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Abstract: The production of electricity from photovoltaic (PV) systems is one of the significant
opportunities for novel renewable energy sources. The PV systems can provide energy with minimum
environmental harm; however, the usage of this energy source becomes strongly dependent on a wide
range of social, economic, and technical factors. Based on the growing demand for renewable energy
sources, the aim of the work focuses on the socio-economic analysis of possibilities of producing
electricity from photovoltaic installations up to 10 kW in Poland. Based on expert research, the factors
influencing energy production from PV systems were assessed based on factor three analysis (level
II with 5 factors, level III with 15 factors). Using the expert-mathematical method, a hierarchy of
economic, technical, and social factors of PV-based energy production was evaluated. The analysis of
socio-economic factors indicated that the greatest impact on the PV systems development in Poland
depends on energy purchasing costs and EU law regulations on renewable energy sources (RESs).
The most influential factors were then used to forecast the possible cost-effectiveness of renewable
energy production of home energy production. The study demonstrates the importance of renewable
energy sources utilization and the cost-effectiveness of solar energy production in small PV systems
in Poland.

Keywords: photovoltaic installations; production model; production costs; electricity

1. Introduction

The demographic, social, and economic evolution of human society has all depended
on energy [1-3]. The European Union (EU) has consistently exceeded energy and climate
goals, aiming to grow its contribution to renewable energy by at least 32% up to 2030 and
to enhance its energy efficiency by 32.5% [4]. Because there is tremendous potential for
energy consumption reduction and climate mitigation in European households, improving
the energy performance of small home PV systems has been identified as one of the major
aspects of achieving green energy targets [2]. One of the most urgent environmental
concerns facing the globe now is climate change [5-7], thus installation of PV systems on
the households’ rooftops can provide a mitigation strategy for the increasing demand in
future energy consumption and may play a crucial role in the development of clean and
sustainable energy sources [8]. Therefore, the construction of innovative global energy
production systems aimed at environmental sustainability must also take into account the
energy produced by small PV systems [9,10].

In 2020, 27% of households were characterized as final energy consumers in the
EU. In EU households, the most frequently used energy sources meeting final energy
consumptions were natural gas (31.7%) and electricity (24.8%). The renewable energy
sources used accounted for 20.3%, whereas the other energy sources were o0il and petroleum
products (12.3%) as well as derived heat (8.2%) [11]. The visible growth of renewable
sources in the EU energy production mix is achieved thanks to significant investments
in the area of the photovoltaics segment and energy obtained from wind farms [12]. The
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development of the photovoltaic market in the EU-28 countries is very dynamic. The
installed capacity in photovoltaics increases every year and it is at a high level. In 2020,
the installed capacity in the European Union in photovoltaics amounted to approximately
153 GW, this increase compared with 2019 reached the value of 18.8 GW. According to
IRENA data, EU countries achieved a 14% increase in total installed PV capacity compared
with 2019 [13].

In 2021 Poland was recognized as having the highest electricity production volume
in history with 179.4 TWh produced [14]. The electricity demand reached a record of
180.3 TWh with the lowest value in the last five years in terms of net power imports.
Currently, Polish domestic energy generation fulfills almost 99.5% of the electrical demand.
In 2021, coal was the most used energy source and generated more than 72% of the nation’s
electricity. Despite estimates of the Polish population declining from 37.9 (in 2020) to
35.28 million (in 2040) [15], by 2040 there will be a significant rise in energy demand for the
Polish household sector [14]. By assigning peak power related to winter and summer, the
peak capacity demand for energy in Poland is estimated to grow by 1.9 GW and 1.5 GW,
respectively, translating to 1.2% and 1.1%, respectively, of the annual growth rate between
2020 and 2040 [16].

According to the Institute of Renewable Energy, the full statistics of installed capacity
in photovoltaic sources in Poland include:

e Small installations: installations with a total installed capacity not exceeding 50 kW,
their total capacity amounted to 3022 MW at the end of 2020, and as of Q1 2021 it was
3500 MW;

o Installations with a capacity of 50 kW—500 kW, at the end of 2020 their installed
capacity in Poland reached 65 MW, currently it exceeds 71 MW;

e  Photovoltaic installations with a capacity of over 500 kW, their total installed capacity
was estimated at 75 MW,

e  Photovoltaic installations built as part of the RES auction: their installed capacity at
the end of 2020 was 750 MW, and currently their capacity may be 820 MW, these are
photovoltaic farms as well as solar power plants with a capacity of approx. 1 MW.

In Poland, the largest market share in green energy production is held by small
photovoltaic installations. In 2021, their share accounted for 77% of the installed capacity
in photovoltaics. In recent years, several important factors have resulted in a significant
increase in interest in PV technology among households [17]. Among them, subsidies
provided under Regional Operational Programs as well as the government co-financing
program for photovoltaics, the “My Electricity” program, are recognized as the most
important factors [18]. One of the possibilities for producing renewable energy in Poland is
electricity from photovoltaic installations, both small installations usually placed on the
roofs of residential houses or other buildings as well as the production of electricity from
large photovoltaic installations so-called “photovoltaic farms”.

Poland remains one of the leading EU laggards in the process of clean energy tran-
sition [13]. Poland produces 83% of its electricity from fossil fuels, which represents one
of the highest rates throughout EU countries [14]. With only 17% of electricity based on
renewable energy sources, Poland’s green energy value is one of the lowest in the EU and
countered only by much smaller CEE countries. Despite growing production volumes
complemented by increasing total available production capacity, Poland’s share of renew-
able energy sources dropped to ca. 17% (30 TWh) in 2021 [14]. From 2010, the capacity
of conventional energy units has remained stable with 36 GW power capacity installed;
however, since 2015 renewable energy sources (RESs) capacity has been visibly growing
with compound annual growth at +4.4 GW /year, especially in the photovoltaics sector
(+3.7 GW y/y). For this reason, the analysis of the solar energy production possibilities
by households, especially in the context of their increased energy demand forecasts, is a
significant aspect of the overall Polish energy system analyses in the upcoming years.

