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Abstract: The development of energy production from renewable sources includes the production
of energy from photovoltaic installations by prosumers. In Europe, RES development is driven by
political goals and requires subsidies during the deployment period, at least as long as the cost of
renewable electricity does not reaches grid parity. The study attempts to determine the importance
of factors in the development of energy production by prosumers from PV installations in Polish
regions. In 2019, the ‘Moj Prad’ program was introduced, applying subsidies to investment costs and
the settlement of energy production in the net-metering system. Almost 900 thousand prosumer PV
installations were built by the end of 2021, with a total capacity of 5.9 GW. Solar energy share grew
from 0.1 to 2.1%. Spatial econometrics models were use in research to determine factors of prosumer
PV systems development in Poland (at NUTS-2). Spatial regimes were found in the studied regions,
as indicated by a positive autocorrelation (0.75). Considering the pseudo-R-square co-efficient, we can
conclude that the spatial error, i.e., factors not included in the GNS model, constitutes approximately
10%. The economic variables included in the Mansky model, i.e., level of salaries and GDP, explain
90% of the variability of installed PV capacity (Nagelkerke pseudo-R-squared value is 0.906). The
level of development of prosumer photovoltaic installations (in W per capita) in regions depends
primarily on economic factors represented by the level of salaries in a given region. With the increase
in salaries by one unit, we also have an increase in installed power capacity in watts per person by
3.52. Surprisingly, the region’s overall wealth did not matter, as the relative number of installations in
regions with lower GDP was higher than in others. One can explain that the individual income of
households is more important for increasing the number of prosumer installations than the income of
the regional economy. The increase in the number of installations in one region contributed to the
subsequent increase in their number in neighboring regions.

Keywords: renewable energy; solar energy; net-metering tariff; Moj Prad; dynamics of PV adoption;
regional distribution; subsidies; energy policy; econometrical spatial models; Manski model

1. Introduction

The energy transformation of economies and the search for opportunities to increase
the importance of renewable energy sources are also factors in the growing importance
of electricity production from photovoltaic (PV) installations. PV systems are currently
one of the most used renewable energy sources (RES) [1,2], although the cost of reducing
greenhouse gases emissions in supporting the development of PV systems is higher than in
wind systems [3]. Worldwide, in 2020 139 GW of solar PV capacity was added, constituting
as much as 58% of new RES power capacity. The total capacity of PV installations in 2020
has already reached 760 GW [4]. The European Commission set out in the Renewable
Energy Directive rules for the EU to achieve a 32% renewables target by 2030 [5], and each
of the EU countries has introduced internal solutions to accomplish this goal. The most
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important aspects of the European Green Deal are reducing greenhouse gas emissions,
reducing the dependence on external energy sources, and improving the quality of life.
Photovoltaics is supported as it helps avoid excessive use of biomass from crops as raw
materials for fuel production. Such a production competes with food production [6,7].

