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Abstract: The article presents research on the synergistic impact of clean coal technologies and
renewable energy sources on the energy mix in Poland. The main causes of problems that inhibit the
development of renewable energy sources and ways to eliminate them are presented. A factor that
may undermine the development of renewable energy potential is access to critical raw materials such
as rare earth elements. Clean coal technologies will make it possible to survive the transition period
for coal-based energy mixes. The CCT solution described in this article will enable the acquisition
of rare earth elements necessary for the development of renewable energy sources. The ability to
meet the demand for REEs based on elements recovered from fly ash is examined. For this purpose,
an analysis of wind electricity production capacities was carried out and a forecast until 2030 was
created. A program was written using machine learning and the Gompretz sigmoid model. Based on
the forecast, the level of demand for REEs was determined and compared with the supply obtained
from fly ash. The authors propose an alternative source of REEs and analyze the relationship between
demand and supply of this source.

Keywords: coal demand; clean coal technologies; machine learning; renewable energy

1. Introduction

Poland’s energy security has so far been based on coal. From 1985 to 2018, the
contribution of coal to electricity production in Poland was not lower than 130 TWh per
year. In 2019, this share dropped for the first time in 35 years to 120 TWh. The reason for this
state of affairs is certainly the European Union’s climate policy and Poland’s Energy Policy.
These documents assume the so-called decarbonization of the energy sector. This means
that the EU will achieve carbon neutrality by 2050. Coal is to be replaced by renewable
energy sources in this process. These provisions are included in the European Green Deal,
as well as in the RED (Renewable Energy Directive) [1]. Implementing decarbonization in
Poland will require a special amount of work and investment due to the specific nature
of the country’s energy mix. Figure 1 presents primary energy consumption in Poland in
2022. It should be noted that coal plays the dominant role. This is mainly due to Poland’s
favorable geographical location in terms of access to coal resources.

This has naturally shaped the energy system, and easy access to coal fuel influenced
decisions to build subsequent coal-fired power plants. Figure 2 presents the structure
of energy carriers used in the electricity production process. Once again, coal is of key
importance, in this case with a share of over 70%. At the same time, attention should be
paid to the share of renewable energy sources (RESs). In both cases it is small, 9% in the case
of demand for primary energy and 19% in the case of electricity production. Despite the
RES share level in 2022, it should be mentioned that this share is growing very dynamically
every year, and in 2007 it was close to zero [3].
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Figure 1. Share of individual energy sources in primary energy consumption, Poland 2022 [2].
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Figure 2. Share of individual energy carriers in electricity production, Poland 2022 [2].

However, in order for renewable energy sources (RESs) to take over the role of coal
in the energy generation structure, it is necessary to intensively develop them further.
This is not an easy task and it will require many support mechanisms, both from the EU,
Member States and the private sector. Renewable energy technology is still not perfect and
requires technical and organizational development. Some of the problems that hinder the
development of renewable energy sources are as follows:

e Investments necessary to build the capacity to a level that could take over the role
of coal.
Access to the materials necessary to build this capacity.
Storage of the obtained wind and solar energy and using it when needed.
Ensuring stable and uninterrupted operation of the power grid.

Fossil fuels can help to solve all of these issues. For Poland, coal is the obvious choice
in this case, but used only in combination with clean coal technologies (CCTs).
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Clean coal technologies (CCTs) are technological solutions whose purpose is to increase
the efficiency of the coal mining, combustion and processing operations [4,5]. It is assumed
that the most effective way is to implement a three-stage technology for introducing clean
coal technologies in accordance with the Clean Coal Strategy (CCS) [6]. This strategy can
be supplemented with a fourth level, which takes into account the use of waste from the
energy production process for the development of renewable energy sources (Figure 3).
Gaseous waste, mainly CO,, and solid waste such as fly ash can constitute a reservoir of
materials necessary to develop renewable energy sources.

Use of gaseous and
solid waste to

develop renewable
energy sources

Capturing
greenhouse gases,
mainly CO,

Construction of CCT
facilities to reduce
greenhouse gas emissions

Figure 3. CCS strategy diagram supplemented with level 4. Source: own elaboration.

1.1. Membrane Techniques

Membrane techniques are a clean coal technology that will allow for the separation
of greenhouse gases and the acquisition of key elements that are essential during the
production of renewable energy technologies.