The presented paper attempts to assess the potential for electricity production from
small domestic photovoltaic systems mostly installed on the roofs of single-family houses



Energies 2023, 16, 944

30f19

up to 10 kW in Poland. The phenomena of the growing possibilities of solar energy pro-
duction in Poland represent the subject of many studies. The main areas of interest are
photovoltaic installations” productivity [19], supporting infrastructure and energy stor-
age [20,21], as well as the impact of photovoltaic panels on environmental sustainability [22].
The analysis of political, social, and economic factors influencing the growth of PV instal-
lations installed throughout the world has also been widely presented in the literature.
Investments in photovoltaic installations are thought to be economically efficient in terms
of photovoltaic power plants [23], energy storage [24], installations producing energy at
the point of use (for personal use) in communal buildings [25], for public use [26], and
industrial purposes [27]; however, there is a significant gap concerning the socio-economic
analysis of the main important factors of production held by small PV systems in Poland.
Therefore, the purpose of this study is to assess the potential for electricity production
from small-scale photovoltaic installations, based on a prioritization analysis of the impact
of social, economic, and technical factors on the development of this energy production
in Poland.

According to the authors’ best knowledge, issues that are related to the detailed
analyses of various social and economic factors affecting the PV production effectiveness
in Polish households have not been widely researched. Due to important economic and
environmental challenges in the development of small PV systems, the primary objective
of the presented study is to analyze and evaluate the optimum opportunities for the
production of renewable solar energy in a changing economic and social environment in
Poland. Auxiliary objectives of the presented article include:

1.  Prioritizing factors influencing the costs effectiveness of small PV installations in
Poland using the expert-mathematical method;

2. Determination of optimal strategy for solar energy production held by Polish house-
holds by analyzing the costs of electricity production from the levelized cost of
electricity (LOCE) approach.

2. Methods

To evaluate the possibility of renewable electricity production from PV systems in-
stallations on single-family house rooftops in Poland, we distinguished the main research
methods: (1) expert-mathematical method with statistical analysis prioritizing the most
important socio-economical production factors; (2) and the levelized cost of electricity
(LCOE) approach to evaluate the optimal cost-effective strategy for solar energy production
held by Polish households.

2.1. Prioritization of Socio-Economic Factors of Small PV Installations System via the
Expert-Mathematical Method

Analyzing the possibilities of production of PV-based energy from small installations
in Poland, the importance of economic, social, and political factors were assessed through
the use of the expert-mathematical method as presented previously [28,29]. A group of
91 experts was selected based on criteria discussed in detail in the literature [30]. A research
questionnaire was developed containing 9 tables into which the experts entered ratings
of the significance of a given factor in the assessed group and possible supplementary
information on the given expertise. The first three tables contained information about
the experts’ employment and seniority in the field under study. The remaining six tables
contained the factors at levels II and III of the event tree, in which experts entered the
assessment expressing the magnitude of the impact of a given group and individual factors
on the production of solar energy from slam PV systems in Poland. The factors listed in the
tables were scored by the experts on a scale from 0 (irrelevant parameter) to 100 (maximum
significance), with a total of 100 points (percentage) allocated to all analyzed parameters.
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The minimum number of required experts was determined as presented before by
Yevlanov et al. [31]:
b—1

 (r+1(-1)60
where fB (b — 1) is the distribution quantile of x? corresponding to the confidence level and
number degrees of freedom b — 1; <y is the assumed accuracy in assessing concordance;
and Oy is a critical value of the concordance coefficient.
The concordance factor was determined as presented:

o= R 5 N; (2)
Ne?(b° =b) = Np 4 T

where p is the number of groups of identical series in the experts” assessment, and T; is the
number of repetitions of the same series in the analyzed group.
The number of repetitions T; was evaluated as follows:

Ti = % ‘pl (i‘i3 — t,') 3)
i—

where t; represents the index of similar series.

The concordance coefficient enables the quantitative assessment of experts’ agreement
and varies in the range of 0 < ® < 1, where ® = 0 expresses a lack of experts’ agreement,
and © = 1 means complete experts” agreement. In the situation of the critical value © close
to or equal to 0, an increased number of experts must be taken into consideration.

The level of expert competencies was identified by the so-called competence coefficient,
determined as presented before by Izdebski et al. [29]:

k:ﬁL——Logkg1 (4)

where k; is the informativeness factor addressing knowledge related to a given issue; and
k4 is the argument factor.

The informativeness coefficient was established by the experts’ self-evaluation of
knowledge in a given issue (from 0 to 10 points) multiplied by 0.1. The argumentation factor
was assigned by the discussion with an expert and assessing array values, as presented
in Table 1. As presented previously by Yevlanov et al. [31], the value of k4 of 1.0 was
considered as a high level of argument, the value between 0.8 and 1.0 as a medium,
whereas 0.5 and below was assigned as a low argument level.

Table 1. Argument coefficient values used in the expert-mathematical method.

The Degree of Influence of the Source from the A B C
Experts’ View High Medium Low
Theoretical knowledge in a given field 0.3 0.2 0.1
Work experience 0.5 0.4 0.2
Knowledge of domestic specialist literature 0.05 0.05 0.05
Knowledge of international professional literature 0.05 0.05 0.05
Intuition 0.1 0.1 0.1

2.2. Statistical Analysis

To assess the statistical significance of data gained from expert analysis, the analysis
based on the x-square criterion was used. A result was considered significant when the
probability of a random difference was less than 0.001 (p < 0.001). The concordance of
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experts’ research was checked through the coefficient of variance V; as presented previously
by Ayre et al. and Izdebski et al. [32,33]:

Vi=2 ()

where g; is the mean square deviation of the important factor, and m; corresponds to the
local priority of the factor. As presented previously in the literature [33] the concordance
of the experts’ validity judgments was sufficient within the Vj parameter value below or
equal to 0.25.