Photovoltaics is one of the key technology options for implementing the shift to a
decarbonized energy supply and can be deployed almost everywhere. Solar resources
across the world are abundant and cannot be monopolized by one country [2]. In the EU
countries, the development of PV installations was uneven. Until 2010, investments were
mainly carried out in Germany and Italy, followed by other countries such as the UK and
Spain [8]. This was due to the introduction of state PV development support programs [9],
but a significant impact was also exerted by lowering the installation costs of such a system
and an increase in energy prices for end-users [10]. Between 2009 and 2020, the cost of
crystalline solar PV modules declined by 93%, and the weighted-average levelized cost
of electricity (LCOE) from utility-scale photovoltaic plants decreased by 85% [11]. The
residential photovoltaic systems market boom resulted jointly from the introduction of
incentives in the form of investment subsidies, the use of feed-in tariffs, the use of net
metering, and a significant drop in the prices of PV systems. When the energy costs of
such subsidized systems reached grid parity, it encouraged many investors, including
consumers, to invest. Consumers, apart from lower energy costs, are interested in securing
themselves in the future against rising energy prices, protecting against shortage of supplies,
and believe that in this way, they support the policy of ensuring EU energy security and
environmental protection [12]. Typically, consumers consider supply-side incentives (e.g.,
feed-in tariffs when investing in RES) to be more advantageous than incurring higher
costs of purchasing certified green energy, although the effect of the increase in the RES
share is similar [13]. It is worth adding that the development of electric energy sources
not based on fossil fuels reduces the strength of the relationship between electricity prices
and the prices of fossil fuels [14,15]. When fossil fuel prices are growing significantly, like
during the war in Ukraine, it becomes particularly important. In Poland, the support
program for prosumer PV micro-installations began in 2019. It was a strong impulse for the
development of this type of installation like it was experienced in other EU countries [3,16].
Since the program is aimed at supporting micro-installations with a capacity of up to 50 kW
in households, it has no impact on developing large, utility-scale PV systems and large PV
installations in enterprises. PV power plants development is supported based on feed-in
tariffs within the auction system for supplying energy from renewable sources [17]. It is
worth noting that in the auctions for energy supply from RES in 2020 and 2021, the largest
amount of energy was contracted from PV power plants.

The factors influencing investment decisions on residential photovoltaic systems can
be different depending on time and country. However, the experience of implementing
PV development programs in various countries suggests that the essential factor is invest-
ments’ generally recognized economic rationality. Apart from that, other factors should be
considered, including the level of wealth in a given country or the level of the population’s
income. An important factor is also the “neighborhood” effect, which results from the
desire to have what the neighbor has and to use his experiences [18] (also understood
here as greater interest in a given region). Therefore, the study aimed to determine the
importance of selected economic factors in the development of residential PV installations
in Poland by region. It was also determined whether there are spatial relationships between
the regions, i.e., whether the increase in the number of PV systems installed in one region
affects the growth in the neighboring regions.

Data on the size of GDP by region, the level of wages and salaries, the number of
households, the number of people, and the number and capacity of installed resident PV
systems were used. Information on PV installations came from NFOSIGW on implementing
the ‘Moj Prad’ (MP) program [19]. Data on the economic and social situation in the
regions came from Statistics Poland [20]. The methodology of research is widely described
in Section 4.
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A new aspect of the work is the use of spatial models. It should be noted that most
of the literature concerns programs for supporting PV in other European countries. It is
worth also noting that Italy, Germany and Spain’s PV development cases were separately
described in the literature for these countries as they were subject to different natural and
economic conditions. The work fills the gap for EU countries, such as Poland, which has
recently introduced an active policy of RES support, including support for prosumer PV
systems. For Poland, mainly the potential of PV development in regions and forecasted
investment profitability was widely analyzed in the literature. The assessment of the
reasons for the development of prosumer PV systems, including the regional perspective,
was not undertaken. The study fills this gap.

The article is structured as follows: Section 2 deals with the factors determining the
dissemination of solar energy production systems and further development prospects; in
subchapters, the conditions for the development of residential PV systems and related
limitations are presented. Section 3 presents the results of the implementation of the ‘Moj
Prad’ program in Poland in the period 2019–2021. Section 5 discussed the results. Finally,
the conclusions are drawn in Section 6.

2. Factors in the Development of PV Systems

The development of energy production from photovoltaic (PV) systems, observed on
an unprecedented scale in recent years around the world, results from several important
development trends. The first is, of course, the desire to reduce the use of fossil fuels
to reduce CO2 emissions and human impact on climate change through developing a
low-carbon economy [21,22]. Important benefits are obtained through developing utility-
scale and prosumer PV systems, which induce governments to finance them [23]. The
main arguments are environmental protection resulting from lower GHG emissions from
electricity production, what results from the substitution of fossil fuels [24], and lower and
lower LCOE from PV systems [16,24,25].