The membrane is a layer that is designed to separate two phases of a feed. Due
to its properties, the membrane acts as a passive or active barrier that allows transport
between the other two phases. Depending on the type of feed, various membranes can be
used, the properties of which enable, for example, the separation of harmful gases such as
greenhouse gases from the feed, or the acquisition of valuable rare earth metals [7]. The
authors conduct research on membranes that enable obtaining the following:

- greenhouse gases, mainly CO, from gases produced during the combustion of
hard coal,
- rare earth elements recovered from fly ash generated in the combustion of hard coal.

Mixed matrix membranes, i.e., combinations of a polymer matrix with nanotubes,
have been used for greenhouse gas separation [8,9]. The membranes were subjected to
numerous modifications, which enabled their efficiency to be increased. The separation
process can take place in various ways, for example by diffusion through the membrane, by
taking advantage of differences in the solubility of elements in a solution, or by adsorption
on the surface of membranes. The air passing through the membrane is divided into
two streams: permeate, which is a mixture of gases free of harmful greenhouse gases,
and retentate, e.g., CO;. The retentate should be captured and stored for further use. To
speed up the search for membranes with the highest efficiency, a computer program was
written that allows us to check the properties and performance of the membrane before
its physical implementation [10]. For this purpose, mathematical models were used, such
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as the Maxwell, Bruggeman or Felske models. The use of these models also allowed for
verification of the industrial suitability of a given membrane. The Bruggeman model is
presented below as an example:

where

P,—relative permeability of components,

Agm—Pd/Pm permeability ratio,

d—volume fraction of filler particles.

A similar process occurs in the case of membranes used for REE (rare earth element)
recovery. After passing through the membrane, the separated REEs are purified and concen-
trated [11]. This makes it possible to obtain the desired chemical compounds. The created
computer programs were used to analyze the obtained experimental results and select opti-
mal membranes and sorbents. For this purpose, pseudo-first-order, pseudo-second-order
Lagergren, intramolecular diffusion, chemisorption-diffusion and Boyd models were used
to investigate various mechanisms.

Additionally, in order to describe the equilibrium partition of REE ions between the
liquid and solid phases (adsorbent) for different initial concentrations, appropriate adsorp-
tion isotherms were used. For this purpose, the REE_isotherm application was created,
which is based on three models: Langmuir, Freundlich and Dubinin—-Radushkevich [12-14].

An example diffusion-chemisorption model is presented below [15]:

0.5
1 1 s

2
g Kpc = ge @

where:

Kpc—diffusion-chemisorption constant

ge—adsorption capacity of metal ions at equilibrium state (mg/g)

gr—adsorption capacity of metal ions at time ¢

t—time (min)

The presented technological solutions will firstly make it possible to keep coal in
Poland’s energy mix, and additionally provide valuable substances whose use can acceler-
ate the development of renewable energy sources.

As part of the work carried out on the recovery of REEs from synthetic coal fly ash
extracts, selective adsorption membranes were created based on modified chitosan (Schiff’s
base) with the addition of a polymer imprinted with an appropriate REE ion, in this case Pr.
The obtained experimental data were analyzed using two computer applications, namely
REE 2.0 and REE_isotherm 1.0.

Adsorption membranes based on a complex polymer matrix imprinted with praseodymium
ions were obtained by casting from a polymer solution. In the first synthesis, a Schiff base
based on chitosan was synthesized, from which a solution was prepared in acetic acid, an
appropriate amount of praseodymium nitrate (III) was added to it, and then stirred. In the
second synthesis, an ion-imprinted copolymer was obtained in the process of copolymer-
ization of the complex of Pr(IlI), 5,7-dichloroquinoline-8-ol and 4-VP, and styrene-DVB as a
monomer and cross-linking agent. The obtained polymer was crushed and dried in an oven
at 60 °C for 5 h. In the last stage, 30 wt% praseodymium-imprinted polymer was added to
the obtained solution of modified chitosan and dispersed using a mechanical homogenizer,
then mixed using a magnetic mixer and ultrasound. After adding the glutaraldehyde solu-
tion, it was mixed, poured onto a leveled PTFE Petri dish and the solvent was evaporated
at 27 °C in a vacuum dryer. Then, the membrane was washed with water and leached with
HCl solution to remove REE ions and obtain specific cavities. The last step was to immerse
the membrane in a 1 M sodium hydroxide solution. The obtained membranes were stored
in deionized water before use. The membranes thus obtained were subjected to Pr ion
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adsorption tests, taking into account the influence of pH on the adsorption process, kinetic
tests, adsorption isotherms, selectivity tests and reuse of the tested adsorption materials.
In this way, the basic parameters were determined, such as q, i.e., the amount of Pr ions
adsorbed at time t [mg/g], adsorption capacity at equilibrium q. [mg/g], Kq, i.e., the
partition coefficient and selectivity coefficients k. In turn, experiments related to the reuse
of adsorption materials consisted in repeating five subsequent sorption-desorption cycles
after regenerating the adsorption membrane using HCL