As a next step, the mean square deviation of the factor importance was determined

as follows:
LN (i — i)’
8]':\/ Z 1NE/—l . , for Np <30 (6a)
NE M — M 2
g = \/le(AflE i) , for Ng > 30 (6b)

The local priority m; of the jy, factor was determined as follows:

Ng
mj = <Z%m]> /NE )

2.3. ETA Analysis

The event tree evaluating the main factors affecting the energy production from PV
systems in Poland was performed in order to provide simplification of the expert analysis
output data as described previously [29].

2.4. The Levelized Cost of Electricity (LCOE)

To evaluate the net present value of a small PV system’s total costs during the estimated
operational period, the levelized cost of electricity (LCOE) index was applied. The levelized
cost of energy (LCOE) in PLN/kWh was determined as follows:

Zi’l Li+0&M;+C;
t+1

t
LCOE = — 140 ®)

=1 (14a)f

where [; is the total investment costs in the analyzed period in year t, O&M,; is the total
annualized operation and maintenance systems costs in year t, C; is the decommissioning
cost of the plant in year ¢, A; is the electricity generated in year t, d is the discount rate, and
n is the estimated operational period (number of years).

Capital expenditure on the proposed model of on-grid small PV systems was collected
from data from the Polish national subentry program “My electricity” to establish the cost
necessary for domestic PV installations [34]. Data were additionally checked against IRENA
data [35]. Maintenance and repair expenses of a PV small system at 101.9 PLN/kW /year
for installation with a lifetime of 25 years were estimated. Photovoltaic decommissioning
costs were assumed as presented in the Polish national subentry program “My electricity”
to establish the cost necessary for domestic PV installations [34]. Power utilization rate and
discount rate were assigned as presented previously in the literature [36,37].

In order to provide the forecasts of possible electricity changes in Poland, the inflation
rate from 2010 to 2021 was used as the basis for the annual calculations as described
previously [38,39]. Three possible scenarios of price changes were established. In the
pessimistic scenario, the double value of average 2010-2022 inflation ratio was applied in
annual calculations; the value of average 2010-2022 inflation ratio was applied in annual
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calculations; in an optimistic scenario value of average 2010-2022 inflation, the ratio was
decreased twice and applied in annual calculations.

3. Results and Discussion
3.1. Economic and Social Aspects of Solar Energy Production in Small PV Installations in Poland

The progressive increase in prices for electricity in Poland forces small consumers, such
as households, to look for opportunities of reducing the cost of electricity used. Moreover,
increasing environmental protection requirements in Poland and the EU forces all energy
consumers to look for new possibilities for renewable energy sources utilization. In Poland
since 2020, the trend of installing an increased number of alternative heat sources has
been observed [14]. Residents of single-family homes choose air-source heat pumps as an
alternative heat solution instead of gas heating. However, heat pumps have a high demand
for electricity both for heat extraction and for reheating buildings during periods of high-
temperature drops. Thus, one way to reduce electricity costs while meeting environmental
protection requirements is to install photovoltaic systems on residential rooftops, especially
in single-family homes.

To evaluate the most important factors that can affect the possibilities of PV-based
solar energy production by households in Poland, the expert elicitation approach was
performed. A group of 91 experts was selected based on criteria discussed in detail in the
literature [33]. A research questionnaire was developed containing 9 tables into which
the expert entered ratings of the significance of a given factor in the assessed group and
possible supplementary information on the given expertise. The first three tables contained
information about the experts’ employment and seniority in the field under study. The
remaining six tables contained the factors at levels II and III of the event tree, in which
experts entered the assessment expressing the magnitude of the impact of a given group
and individual factors on the production of solar energy from slam PV systems in Poland.
The factors listed in the tables were scored by the expert on a scale from 0 (irrelevant
parameter) to 100 (maximum significance), with a total of 100 points (percentage) allocated
to the individual parameters.

In the group of most important factors affecting the possibilities of energy production
from small PV installations in Poland, experts distinguished well-known and structured
factors, such as the costs of energy generation in photovoltaic installations, tax aspects of
production, prices and availability of alternative energy resources, or the growing social
awareness of the need to use renewable energy sources. However, in our research, we
focused on the aspect of electricity prices in Poland, which have been changing significantly
in recent years. We distinguished the growing pool of available grant funding from Polish
and EU sources, which on the one hand can significantly improve the cost-effectiveness
of energy production in PV systems, on the other can affect the increased interest in
households in the installation of the PV systems.

As the most important factors determining the production of solar energy in small PV
installations in Poland, we distinguished several economic aspects including prices and
availability of conventional energy sources, PV energy generation costs, and grid electricity
purchase costs. In the group of social factors also visibly affecting the number of undertaken
PV installations in Poland we characterized: EU law regulations, environmental awareness
regarding RES utilization, actions of conventional and renewable energy producers on the
legislative processes of energy production in Poland, as well as technical possibilities of
managing electricity produced from a photovoltaic installation (Figure 1).