2.1. System Costs and Government Support Programs for the Development of Energy Production
from PV Systems

There is constant technological progress in the production of components for PV
systems. As a result, producers offer more efficient PV panels [26], better inverters, and
cheaper panel installation systems. At the same time, from 1990 to 2020, the price of these
components decreased by more than 80% [11,27]. The cost of 1 kW installed in PV in 2020
was USD 883, and in 2015 it was USD 1657 [11]. As a result, LCOE fell to USD 57/MWh in
utility-scale PV systems and around USD 126/MWh in residential PV systems. Median
LCOE from coal-fired power plants is calculated at 88 USD/MWh [28]. Investment costs
vary from country to country, as do electricity costs, but the trend of lowering costs for each
component of the investment is observed everywhere [15,29,30].

The most cost-effective solution for residential rooftop PV systems is a direct connec-
tion to the power grid. The use of batteries for energy storage is expensive due to the
still high cost of the batteries themselves [25,31–33]. The payback period of systems with
batteries is even twice as high as those connected to the grid. The use of batteries as energy
storage is more efficient at high energy prices with low surplus purchase tariffs [34–36],
when the aim is to match production and consumption [37]. Similarly, when distributors
offer a net-metering system for energy prosumers, off-grid systems with power generators
or batteries are not cost effective [25].

Investors, both businesses and consumers, consider investment costs and the payback
period. Hence, the high profitability of investments in PV systems is the main factor in their
development. Currently, this profitability still depends on the policies pursued by the states.
The most common are subsidies to investment costs, simplifying investment procedures,
feed-in-tariff, net metering or net billing. Well-known examples of such programs are the
Conto Energia program in Italy and programs based on feed-in-tariffs (FIT) in Germany, the
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UK, Greece, and Spain. Without subsidizing such tariffs, there would be no development
of the PV market [9,23,38–46].

The countries reached saturation of the prosumer photovoltaic market 3–5 years after
implementing FIT programs. To be profitable, FIT contracts must be concluded for a
relatively long period—at least 10–15 years [47]. Some authors argue that tariffs based on
net metering are more advantageous for residential roof-top PV systems, as they make it
possible to avoid significant overproduction of energy from such local sources because it
becomes unprofitable for prosumers [48,49]

Preferential tariffs applied in individual countries were adjusted to the situation in
their energy market and were to ensure grid parity for PV energy production at given
investment costs [50]. Thus, the tariffs for the utility-scale were different from those for
the residential rooftop PV, and they were changed over time, as in the five subsequent
editions of Conto Energia in Italy [45]. FIT, net-metering or net-billing programs are
very competitive [15,25,46,51]. However, without support in the form of feed-in tariffs
or other preferential tariffs, PV systems, among them residential ones, would not de-
velop [10,33,38,42,45,46,50,52,53]. Electricity generation costs from PV still do not reach
grid parity in many countries, even with lower investment costs [40]. Return on investment
in PV is currently acceptable for investors even without FIT only in some countries with bet-
ter natural conditions for the operation of photovoltaic systems because of reaching higher
capacity factors [9,31,54,55]. As a result, the LCOE in utility-scale photovoltaic systems
may be lower than average market electricity prices [51]. Therefore, support programs lead
to the development of RES to the desired level, and then they can be reduced [15,30,56].

Factors increasing the profitability of investing in a PV installation for prosumers
include a higher level of energy self-consumption [10,24,30,41,57–59], or adjusting the
installation size to the level of consumption [39,49,60,61]. It means that residential PV
should mainly provide enough energy for a given household, unless there is an energy
shortage in a given region or the household participates in energy community.

Subsequent actions to support the development of RES, including PV, should concern
the development of demand-side management systems, which will enable better energy
management [57], but also the creation of energy communities in which the production
and consumption of energy will be jointly planned [62–64]. Additionally, the development
of smart grids is necessary as they allow better management of surplus energy, including
in isolated systems (e.g., in islands, separated rural areas, and countries without a well-
developed energy network) [48,65–69]. In such grids, battery energy storage systems (BESS)
coupled with PV are also more effective [33,36].