The influence of pH on the adsorption process (Figure 4) was tested for the range
between 2.0 and 9.0 and pH = 7.5 was selected as optimal for further research, taking into
account the possibility of the precipitation of Pr hydroxides in an alkaline environment.
The study of the adsorption kinetics of Pr ions on the synthesized material (Figure 5)
showed that changes in adsorption capacity over time were characterized by two main
stages, namely a fast initial stage in which over 80% of praseodymium ions were adsorbed
within the first 90 minutes and the slow second stage of reaching the equilibrium state. The
adsorption process can be controlled by several mechanisms, which were analyzed using
the REE 2.0 application. The obtained results are presented in Table 1.
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Figure 4. The effect of pH on the adsorption capacity of Pr ions. Source: own.
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Figure 5. Changes of adsorption capacity over time for synthesized membrane. Source: own.

It was found that the experimental data showed the best fit to the pseudo-second-
order Lagergren model, which indicates the presence of chemical coordination processes of
praseodymium ions in the structure of the tested membrane. Moreover, the good fit to the
Elovich model (R? > 0.85) also indicates the existence of chemisorption, and the differences
between the experimental g values and those obtained from simulations were much
smaller for the pseudo-second-order Lagergren model and the chemisorption-diffusion
model (R? > 0, 95). In the case of the intraparticle model, multilinear curves were found
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(R? < 0.61), which may indicate the influence of two or more mechanisms on the adsorption
process. The plots obtained from the Boyd model were non-linear and none of them passed
through the origin, indicating that adsorption is mainly controlled by the diffusion of Pr
ions through the liquid film surrounding the adsorbent. In turn, the calculated De value
corresponds to values characteristic of chemisorption systems.

Table 1. Comparison of characteristic kinetic parameters from the pseudo-first and pseudo-second
order Lagergren, Elovich kinetic model and intraparticle diffusion model, diffusion-chemisorption,
and the Boyd model.

REE Ion

Model

qe K1 K2 Kp Xj De R2

a pC
[mg/g] [min—1]  [gmg lmin—1] [mgg—! min—12]  [mg/g] [m2/min]

I pseudo-order

13.206 0.012 0.473

1I pseudo-order

44.248 0.004 0.995

Elovich

6.014 5.561 0.856

Intraparticle

1.302 14.908 0.610

Diffusion-chemisorption

49.751 9.842 0.953

Boyd

7.872 x 1012 0.499

ge—adsorption capacity at equilibrium state; K; and K,—rate constant of I and II pseudo-order; a and b—Elovich
parameters; K,—intraparticle diffusion rate; x;—intercept; Kpc—diffusion chemisorption rate; and De—diffusion
coefficient.

Based on the analysis of experimental data using the second computer application, it
was found that a much better fit was obtained for the Langmuir model (R? = 0.848), which
indicates a uniform distribution of ion binding sites on the adsorbent surface and exhibits
single-layer adsorption features (Table 2). The Dubinin—-Radushkevich model is also suitable
for describing experimental data (R? = 0.958) and is an excellent tool for distinguishing
between chemical and physical adsorption of metal ions. Three characteristic parameters of
this model, namely gm, the Kpr [mol?/kJ?] and the average adsorption energy E [k]/mol]
were calculated. As we can see, the value of gm is lower than that determined using the
Langmuir model, the value of E, i.e., 122.188 [k] /mol], is characteristic of the chemisorption
process (above 80 kJ /mol). Thus, considering the above-mentioned information, it can be
concluded that the binding sites are evenly distributed on the surface of the sorbent, the
ion adsorption is mono-layer, and the affinity of the sorbent to praseodymium ions is high.

Table 2. Adsorption equilibrium constants for Langmuir, Freundlich and Dubinin—-Radushkevich
isotherm equations (at 25 °C, pH =7.5).