The economic factors with the greatest impact on the development of PV production
efficacy in the small household system include the costs and availability of conventional
energy sources (black coal, natural gas, or oils) as well as PV energy generation costs
that should comply with PV energy taxes and costs of energy purchase from the grid.
In the group of social factors, we distinguished legal and environmental factors. Legal
factors include the possibility of obtaining subsidies from the European Union, and Polish
funds as well as tax aspects of energy produced from PV systems. Environmental factors
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include the aspects of raw materials purchasing in a given region, the attitude of regional
authorities and supervising offices, and the technical infrastructure availability which
is crucial for the development of PV systems in households. The presented group of
most important factors that can affect the energy production from PV small systems was
in line with previous studies presented in the literature [9,40,41]. Based on a thorough
analysis of the above factors, which can vary from extremely unfavorable to extremely
favorable, the identification of the most important factors influencing the possibilities of
solar production in small household systems becomes a particularly important aspect of
RES sector development in Poland.

European Union law regulations affecting the Technical and social opportunities affecting
development of the PV installation sector in the development of the PV energy sector in
Poland Cx: Poland Cz=

- European Union subsidies for photoveltaic - Polish law requirements on renewable energy
electricity generation [Cs] production, [Can]

- the impact of European legislation on PV energy - the impact of photovoltaic power producer
development [Ciz] lobbying on Polish RES law requirements, [Ciz]

- the impact of European environmental policy of - technical possibiliies of energy receive by

RES utilization [Cansf electricity suppliers [Caxn]

Prices and availability of conventional energy : i

sources Cz:

- Worldwide prices and availability of black coal - . Electricity
[Cazn] energy production in .
- Worldwide prices and availability of oil energy ] Poland P[r:;:v;e]d
sources, [Cas]

- Worldwide prices and availability of natural gas < ry

[Caas] !

Environmental aspects of RES application in Photovoltaic generation costs and grid

Poland Cza: electricity purchase prices Cas:

- Public awareness of the conventional sources - Costs of electricity production from LCOE

energy production on environment, [Cza] photovoltaic installations [Canl]

- Public awareness of the environmental benefits of - Production taxes [Cassl

RES based energy production [Ciaf - Cost of energy purchase from the grid

- Growi.ng Public awareness of sustainable [Cs=2]

environmental processes [Cza]

Figure 1. The set of economic and social factors influencing the selection of the most appropriate
strategy for solar energy production in small PV systems in Poland. In the brackets, the levels of
factors of importance used in the ETA tree are presented.

3.2. Prioritizing the Factors Influencing the Development of Small PV Systems in Poland

As presented in the literature [42—44], an ultimate indicator of a correctly adopted
energy production strategy can be the minimum energy unit manufacturing cost, which
requires the right balance of production factors in a changing economic and social environ-
ment. However, the mix of various economic, social, as well as political factors influencing
the development of renewable energy production of PV systems in Poland represents a
heterogenous group of elements that can significantly complicate the identification of mini-
mum energy unit manufacturing cost. To provide a mathematical method enabling analysis
of the identified incoherent group of factors, we applied the expert-mathematical method.
The mentioned tool enables analyzing and evaluating diverse factors, and the results
obtained by this method differ slightly from other methods in the range of 6-8% [28,29].
Hence this method can be applied for different economic purposes, including military,
agricultural, or RES-based energy production [33]. Authorities” judgment in the expert-
mathematical method is often based on the evaluation of various factors determining the
problem, resulting in difficulty or inability to perform the analysis properly. To provide
simplification to the expert survey analysis with more structured and reliable output data,
the idea of the event tree analysis (ETA) was applied (Figure 2). The main objective (C1) and
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successive breaking down (decomposing) of this objective into increasingly subordinate
objectives located at lower levels (2nd level: five factors labeled from Cp; to Cy5 and fifteen
3rd level factors, labeled from Csj; to Css3), resulted in a so-called “consequence tree”
(Figure 2). The basic principle of building such a consequence tree is that each goal is
related to only one overarching (more general) and many subordinate (more specific) goals.

C:

Photovoltaic electricity generation in Poland

— ]

PV installation

sector in Poland

PV energy sector

in Poland

e — - E— P—
CI! CZZ Cli CI-i Cii
European Union Technical and so- Prices and availa- Environmental as- Photovoltaic
law regulations cial opportunities bility of conven- pects of RES applica-| | generation costs
affecting the de- affecting the de- tional energy tion in Poland and grid elec-
velopment of the velopment of the sources tricity purchase

prices

»

-
>

|
le—1

Cin : European Union subsidies for PV electricity generation
Cix: Polish law requirements on renewable energy production

Ci12: European legislation on PV energy development

Ci: Growing public awareness of sustainable environmental pro-

| Cas: Technical possibilities of energy received by electricity suppliers |p
cesses in Poland

Cs¢r: Public awareness of the environmental impact of energy produc-

tion from conventional energy sources
Cae: Public awareness of the environmental benefits of RES-based en-

ergy production

| Cax: Impact of Polish PV power producers lobbying on RES law
| Caa: Worldwide prices and availability of oil energy sources

| Cis: European environmental policy of RES utilization

| Caui: Worldwide prices and availability of black coal
| Can: Worldwide prices and availability of natural gas

| Casr: Costs of electricity production PV installations

| Cau: Cost of energy purchase from the grid

| Cas: Production taxes

Figure 2. Input elements for the event tree analysis (ETA) assessing the main criteria (C) necessary for
the cost-effectiveness of energy production in small PV systems in Poland. The presented tree shows
a top-down, inductive procedure structuring the energy production possibilities in main social or
economic factors. Cj is the initial event engaging energy production possibilities in small PV systems;
Cpx is the level of factors assessing the various elements with potential economic and social influence
on energy production from small PV systems; C3x is the level of factors assessing the cost, technical,
and environmental aspects of energy production from small PV systems.