2.2. Factors Influencing the Interest of Households in Investing in PV Installations

Households may be interested in PV installations for reasons other than institutional
investors who expect high rates of return or governments that seek to increase RES in
the energy mix and reduce emissions from energy production. The research shows that
essential characteristics of a household that favors the decision to install PV include income,
education, owning a house and the planned time of using the house, and only then
the profitability of the investment [70–72]. On the other hand, research from different
countries shows that investments in PV installations in households result primarily from
the possibility of financing such a system by the investor (which results from the amount
of income). The next factors are awareness of various subjective benefits, the calculation of
investment profitability, environmental protection issues, consulting, imitation and the type
of buildings [33,56,60,61,71,73,74]. Individual authors often focus only on the assessment
of the profitability of an investment or the period of return on investment.

An important aspect is also how certain behaviors depend on the observed patterns.
For example, according to the diffusion of innovation principle, other people’s positive
experiences may be an incentive to take specific actions. The same was found for dissem-
inating residential PV systems in Italy, UK and Germany [36,41,45,71]. As confirmed by
Dharsing [71], such impacts were visible at the international, regional and county level.
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2.3. Barriers on the Development of Energy Production from PV Systems

The electricity production from PV systems may face numerous limitations as they
develop. From the point of view of energy distributors, excess production in the summer
and on sunny days may disrupt the operation of transmission systems, e.g., overloading of
existing transmission lines and demand and supply mismatch [10,48,57], but it may also
destabilize the entire energy production system in which stable energy sources must still
operate [42,57,65]. The development of smart grids, and forecasting of PV energy produc-
tion based on the weather forecast, can be a partial solution to such problems [48,64,75].
Another issue is the structural diversity of PV energy production. Production often takes
place in rural areas, and energy demand is in urbanized and industrialized areas.

In the conditions of switching to net billing systems, prosumers may be exposed to the
risk of low prices in the period of high energy production [51,55]; in addition, many projects
are still not profitable assuming the use of market prices [40,48,55]. Reducing or giving no
support for PV micro-installation and no guarantee of purchasing PV electricity will also
mean that consumer budget constraints are becoming more critical in such projects, and
investment risks are increasing [74]. From the point of view of GHG emissions reduction,
the development of energy storage systems in batteries may involve an unacceptable level
of emissions from the production and disposal of batteries [76].

Therefore, the development of PV and other RES requires support for investments
and energy purchase prices and ensuring the stable operation of the entire energy system
under new conditions, with a more significant share of variable energy sources.

3. ‘Moj Prad’ Program and PV Energy Production in Poland

In the EU, the development of electricity production from PV has been taking place
since 2000, but a noticeable share of solar energy in total electricity supply has been
observed since 2010 when it exceeded 1.5%. It is worth recalling that since 2005, Conto
Energia programs have been implemented in Italy. In subsequent years, similar programs
supporting PV development appeared in other countries, such as the UK, Spain, and Greece.
The leader in the development of PV systems was and still is Germany. Since 2015, the
share of PV energy in the EU has exceeded 3.5% (Figure 1), and from 2019, another stage
of growth has been observed, resulting from the launch of PV support programs, e.g., in
Bulgaria, Romania, Hungary, and Poland. In 2020, the share of PV energy exceeded 5%. It
is worth adding that the percentage of wind energy was around 15%.
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In Poland, PV micro installation were rarely installed before 2019. Utility-scale PV
systems were supported within an auction system with feed-in tariffs for a contracted
amount of energy. Micro PV installations did not obtain support, except for small local
programs for underdeveloped areas. In 2015, there was only 30 MW of installed PV capacity.
The stagnation lasted until 2019. In 2019, the ‘Moj Prad’ (MP) program was implemented,
and it was continued in the following years. As part of this regulation, a net-metering tariff
for 15 years was introduced for PV micro-installations (<50 kW), as well as a subsidy to
investment costs within the available budget. The program aimed to increase the number
of energy prosumers supporting PV micro-installations among households in Poland. The
budget for the first and second MP editions was PLN 1 billion at the end of 2020, and
finally, the funding was extended to PLN 1.16 billion. The third edition (MP3) started in
2021. Till the end of May 2022, subsidies of PLN 1.51 billion were paid for 337 thousand
PV micro-installations [19]. Another 500,000 micro-installations were connected to the
network without subsidies for the installation costs. In this case, investors used only a
preferential net-metering tariff, guaranteed for 15 years. In addition, all prosumers could
take advantage of the tax relief, deducting 17% of the investment costs from the tax, up to
the amount of PLN 9000 (approx. EUR 2000).