REE Ion

Model

qm Ko Kr Kpr E
1/n R2
[mg/gl [L/mg] [mg/g] [mol? k] -2 [kJ/mol]

Langmuir

54.645 0.147 0.848

Freundlich

12.334 0.310 0.672

Dubinin—-Radushkevich 39.411 3.349 x 10° 122.188 0.958

gm—maximum sorption capacity; Ki—Langmuir sorption constant; Kp—Freundlich constant; Kpg—Dubinin—
Radushkevich constant; and E = (1/(2K)%5).

The next stage of the research was the analysis of selectivity for praseodymium ions
towards competitive ions in the form of Nd, Gd, Dy and Y, and matrix ions (Na, Mg, Ca,
Al, Fe and Si), which are usually present in coal fly ash extracts. The selectivity of the
tested materials was assessed using the K4 parameter, i.e., the distribution coefficient and
selectivity coefficients k (Table 3). It was found that the obtained Ky value (1824.529 mL/g)
indicates the high efficiency of the tested membrane in recovering praseodymium ions.
This may be due to the chelation mechanism (amine groups have the ability to coordinate
Pr®* ions) and the synergy of the steric effect of imprinting cavities for Pr®* ions (the size
of the cavities obtained is specific for individual REE ions), showing a strong adsorption
interaction with the analyzed ions.
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Table 3. K4 and k values of analyzed membrane using synthetic equivalents of fly ash extracts.

REE K4 [mL/g] k Pr/Nd k Pt/Dy k Pr/Gd k Pr/Y k Pr/Na k Pr/Mg k Pr/Ca k Pr/Al k Pr/Fe k Pr/Si
Pr 1824.529 29.84 35.34 37.60 42.84 1012.25 505.30 910.88 606.71 700.31 650.17
Nd 61.154
Dy 51.627
Gd 48.523
Y 42.592
Na 1.802
Mg 3.611
Ca 2.003
Al 3.007
Fe 2.605
Si 2.806

Kg—distribution coefficient, and k—selectivity coefficients.

However, the results of reuse tests of the analyzed adsorption material based on PrIIPs
are presented in Figure 6 and a slight decrease in adsorption capacity was found after the
first cycle and 85% of the value from one cycle after all five adsorption—-desorption cycles.
This indicates the possibility of potentially using the synthesized IIPs as adsorbents for
the recovery of praseodymium ions. Moreover, the recovery of Pr3* ions from the solution
using the analyzed membrane was 81.73%.

45
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Figure 6. Changes of adsorption capacity during five adsorption-desorption cycles for synthesized
membrane. Source: own calculation.

1.2. The Impact of CCT on the Development of Renewable Energy Sources

The authors’ proposed solutions to all the problems that delay and inhibit the devel-
opment of renewable energy sources are mentioned in the previous section.

1.2.1. The Use of CO, for Energy Production

CO, recovered using membrane techniques can be used in energy storage technologies.
Currently, a project enabling the use of industrial carbon dioxide in a closed circuit is being
developed. CO; is compressed in liquefied form and stored in tanks until it is expanded
again in the turbine. The efficiency of the installation is approximately 75% [16]. This type
of warehouse has an advantage over alternative solutions, mainly due to the availability of
materials and the ease of finding construction locations. Carbon dioxide can also be used
in the process of obtaining geothermal energy, where it successfully replaces water used as
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an energy carrier in a closed-circuit installation [17]. CO; can also serve as an additional
factor supporting a geothermal system based on a water installation. In this case, the gas
serves to increase the water pressure in the geothermal reservoir [18].

1.2.2. Fly Ash as a Source of REEs

The rare earth elements (REEs) are a group of 17 metals including yttrium, scan-
dium, promethium, samarium, terbium, cerium, neodymium, praseodymium, gadolin-
ium, holmium, erbium, thulium, lanthanum, ytterbium, lutetium, europium and dyspro-
sium [19]. REEs are metals without which technological development would be impossible.
This applies to both renewable energy sources and technological achievements that ac-
company people in everyday life and without which it would be impossible to lead life
as we know it. They are used in the production of high-intensity lighting, automotive
catalytic converters, magnets, cameras, lasers, cell phones, computers, X-ray machines,
magnetic resonance imaging equipment, nuclear reactors, medicine and many other tech-
nologies [20,21].