In the ETA analysis (Figure 2), the importance of 5 level II factors (C;) and 15 level
III factors (Cs) determining the possibility of energy in small PV systems production in
Poland (C;) were estimated. The level II factors included various elements with potential
economic and social influence on energy production from small PV systems (Figure 1,
Table 2), whereas level III factors assessed the cost, technical, and environmental aspects
of energy production from small PV systems in Poland. Data obtained from an expert
survey were used to estimate so-called “local” and “system” priorities. Local priorities
were obtained by the sum of points provided by experts and extrapolation to the value of
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100. This approach enabled the identification of the share of each factor in the structure
of the given group. Subsequently, the system priorities were calculated as a product of
the local priorities from the lowest branch in the event tree (level III factors) to the level
located at the top of the tree (level I), with the standardization condition based on the sum
of system priorities at a given level (level II or level III) equal to 100. This approach enabled
the identification of the “importance” of level II factors in all sets of elements rated by the
experts by the value of local priority m; (Table 2). The presented concordance coefficient
at the value of 0.624 enabled the quantitative assessment of experts’ agreement and met
the applied compliance criterion in expert method analysis as presented previously in the
literature [30] (Izdebski 2021).

Table 2. Assessment of the importance of level II factors conditioning the development of photovoltaic
power generation in Poland in the expert-mathematical method. In the presented approach, 91 experts
participated in the study of possibilities of small PV systems development in Poland assessment. A
research questionnaire was developed containing 9 tables into which the expert entered information
on knowledge in the related field of study, ratings of the significance of levels II and III factors in the
assessed group, and possible supplementary information on the given expertise. Local priorities were
obtained by the sum of points provided by experts and extrapolation to the value of 100. The system
priorities were calculated as a product of the local priorities from the lowest branch in the event tree
(level III factors) to the level located at the top of the tree (level I) (Figure 2), with the standardization
condition based on the sum of system priorities at a given level (level II or level III) equal to 100. The
approach enabled the identification of the “importance” of a given factor in all sets of elements rated
by the experts by the value of local priority m; (Table 2). The presented concordance coefficient at
the value of 0.624 enabled the quantitative assessment of experts’” agreement and met the applied
compliance criterion in expert method analysis as presented previously in the literature.

Value of Local Coefficient

Factor Description Priority of Variation
mj Vi

c European Union law regulations affecting the 29 0.14
z development of the PV installation sector in Poland '

c Technical and social opportunities affecting the 16 0.11
2 development of the PV energy sector in Poland ’

Cys3 Prices and availability of conventional energy sources 21 0.17

Cyy Environmental aspects of RES application in Poland 7 0.19

Cos Photovoltaic': generation costs and grid electricity o7 0.14

purchase prices
Concordance ratio 0.624
Criterion x? 29.79

As presented in Table 2, the most important level II factors (C;) of energy production
in small PV systems in Poland indicated by the expert method are European Union law
regulations affecting the development of the PV installation sector in Poland (Cy; factor)
and PV energy generation costs with grid electricity purchase prices (Cps factor). Their
cumulative share in the significance hierarchy in the evaluation of energy produced in
small PV systems represented the value of 56 (56%). According to the experts’ assay, the
least important factors affecting the potential efficiency of energy production in small PV
installations are environmental aspects of renewable energy sources (RESs) application,
which account for only 7 points (7%) in the presented ranking.

To identify more detailed elements that can affect the level II (C;) factors which
consequently may also have an indirect impact on energy production in small PV systems
in Poland, the systemic priorities values of level III factors (C3) were also determined
(Figure 3). For that purpose, in each distinguished 1II level (Cy) factor, four III (C3) level
factors were distinguished (Figure 1), expressing the potential role of the II level (C,) group
and indirectly the opportunities for the energy production process. The system priority
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value was calculated by multiplying the value of the local priority at a given level of the
factor by the value of the local priority of the higher-level factor located in the given branch
of the event tree.

20 18
18

16 14
14 12.4
12

10 8.2

\O
eS|

64 5.9
46 45
I I 3i I I 1 11 i

Cszz Csiz Csz Cs2zr Cs2z Cs2s Cssz Cs2 Cs3 Csaz Csez Ciezs Cssz Cssz Csss

O N = O @

Significance of level III factor (%)

Figure 3. Assessment of the significance of level III factors (C3) affecting the production of solar
energy in small PV systems in Poland. Data on the diagram are presented ij percentage values. For
each factor, system priority values were determined, which denoted their share in the hierarchy of
significance of the main objective (Cy).

As presented in Figure 3, the magnitude of system priorities of the factors analyzed
ranges from 2.0 to 18.0%, and the average value of one factor is equal to 5.0%. The
largest share in the whole group on analyzed level III factors can be assigned to four
elements: C311, European Union subsidies for photovoltaic electricity generation (18.0%);
C3s1, costs of electricity production from LCOE photovoltaic installations (14.0%); Caas,
worldwide prices and availability of natural gas (12.4%); and Czp1, Polish law requirements
on renewable energy production (8.2%). Contrary to expert opinion, public awareness of
the conventional sources of energy production on the environment Poland presents the
factor with the least impact on the development of solar energy production from small PV
systems in Poland (2.0%).

The system priorities of level III factors were further divided into four ranges of
significance (“weights”), that is: high, higher than average, average, and lower than
average (Figure 4). Distinguishing of mentioned groups was based on the total range of
system priorities with their average value of 5.0%. This approach led to the identification
of the following ranges of importance: high (13.7-15.2%), higher than average (9.2-13.7%),
average (4.6-9.1%), and lower than average (0.9-4.5%).

