coal mines to maximise the creation of green and quality jobs) funded by the Research Fund for Coal
and Steel (RFCS), the European Commission, under contract number 101057789; and with funding
from the Polish Ministry of Education and Science, under contract number 5275/FBWiS /2022 /2023/2.

Data Availability Statement: The data supporting the reported results can be found at https://
potentialsproject.eu (accessed on 22 September 2023) and at https:/ /greenjobsproject.eu (accessed on
22 September 2023).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. European Commission. Communication from the Commission: The European Green Deal; COM(2019) 640 final, 11.12.2019; European
Commission: Brussels, Belgium, 2019.

2. Niu, X;; Dong, W.; Niu, X.; Zafar, M.W. The transition to clean energy and the external balance of goods and services as
determinants of energy and environmental sustainability. Gondwana Res. 2023, in press. [CrossRef]

3. Keenan, J.; Holcombe, S. Mining as a temporary land use: A global stocktake of post-mining transitions and repurposing. Extr.
Ind. Soc. 2021, 8, 100924. [CrossRef]

4. Sadik-Zada, E.R.; Ferrari, M. Environmental Policy Stringency, Technical Progress and Pollution Haven Hypothesis. Sustainability
2020, 12, 3880. [CrossRef]

5. Sadik-Zada, E.R.; Gatto, A. Civic engagement and energy transition in the Nordic-Baltic Sea Region: Parametric and nonparametric
inquiries. Socio-Econ. Plan. Sci. 2023, 87, 101347. [CrossRef]

6. Menendez, J.; Ordonez, A.; Alvarez, R.; Loredo, J. Energy from closed mines: Underground energy storage and geothermal
applications. Renew. Sustain. Energy Rev. 2019, 108, 498-512. [CrossRef]

7. Madlener, R.; Specht, ]. M. An exploratory economic analysis of underground pumped-storage hydropower plants in abandoned
deep coal mines. Energies 2020, 13, 5634. [CrossRef]

8.  Kinnunen, P; Kaksonen, A. Towards circular economy in mining: Opportunities and bottlenecks for tailings valorisation. J. Clean.
Prod. 2019, 228, 153-160. [CrossRef]

9.  Fidalgo Valverde, G.; Duda, A.; Iglesias Rodriguez, EJ.; Frejowski, A.; Todorov, I. Groundwater Risk Assessment in the Context of
an Underground Coal Mine Closure and an Economic Evaluation of Proposed Treatments: A Case Study. Energies 2021, 14, 1671.
[CrossRef]

10. Duda, A.; Krzemieni, A. Forecast of methane emission from closed underground coal mines exploited by longwall mining—A

case study of Anna coal mine. . Sustain Min. 2018, 17, 184-194. [CrossRef]


https://potentialsproject.eu
https://potentialsproject.eu
https://greenjobsproject.eu
https://doi.org/10.1016/j.gr.2023.03.003
https://doi.org/10.1016/j.exis.2021.100924
https://doi.org/10.3390/su12093880
https://doi.org/10.1016/j.seps.2022.101347
https://doi.org/10.1016/j.rser.2019.04.007
https://doi.org/10.3390/en13215634
https://doi.org/10.1016/j.jclepro.2019.04.171
https://doi.org/10.3390/en14061671
https://doi.org/10.1016/j.jsm.2018.06.004

Energies 2023, 16, 7617 24 of 25

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Kretschmann, J.; Efremenkov, A.B.; Khoreshok, A.A. From Mining to Post-Mining: The Sustainable Development Strategy of the
German Hard Coal Mining Industry. IOP Conf. Ser. Earth Environ. Sci. 2017, 50, 12024. [CrossRef]

Estévez, R.A.; Espinoza, V.; Ponce Oliva, R.D.; Vasquez-Lavin, E; Gelcich, S. Multicriteria Decision Analysis for Renewable
Energies: Research Trends, Gaps and the Challenge of Improving Participation. Sustainability 2021, 13, 3515. [CrossRef]
Ulewicz, R; Siwiec, D.; Pacana, A.; Tutak, M.; Brodny, ]. Multi-Criteria Method for the Selection of Renewable Energy Sources in
the Polish Industrial Sector. Energies 2021, 14, 2386. [CrossRef]