Taking into account the subject of the research conducted here, the most important
consideration is the role of rare earth elements in the energy transformation. Because
the demand for REEs is huge and constantly growing, and the sources are limited, they
have been placed by the European Union on the list of critical raw materials [22]. Limited
access to REEs means that their prices are very high and tend to increase rapidly [23].
Almost the entire demand for REEs in the EU is covered by elements imported from China,
which dominates the market for these raw materials [24,25]. Even though REE deposits
are also located in India, Brazil, Russia, the United States and Australia, approximately
90% of imports to the EU come from China [26]. Such a large share of one source in the
supply of raw materials poses a threat to the EU’s energy security. It is believed that in
order to properly diversify the supply of raw materials, the share of one source should
not exceed 30% [27]. Therefore, it seems necessary to look for new sources of REEs. The
problem deepens when REEs’ contribution to energy transition is taken into account. 30%
of REEs produced in 2020 were used in the production of permanent magnets and 15%
in the production of electric vehicles. In total, 10% of the magnets made were used in the
production of wind turbines [28]. Due to the further development of renewable energy
sources, it is estimated that in 2030 the number of electric vehicles sold will increase by ten
times and the number of wind turbines will double. Since this development is a global trend,
there may soon be a shortage of elements on the market, without which the expansion
of renewable energy sources will be impossible. Therefore, it is necessary to look for
alternative sources of obtaining REEs. Since the Polish energy system is still based on coal,
Poland has access to large amounts of fly ash. This constitutes a waste product of the coal
combustion process in the production of electricity and heat. REEs are contained in coal, but
their amount is usually so small that it is economically unjustifiable to obtain REEs from this
raw material. Ashes, in turn, are a concentration of substances that have not been degraded
during the combustion of organic matter. REEs are present in ashes resulting from the
combustion of Polish coal in the following amounts: light REEs—neodymium, lanthanum,
cerium, praseodymium—0.03% and heavy elements 0.015% [29]. Such concentrations make
the REE separation process profitable, as does the fact that it eliminates the need to mine
REE-rich ores, and also provides many elements at the same time, which is usually not the
case during traditional mining.

1.2.3. Stability of the Power System

Renewable energy sources such as wind turbines or photovoltaics are characterized by
variable efficiency and lack of continuity of operation. Their effectiveness depends directly
on weather conditions and, in the case of photovoltaics, also on the time of day. Due to the
growing share of renewable energy sources in Poland’s energy mix, this lack of stability
has an increasingly negative impact on the energy system. The unbalanced demand and
supply of renewable energy is mainly due to the fact that solar energy is supplied during
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the day and increased demand for energy occurs in the evening. Additionally, the amount
of renewable energy investments is not evenly distributed throughout the country; there
are areas with a large amount of investments and those where their amount is negligible.
Therefore, in the near future it will be necessary to put emphasis on increasing the flexibility
of energy networks, as well as building energy storage facilities to store it until it is needed.

Therefore, renewable energy alone cannot ensure unwavering access to electricity,
which in turn is one of the pillars of energy security. Energy should be available at the
required time, quantity and place to ensure energy security. Therefore, it is necessary to
stabilize the energy system, which is currently only possible through the use of conventional
energy sources.

The authors aimed to verify the development of one of the renewable energy
sources—wind energy—and the suitability of fly ash for the development of this source.
Wind energy is the second largest source of renewable energy in Poland. Land farms and
their further development were taken into account because all wind energy obtained
in Poland comes from onshore farms, so the analyzed time series concerned only this
energy source. Poland’s Energy Policy until 2040 (PEP2040) assumes the development of
offshore wind energy. By 2030, their installed capacity is expected to be approximately
6 GW, and by 2040—11 GW. First, an electricity production capacities forecast was built
for up to 2030, i.e., until the year when offshore farms are to be added to the energy mix.
A machine programming algorithm using the Gompretz model was used to build the
forecast. In the next step, it was calculated how many REEs would be needed to build
the designated wind turbine potential. It was also determined how many REEs could
be recovered from fly ash per year and this amount was related to the RES demand for
REEs. The model used in the written computer program is described below.