As a result of the expert-mathematical method (Figure 4), the factors regarding Eu-
ropean Union subsidies for photovoltaic electricity generation (Cz1;), costs of electricity
production from PV installations (Czs7), and worldwide prices and availability of natural
gas (Cs33) were found in the range of highest significance (Figure 4). Therefore, those
elements represent the most important factors affecting the possibilities of small PV sys-
tems sector in Poland. The presented results were in line with previously reported data
indicating that EU subventions and general costs of PV systems installations represent the
most important factor affecting RES energy sources used in general [9,41,45].
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Figure 4. Hierarchy of importance of level III factors affecting the production of solar energy in
small PV installations in Poland. The system priorities of level III factors were further divided into
four ranges of significance (“weights”), that is: high, higher than average, average, and lower than
average. Distinguishing of mentioned groups was based on the total range of system priorities
with their average value of 5.0%. This approach led to the identification of the following ranges of
importance: high (13.7-15.2%), higher than average (9.2-13.7%), average (4.6-9.1%), and lower than
average (0.9-4.5%).

In Poland, EU subsidies for energy production from RES sources are operational
regional programs managed by individual voivodeships. At the same time, the most
popular option supported in operational regional programs is prosumer photovoltaic instal-
lations [18], with the application for funding prosumers to meet the many criteria evaluated
as the readiness to implement the project. This includes the preparation of technical or
environmental documentation with confirmation of supporting investment sources for
PV installation [34]. The maximum share of the subsidy in the eligible expenditure for a
given project is determined following the rules of public sources and it may not exceed the
maximum 85 % of all installation costs. This funding can be provided in a non-refundable
(grant) or refundable (loan with the possibility of partial cancellation) form. Based on data
presented in the Production of Electric Energy in Poland, 2022 report [14] It is also possible
for small producers of electricity from PV systems to use a tax deduction by investment
costs for PV systems. This form of subsidy for photovoltaic installation in 2022 is proposed
for public and single-family buildings used for residential purposes. In 2021 and until April
2022, there was a one-time subsidy of PLN 3000 for newly built photovoltaic installations
the National Environmental Protection Fund after meeting the requirements under the
Regulation of the Minister of Environmental Protection [34].

The second distinguished group included two factors (Csp; and Csss) Polish law
requirements on renewable energy production and the cost of energy purchase from the
grid, which may also be regarded as a relatively significant factor affecting the production
process in Poland. In 2021, the Polish government decided to increase the share of renewable
energy in total final consumption by 21-23% in its integrated National Energy and Climate
Plan. To achieve these goals, the Polish government decided to provide more support to
the renewable energy sector. In addition, support schemes for renewable energy (such as
onshore wind farms and photovoltaic systems) were strengthened in 2021. This means that
it cannot be funded beyond 31 December 2035 for up to 15 years, even though this period
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was extended to 30 June 2047 after the Renewable Energy Act was revised. It should also
be noted that the solar power sector is generally the most dynamic and fastest-growing
sector in Poland. Installed PV capacity at the end of 2020 was 3935.74 MW, according
to the Renewable Energy Institute, based on an assessment based on data from Polish
transmission system operator Polskie Sieci Elektroenergetyczne SA [46]. According to a
report from the International Energy Agency, PV capacity was about 7.7 GW by the end of
2022 [47]. It has also been shown that PV capacity can reach 18-20 GW by 2025 [14].

With recent Polish climate policy changes, the government’s low requirements state in
line with our assumptions of the high range of this policy in small PV systems development
in Poland.

The second distinguishing factor of the cost of energy purchase from the grid repre-
sents one of the major factors affecting PV installations. In Europe, the surge in electricity
market prices is largely due to the rise in natural gas prices, which have risen sharply since
late 2021. This is largely due to the economic recovery after the COVID-19 crisis and, to a
lesser extent, reduced gas supplies from Russia. Electricity prices in Poland are currently
relatively low as thermal coal is the fuel that determines the price. The war in Ukraine
has yet to have a direct impact on European power market prices; however, household
consumers in Poland are therefore seeking carbon-free electricity supply at the risk of high
electricity prices continuing to rise over the next decade, and this factor should have a
positive impact on the interest in small PV installations [13].

In the group characterized with an average of significance two factors, C3;2 and Cs3,
were identified. This group characterizes EU law requirements on PV energy manufacturers
as well as worldwide prices and availability of black coal. EU law requirements on PV
energy development represent a factor of great importance in European renewable sources
utilization policy. According to the EU’s Renewable Energy Sources Act [4], Poland was to
achieve a 15% RES share in final energy consumption by 2020 to adhere to the RES policy
outlined in EU legislation. Unfortunately, Poland was not able to meet this goal. Since
Poland committed itself in its integrated national energy and climate plan to contribute to
this target by achieving a 21-23% share of renewable energy in the gross final consumption,
it became necessary to provide certain measures to expand the RES market [16]. The RES
directive set forth the next ambitious target, which is the share of energy from renewable
sources in the EU’s gross final consumption of energy in 2030 shall be at least 32%. To
achieve this goal, the Polish government may decide to revitalize the RES market by
strengthening the auction support system and this element may significantly affect the
perspectives of the PV small installations sector in Poland in upcoming years. The use
of coal in the energy mix of countries, especially Poland, is also an important aspect of
the development of energy produced from renewable sources. In 2020, black energy in
Poland’s energy mix should fall below 70%, and the downward trend in coal power should
continue for both environmental and economic reasons [14]. As a result, the importance
and share of clean energy sources in the country’s total energy production are increasing.
This is due to solar and wind turbines for prosumers. This factor may positively affect the
development of small PV installations in Poland in the upcoming years.

Eight factors were included in the fourth group, whose “system priority weight” of
the whole range is quite significant, but the range significance resulted solely from the large
number of factors included in this range. This implies no major effect on the economic
effects of the production of energy from small PV systems in Poland.

3.3. Analysis of Electricity Production Costs in Photovoltaic Installations Using the LCOE Method

To evaluate the possibility of renewable electricity production from PV systems instal-
lations on single-family house rooftops in Poland, we analyzed the changes in the electricity
prices in Poland over the last few years as well as the main changes in EU policy regarding
subsidies for PV energy production.