Krzemien, A.; Alvarez Fernandez, JJ.; Riesgo Fernandez, P.; Fidalgo Valverde, G.; Garcia-Cortes, S. Valuation of Ecosystem
Services Based on EU Carbon Allowances—Optimal Recovery for a Coal Mining Area. Int. ]. Environ. Res. Public Health 2023,
20, 381. [CrossRef]

Horbach, J. Determinants of environmental innovation—New evidence from German panel data sources. Res. Policy 2008, 37,
163-173. [CrossRef]

Frejowski, A.; Bondaruk, J.; Duda, A. Challenges and Opportunities for End-of-Life Coal Mine Sites: Black-to-Green Energy
Approach. Energies 2021, 14, 1385. [CrossRef]

Olechowski, A.; Eppinger, 5.D.; Joglekar, N. Technology Readiness Levels at 40: A Study of State-of-the-Art Use, Challenges, and
Opportunities. Portl. Int. Conf. Manag. Eng. Technol. 2015, 2015, 2084-2094. [CrossRef]

European Union Regulation (EU) 2020/852 of the European Parliament and of the Council of 18 Jun 2020 on the Establishment of
a Framework to Facilitate Sustainable Investment, and Amending Regulation (EU) 2019/2088. Off. J. Eur. Union 2020, 22, 13-43.
Brown, T.; Schlachtberger, D.; Kies, A.; Schramm, S.; Greiner, M. Synergies of Sector Coupling and Transmission Reinforcement in
a Cost-Optimised, Highly Renewable European Energy System. Energy 2018, 160, 720-739. [CrossRef]

Tayebi-Khorami, M.; Edraki, M.; Corder, G.; Golev, A. Re-Thinking Mining Waste through an Integrative. Minerals 2019, 9, 286.
[CrossRef]

Blinova, E.; Ponomarenko, T.; Knysh, V. Analysing the Concept of Corporate Sustainability in the Context of Sustainable Business
Development in the Mining Sector with Elements of Circular Economy. Sustainability 2022, 14, 8163. [CrossRef]

Wozniak, J.; Pactwa, K. Overview of Polish Mining Wastes with Circular Economy Model and Its Comparison with Other Wastes.
Sustainability 2018, 10, 3994. [CrossRef]

Kretschmann, J. Sustainable Change of Coal-Mining Regions. Min. Met. Explor. 2020, 37, 167-178. [CrossRef]

Ramsebner, J.; Haas, R.; Ajanovic, A.; Wietschel, M. The Sector Coupling Concept: A Critical Review. Wiley Interdiscip. Rev. Energy
Environ. 2021, 10, €396. [CrossRef]

Schaber, K.; Steinke, F.; Hamacher, T. Managing Temporary Oversupply from Renewables Efficiently: Electricity Storage Versus
Energy Sector Coupling in Germany. Int. Energy Work 2013, 2013, 1-22.

Villacorta, PJ.; Masegosa, A.D.; Castellanos, D.; Lamata, M.T. A Linguistic Approach to Structural Analysis in Prospective Studies.
Commun. Comput. Inf. Sci. 2012, 297, 150-159. [CrossRef]

Krause, E.; Krzemieni, K. Methane Risk Assessment in Underground Mines by Means of a Survey by the Panel of Experts (Sope).
J. Sustain. Min. 2014, 13, 6-13. [CrossRef]

Dhir, S.; Dhir, S. Modeling of Strategic Thinking Enablers: A Modified Total Interpretive Structural Modeling (TISM) and
MICMAC Approach. Int. . Syst. Assur. Eng. Manag. 2020, 11, 175-188. [CrossRef]

Frejowski, A.; Kabiesz, J. Criteria for assessing the longevity of hard coal mines. Arch. Min. Sci. 2020, 65, 433-452. [CrossRef]
Balouli, H.E.; Chine, L. Morphological Analysis Of Agricultural Entrepreneurship In Algeria Using Morphol Method. Roa
Iktissadia Rev. 2019, 9. [CrossRef]

Godet, M. Manuel de Prospective Stratégique; Dunod: Paris, France, 2007; Volume 1, ISBN 2-10-008258-2.

European Commission. Commission Staff Working Document—Performance, Monitoring and Evaluation of the European Regional
Development Fund, the Cohesion Fund and the Just Transition Fund in 2021-2027, SWD(2021) 198 Final, 8.7.2021, Brussels; European
Commission: Brussels, Belgium, 2021.