2. Materials and Methods

The Gompretz model is an example of one of the sigmoid models [30]. The model
makes it possible to describe data whose growth is the slowest in the initial phase of the
analysis period, then the dependent variable increases dynamically, and as it approaches
the upper asymptote, the growth rate stabilizes. The model was created in 1825 by Benjamin
Gompretz to describe the mortality of the human population. Then it was used primarily
in medicine and biology [31]. The model describes asymmetric data growth with fixed
inflection points. It has been modified many times and comes in many varieties. The
research used a type I model described by the following equation [32]:

e*k(t*tﬂl)

yr=Axe 3)
where:
A—upper asymptote of the y function,
t—time,

k—growth rate coefficient,
t,—the time at which the function inflects.
The accuracy of the model and the forecast results obtained using the model were
determined using the coefficient of determination and the Mean Absolute Percentage Error
(MAPE) [33,34].
R2 = Yiea (Yt —y)
Yic1 (YY)

Yizilet/ye|
n

(4)

MAPE = (5)

where:
yr—value of the explained variable in period f,
yr—forecast value,
n—number of observations,
e;/—forecast error.
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3. Results and Discussion

The Gompretz Estimation program was written to build the sigmoid model. The
volume of wind energy production in the years 1998-2022 was introduced into the program
as a dependent variable. The program builds the Gompretz model based on the initial
parameter values entered by the user. Then, the program optimizes the initial value of
the parameters A, k and tm by minimizing the square of the model residuals, i.e., the
differences between the empirical and theoretical values. After determining the optimal
parameters, the program determines the forecast of the explained variable, the coefficient
of determination and the MAPE error. The program uses machine learning (ML). For
this purpose, the Apache Commons Math Library [35] was used. Supervised machine
learning was implemented, which means that the program also received information
about the expected model output. ML makes it possible to find relationships within input
data [36]. Once a pattern is found, it can be used to predict future states of the explained
variable—the model output. Thanks to the use of machine learning, the program can
optimize the parameters of the Gompretz model without directly programming them.

The sigmoid model is a special type of mathematical model that does not require the
introduction of a stationary variable as the dependent variable [37]. The analyzed time
series contains an upward trend, the pace of which is slow in the initial phase; then, after
the inflection point the amount of energy produced using wind technology accelerates
significantly. The authors decided to maintain the trend of the time series so that this
important feature of the analyzed data could be taken into account. In this case, the time
series could also be described by other models, e.g., exponential. However, the sigmoid
model made it possible to determine the upper asymptote towards which the time series
tends. Therefore, it provides more reliable results considering, among other factors, the
capabilities of the energy network and the variability and uncertainty of wind energy
production. In addition, in 2023, the installed capacity of onshore wind farms in Poland
was 8.6 GW, which already exceeded the assumptions of the Polish Energy Policy until
2040, and it is energy policy that determines the direction and pace of the country’s
energy transformation.

Optimization of the model parameters showed that the inflection point of the Gom-
pretz function in the analyzed case fell in 2012. It was a breakthrough year in which the
function changed the growth dynamics from slowed down to accelerated. This type of
trend is typical, among others, for time series related to the development of technology.
Figure 7 presents the time series of empirical data and theoretical wind energy production
volumes obtained using the Gompretz model.

[uny
N

[y
o
.
.

(o]
.

energy production, GW
()]

—@— empirical ®— forecast

Figure 7. Empirical data and forecast of wind energy production volumes until 2030. Source: own
calculation.



Energies 2024, 17, 2892

11 of 15

The model was properly selected because the MAPE was approximately 5% and the
coefficient of determination was 97%. Due to the fact that a sigmoidal model was used,
the rest of the time series was not analyzed for normality of distribution. For this class of
models, there is no need to maintain this condition with respect to model errors [38]. The
forecast indicates that by 2030 approximately 10 GW of installed capacity of onshore wind
farms will be available in Poland.

The REE Demand program written by the authors was used, into which the obtained
forecast until 2030 was entered. The program allowed for determining the demand for
REEs necessary to produce the expected annual wind energy generation potential, based
on data on the REE demand of wind turbines from [39]. The following elements were taken
into account: Nd, Dy, Pr and Tb. Additionally, the program determines the REE recovery
from the annual production of fly ash, the amount of MW that can be built on their basis
and the value of REEs recovered from Polish ashes.

Figure 8 presents the calculation results. For the obtained amount of GW of wind
energy, annual increases in the installed power potential were calculated. Then, annual
demand for individual REEs was calculated based on data on wind energy demand.
The program also determined the amount of REE recovery from fly ash produced
annually in Poland.