According to data from the Polish Power Grid [16], electricity production in April 2022
amounted to 14,739 GWh, increasing by 9.94% in comparison with April 2021. Domestic



Energies 2023, 16, 944 13 of 19

consumption was slightly higher than a year earlier (by 4.21%) and amounted to 14,360
GWh (Table 3).

Table 3. Electricity production in April 2021-2022.

Specification 2021 2022 Change
[GWh] [GWh] [%]
Total production 13,407 14,739 9.94
Commercial power plants 11,710 12,125 3.54
-professional water 292 303 3.57
-professional heat 11,418 11,822 3.54
-on hard coal 6892 7357 6.74
-on lignite 3608 3726 3.28

-gas 918 739 —19.46
Other renewable sources 457 846 84.91
Wind farms 1240 1769 42.7

Foreign exchange balance 373 -379 -

National electricity consumption 13,780 14,360 421

In April 2022, Poland’s electricity production was significantly higher than a year
earlier. Renewable energy sources had the highest growth rate. Production declined at gas-
fired power plants, where domestic consumption was lower than production. In Poland,
the largest amount of electricity comes from coal and lignite power plants whose total
production in April 2022 was 11,083 GWh The third force in energy production is wind
power plants, their production in April 2022 was 846 GWh. Production of other renewable
energy sources during the period amounted to 846 GWh.

The average price of electricity for a household customer shown in Figure 5 also
takes into account the distribution service fee, which is determined based on prices from
comprehensive contracts concluded in a given year. According to Figure 5, the average
price of electricity for households in the period analyzed increased from PLN 0.36 in 2001
to PLN 0.77 in April 2022, this is an increase of 113.9% in the analyzed period.

0.9

0.8

0.7
062 063
0s -@- |

Zi e = m-
0.3
0.2
0.1
0

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022

Figure 5. Average annual electricity prices in Poland from 2001 to 2022 [PLN/kWHh] [16].

The expert-mathematical method presented in this study showed that the costs of
electricity production from PV installations (Cz51) may represent one of the most important
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features affecting the possibilities of solar energy production in small PV systems in Poland.
Thus, in economic calculations focusing on estimating the potential cost of producing an
electric unit in small PV installations, we focused on the aspect of potential changes in
electricity prices in the adopted forecast period.

Analyzing the electricity prices changes in Poland in 2001-2022 as well as recent
changes in the global inflation ratings [14,48], we prepared a forecast of electricity prices for
2023-2027 in an ex-post approach with three possible variants of the formation of possible
future electricity prices, i.e., pessimistic, average, and optimistic variants (Figure 6).

o 112
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Figure 6. Electricity price forecast for households in 2023-2027 [PLN/kWh].

According to the optimistic variant, in the analyzed period we distinguished an
increase in the price of 1 kWh of electricity from 0.84 in 2023 to 0.99 PLN/kWh in 2027
(change of +17.9%). In the medium variant, we assumed an increase in the price of 1 kWh
from PLN 0.89 to PLN 1.12/kWHh, (+25.8%). On the other hand, according to the pessimistic
variant, in the analyzed period these prices will increase from PLN 0.99 to PLN 1.31/kWHh,
or by 32.3%.

To compare different renewable energy production technologies in terms of the eco-
nomic efficiency of their production, we proposed the levelized cost of electricity (LCOE)
index. In Table 4 all the necessary components of small domestic 10 kW photovoltaic
installation costs were presented.

Table 4. LCOE costs for electricity production from a 10 kW photovoltaic installation in 2022 in Poland.

Components of

Data to Determine Production Costs Unit Production Costs
Capital expenditures PLN/kW 6337.10
Power utilization rate %o 13.00

O and M, maintenance, and repair expenses for a given year PLN/KkW 101.86
Service life Years 25.00
Photovoltaic decommissioning costs PLN/kWh 90.00
Discount rate % 7.00

Unit production costs PLN/kWh 0.49
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As presented in Table 4, the largest value among presented components of the PV
system is capital expenditures which amount to PLN 6337.10 per kWp, followed by mainte-
nance and repair expenses and decommissioning costs of the PV system which amount to
PLN 101.86 per kWh.

The unit production cost of the proposed 10 kW PV installation, a capacity utilization
rate of 13%, 25 years of operation of this installation, a liquidation cost of PLN 90/kWh,
and a discount rate of 7%, amounted to PLN 0.49 per kWh of electricity produced.

4. Conclusions

The progressive increase in prices for electricity in Poland forces small consumers, such
as households, to look for opportunities of reducing the cost of electricity used. Moreover,
increasing environmental protection requirements in Poland and the EU forces all energy
consumers to look for new possibilities for renewable energy sources utilization. For that
purpose, in the presented study an attempt was made to analyze a wide range of socio-
economic factors that can affect the production of solar energy from small PV systems up
to 10 kW in households in Poland. The PV systems can provide energy with minimum
environmental harm; however, the usage of this energy source becomes strongly dependent
on a wide range of social, economic, and technical factors.

To evaluate the most important factors, that can affect the possibilities of PV-based
solar energy production by households in Poland, the expert elicitation approach was
performed. In the group of most important factors affecting the possibilities of energy
production from small PV installations in Poland, experts distinguished well-known and
structured factors, such as the costs of energy generation in photovoltaic installations,
tax aspects of production, prices, and availability of alternative energy resources or the
growing social awareness of the need to use renewable energy sources. Based on expert
research, the factors influencing energy production from PV systems were assessed based
on event tree analysis (ETA) with five main factors of level II of hierarchy importance and
15 level III factors.