Asmus, P. Microgrids, Virtual Power Plants and Our Distributed Energy Future. Electr. ]. 2010, 23, 72-82. [CrossRef]

Nicita, A.; Maggio, G.; Andaloro, A.P.F; Squadrito, G. Green Hydrogen as Feedstock: Financial Analysis of a Photovoltaic-
Powered Electrolysis Plant. Int. |. Hydrogen Energy 2020, 45, 11395-11408. [CrossRef]

Capurso, T.; Stefanizzi, M.; Torresi, M.; Camporeale, S.M. Perspective of the role of hydrogen in the 21st century energy transition.
Energy Convers. Manag. 2022, 251, 114898. [CrossRef]

Lau, H.C.; Ramakrishna, S.; Zhang, K.; Radhamani, A.V. The role of carbon capture and storage in the energy transition. Energy
Fuels 2021, 35, 7364-7386. [CrossRef]

Butturi, M.A,; Lolli, F; Sellitto, M.A.; Balugani, E.; Gamberini, R.; Rimini, B. Renewable Energy in Eco-Industrial Parks and
Urban-Industrial Symbiosis: A Literature Review and a Conceptual Synthesis. Appl. Energy 2019, 255, 113825. [CrossRef]
Mahmoudinezhad, S.; Mande, M.; Arabkoohsar, A. Design and techno-economic analysis of a molten-salt driven energy
conversion system for sustainable process heat supply. Renew. Energy 2023, 219, 119510. [CrossRef]

Gasa, G.; Prieto, C.; Lopez-Roman, A.; Cabeza, L.F. Life Cycle Assessment (LCA) of a Concentrating Solar Power (CSP) Plant in
Tower Configuration with Different Storage Capacity in Molten Salts. J. Energy Storage 2022, 53, 105219. [CrossRef]

Zhang, G; Jiang, C.; Wang, X. Comprehensive Review on Structure and Operation of Virtual Power Plant in Electrical System.
IET Gener. Transm. Distrib. 2019, 13, 145-156. [CrossRef]


https://doi.org/10.1088/1755-1315/50/1/012024
https://doi.org/10.3390/su13063515
https://doi.org/10.3390/en14092386
https://doi.org/10.3390/ijerph20010381
https://doi.org/10.1016/j.respol.2007.08.006
https://doi.org/10.3390/en14051385
https://doi.org/10.1109/PICMET.2015.7273196
https://doi.org/10.1016/j.energy.2018.06.222
https://doi.org/10.3390/min9050286
https://doi.org/10.3390/su14138163
https://doi.org/10.3390/su10113994
https://doi.org/10.1007/s42461-019-00151-2
https://doi.org/10.1002/wene.396
https://doi.org/10.1007/978-3-642-31709-5_16
https://doi.org/10.7424/jsm140202
https://doi.org/10.1007/s13198-019-00937-z
https://doi.org/10.24425/ams.2020.134128
https://doi.org/10.37137/1416-009-001-009
https://doi.org/10.1016/j.tej.2010.11.001
https://doi.org/10.1016/j.ijhydene.2020.02.062
https://doi.org/10.1016/j.enconman.2021.114898
https://doi.org/10.1021/acs.energyfuels.1c00032
https://doi.org/10.1016/j.apenergy.2019.113825
https://doi.org/10.1016/j.renene.2023.119510
https://doi.org/10.1016/j.est.2022.105219
https://doi.org/10.1049/iet-gtd.2018.5880

Energies 2023, 16, 7617 25 of 25

41. Pacific Northwest National Laboratory Energy Storage Cost and Performance Database. Available online: https://www.pnnl.
gov/ESGC-cost-performance (accessed on 25 November 2022).

42. European Commission Big Tickets for Coal. Available online: https://rea.ec.europa.eu/funding-and-grants/research-fund-coal-
and-steel /big-tickets-coal_en (accessed on 22 September 2023).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.pnnl.gov/ESGC-cost-performance
https://www.pnnl.gov/ESGC-cost-performance
https://rea.ec.europa.eu/funding-and-grants/research-fund-coal-and-steel/big-tickets-coal_en
https://rea.ec.europa.eu/funding-and-grants/research-fund-coal-and-steel/big-tickets-coal_en

	Introduction 
	Materials and Methods 
	Structural Analysis 
	Morphological Analysis 
	Justification Approach 
	Analysing Alternative Options 

	Variables 
	Discussion 
	Assessment of Relevant Scenarios 
	Scenario Assessment 
	Business Model Choice 
	Business Model Result from Indicators 

	Results 
	Conclusions 
	References