It can be seen that the demand in all cases is lower than the recovery of REEs. The
charts also include the assumption of building the installed capacity of offshore wind
energy, consistent with the Polish Energy Policy. It was assumed that the 6 GW to be built
by 2030 would be built systematically and proportionally in the years 2022-2030. The green
data series in the charts represents the total annual REE demand for offshore and onshore
wind energy. Research on clean coal technology in the form of membrane techniques
has shown that they are highly effective, and their efficiency is over 80%. Therefore, the
membranes used would enable the acquisition of the rare earth elements necessary during
Poland’s energy transition. The REEs obtained from fly ash would constitute a source
that would cover 100% of the REE demand from renewable energy sources. In the years
2020-2030, in the case of Nd, the demand of onshore farms would be covered on average
six times, Pr 12 times, Tb five and Dy 10 times.

Despite the fact that the research is currently in the laboratory phase, a simplified
economic analysis of membrane production was performed.

The following cost categories were adopted in the economic analysis:

e  Materials necessary to produce membrane modules, including chitosan, reagents
needed for its modification and praseodymium nitrate.

e  Other operating costs, including labor costs, energy, depreciation, logistics, R&D,
administration, taxes, external services, etc.

The cost of producing a membrane with an area of approximately 28 cm? was calcu-
lated and then scaled to a membrane module with an area of 7 m2. The cost of materials
used in production was estimated at USD 5000. Additionally, it was assumed that other
operating costs typically amount to approximately 30% of total costs in the chemical in-
dustry [40]. The total cost of producing a membrane module is approximately USD 7000.
Therefore, it is within the USD 5000-USD 1000 range of market prices for membrane mod-
ules. However, it should be taken into account that these modules can be used by energy
clusters connecting mines, power plants and REE recovery units. Therefore, operating costs
typically incurred during the extraction of REE ores will be eliminated. It is assumed that
one membrane module will be able to process 100 Mg of coal ash per year, and the recovery
of REEs obtained from one Mg is worth approximately USD 600 [23]. This is an income of
approximately USD 60,000/ year.

Carrying out the energy transition in Poland is inevitable [41]. Firstly, it results from the
country’s obligations towards the EU, but above all it should be implemented for the benefit
of citizens. The energy transition should provide many advantages. First of all, it is intended
to counteract climate change and improve air quality, making the country independent
from imported energy carriers, thereby increasing the level of energy security and enabling
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sustainable development. However, these goals can only be achieved by adapting the way
of carrying out the transition to the conditions prevailing in a given country. In the case of
Poland, in order to achieve positive results from the energy transformation, it is possible to
use natural resources such as coal and the co-products generated during its combustion.
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Figure 8. Wind energy demand and supply of REEs obtained from fly ash, source: own.
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4. Conclusions

Developing the potential of renewable energy sources to a level that allows them to
take over the role of coal requires time, investment and commitment from both the state
and the private sector. This process could be facilitated and accelerated with the support of
clean coal technologies.

Firstly, they would constitute a key factor stabilizing the energy network. The
lack of stable operation of the energy system is one of the main problems related to
the large share of RESs in energy mixes. The stable operation of the energy system is
one of the pillars of the country’s energy security. CCT could also support renewable
energy sources by providing the resources necessary for the development of wind
energy. As the authors’ analysis showed, REEs obtained from fly ash would provide
access to the materials necessary to build the production capacities for both onshore
and offshore wind farms in the perspective of 2030. Additionally, they would facilitate
the construction of battery energy storage facilities. CO; obtained thanks to CCT can
also be used to build energy storage facilities. Energy storage is crucial for ensuring
energy security and providing energy at the time and in the amount that is needed at a
given moment. Developing a diverse energy mix also has a huge impact on national
security. Additionally, the surplus of recovered REEs over wind energy demand may
be a source of financing for building the potential of renewable energy sources and
clean coal technologies. The surplus ranges from 20% (Tb) to 70% (Pr) depending
on the metal. In total, in 2030, the surplus of REE production can generate revenue
of EUR 25 million (taking into account current REE prices). Additionally, a simpli-
fied financial analysis of the membrane module production process showed that it is
economically justified.

To make the proposed coexistence of CCT and RESs possible, it will be necessary
to modify Poland’s energy policy. Currently, the policy only briefly mentions clean coal
technologies. The role of public opinion on CCT and renewable energy sources and the
benefits that can be derived from their use is also important.
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