The most important level II factors (C,) of energy production in small PV systems in
Poland indicated by the expert method are European Union law regulations affecting the
development of the PV installation sector in Poland (C,; factor) and PV energy generation
costs with grid electricity purchase prices (Cy5 factor). Their cumulative share in the
significance hierarchy in the evaluation of energy produced in small PV systems represented
the value of 56 (56%). According to experts’ assay, the least important factors affecting
the potential efficiency of energy production in small PV installations are environmental
aspects of renewable energy sources (RESs) application, which account for only 7 points
(7%) in the presented ranking.

To identify more detailed elements that can affect the level II (C;) factors, which as a
consequence may also have an indirect impact on energy production in small PV systems
in Poland, the systemic priorities values of level III factors (C3) were also determined.
The largest share in the whole group on analyzed level III factors can be assigned to four
elements: C377, European Union subsidies for photovoltaic electricity generation (18.0%);
C351, costs of electricity production from LCOE photovoltaic installations (14.0%); C333,
worldwide prices and availability of natural gas (12.4%); and C3,1, Polish law requirements
on renewable energy production (8.2%). Contrary to expert opinion, public awareness of
the conventional sources of energy production on the environment Poland presents the
factor with the least impact on the development of solar energy production from small PV
systems in Poland (2.0%).

The expert-mathematical method presented in this study showed that the costs of
electricity production from PV installations (C357) may represent one of the most important
features affecting the possibilities of solar energy production in small PV systems in Poland.
To evaluate the possibility of renewable electricity production from PV systems installations
on single-family house rooftops in Poland, the changes in the electricity prices in Poland in
the last years as well as the main changes in EU policy regarding subsidies for PV energy
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production were analyzed. The average price of electricity for households in the period
analyzed increased from PLN 0.36 in 2001 to PLN 0.77 in April 2022 (+113.9% year/year).
This observation indicates that in the coming years, households in Poland will turn to
alternative energy sources to compensate for the increasing prices of electricity from the
grid. To compare different renewable energy production technologies in terms of the
economic efficiency of their production, we proposed the levelized cost of electricity (LCOE)
index. The largest value among the presented components of the PV system is capital
expenditures which amount to PLN 6337.10 per kWp, followed by maintenance and repair
expenses and decommissioning costs of the PV system which amount to PLN 101.86 per
kWh. The unit production cost of the proposed 10 kW PV installation, a capacity utilization
rate of 13%, 25 years of operation of this installation, a liquidation cost of PLN 90/kWh, and
a discount rate of 7% amounted to PLN 0.49 per kWh of electricity produced. To identify
mechanisms allowing the reduction in the unit cost of electricity generation, the factors
of possible subsidies and tax reliefs available in Poland in 2021 and 2022 were analyzed.
European Union subsidies for renewable energy in individual households also represents
an interesting feature that can lead to a significant reduction in the investment costs of
a small PV installation and, consequently, may reduce the value of the parameter of the
minimum cost of electricity produced. In Poland, in 2021 and until April 2022, there was
established a one-time subsidy of PLN 3000 for newly built home photovoltaic installations
up to 10 kW from the National Environmental Protection Fund. It is also possible for
small producers of electricity from PV systems to use a tax deduction to reduce the income
tax by the value of incurred investment costs for PV systems. As presented in the article,
mentioned factors may have a significant impact on the development of the small PV
installation sector in Poland in the coming years.
For all presented analyses, the following conclusions can be drawn:

1.  Based on the expert research, 15 socio-economic factors affecting solar energy pro-
duction in small PV systems in Poland were evaluated. The event tree analysis (ETA)
provided simplification structurization of output research data. In the ETA methodol-
ogy, five-level II factors and a total number of fifteen Ill-level factors in the hierarchy
tree were identified;

2. Using the expert-mathematical method, a hierarchy of economic, technical, and social
factors of PV-based energy production was evaluated. Analysis of socio-economic
factors indicated that the greatest impact on the PV systems development in Poland
depends on energy purchasing costs and EU law regulations on renewable energy
sources (RESs);

3. Inthe Polish market, in 2021-2022 significant changes regarding electricity prices and
available grants for small PV systems were observed. The average price of electricity
for households in the period analyzed increased from PLN 0.36 in 2001 to PLN 0.77 in
April 2022 (+113.9% year/year). There was established a one-time subsidy of PLN
3.000 for newly built home photovoltaic installations up to 10 kW from the National
Environmental Protection Fund. It is also possible for small producers of electricity
from PV systems to use a tax deduction to reduce the income tax by the value of
incurred investment costs for PV systems. These factors may have a significant impact
on the development of the small PV installation sector in Poland in the coming years;

4. To compare different renewable energy production technologies in terms of the eco-
nomic efficiency of their production, we proposed the levelized cost of electricity
(LCOE) index. The largest value among the presented components of the on-grid
PV system is capital expenditures which amount to PLN 6337.10 per kWp, followed
by maintenance and repair expenses and decommissioning costs of the PV system
which amount to PLN 101.86 per kWh. The unit production cost of the proposed
10 kW PV installation, a capacity utilization rate of 13%, 25 years of operation of this
installation, a liquidation cost of PLN 90/kWh, and a discount rate of 7%, amounted
to PLN 0.49 per kWh of electricity produced. This value presented a much lower cost
compared with the cost of buying electricity from the grid.
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Production of electricity from small photovoltaic installations in Poland is one of
the possibilities to improve the supply of clean renewable energy in Poland. The service
life of this type of energy installation is over 20 years. Throughout the lifetime of these
installations (20-25 years), the economic and social environment may change significantly,
including: the price of electricity obtained from grid suppliers, the purchase price of
electricity from photovoltaic installations delivered to the power grids, and law and tax
requirements may also change. Therefore, in order to thoroughly analyze the economic
efficiency of PV’s installations, it is necessary to perform a detailed economic efficiency
analysis throughout its operational period. For that purpose, future research directions
can focus on the economic efficiency of electricity production from small photovoltaic
installations in a turbulent economic and social environment throughout its operation.
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