In the two first editions of MP, beneficiaries received a subsidy of 5000 PLN (ca. EUR
1100) per installation of 2–10 kWp, and in the third edition, it was 3000 PLN (ca. 670 EUR).
In MP1, there were 29 thousand micro installations subsidized, and in MP2, 200 thousand.
In addition, all those who have built PV micro-installations are entitled to use the energy
sent to the grid on a net metering basis. Therefore, 80% of the energy transmitted to the
grid can be used free of charge within one year.

At the end of 2021, there were 854,000 PV micro-installations (<50 kW) in Poland, and
the total installed capacity exceeded 6 GW (Figure 2).
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Figure 2. Installed capacity and the number of PV micro-installations (<50 kWp) in Poland in
2015–2022. Based on data from [78].

The production of electricity from PV systems grew dynamically in the following
years. In 2019, it was 715 GWh, and in 2021, 3842 GWh, i.e., over five times more (Figure 3).
The number of PV micro-installations in 2021 was still growing, so in the coming years, the
electricity production from PV systems may exceed over 7000 GWh. However, the share of
solar energy in the energy mix in Poland is still small. In 2021, it was 2.14%. Wind energy
has a higher share amounting to 9.2% in 2021, with energy generation of 16,473 GWh. In the
coming years, the percentage of solar energy in the energy mix in Poland should increase
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to 5%. For comparison, in Italy and Germany in 2020, the share of PV energy was around
8.5%, and in Hungary, it was 7%.

Energies 2022, 15, x FOR PEER REVIEW 7 of 20 
 

 

 

Figure 2. Installed capacity and the number of PV micro-installations (<50 kWp) in Poland in 2015–

2022. Based on data from [78]. 

The production of electricity from PV systems grew dynamically in the following 

years. In 2019, it was 715 GWh, and in 2021, 3842 GWh, i.e., over five times more (Figure 

3). The number of PV micro-installations in 2021 was still growing, so in the coming years, 

the electricity production from PV systems may exceed over 7000 GWh. However, the 

share of solar energy in the energy mix in Poland is still small. In 2021, it was 2.14%. Wind 

energy has a higher share amounting to 9.2% in 2021, with energy generation of 16,473 

GWh. In the coming years, the percentage of solar energy in the energy mix in Poland 

should increase to 5%. For comparison, in Italy and Germany in 2020, the share of PV 

energy was around 8.5%, and in Hungary, it was 7%. 

  

Figure 3. Production of electricity from PV installation and share of PV sources in electricity pro-

duction in Poland in 2019–2021. Based on data from [79,80]. 

The voivodships with the most significant number of PV installations are those with 

the largest population, i.e., Mazowieckie, Wielkopolskie and Śląskie (in Poland, regional 

administrative units are historically called voivodships, so the region and the voivodship 

mean the same in this work). Table 1 lists essential variables characterizing each region at 

715

2023

3842

0

500

1000

1500

2000

2500

3000

3500

4000

4500

2019 2020 2021

GWh

electricity production from PV installations

0.44%

1.28%

2.14%

0%

1%

2%

2019 2020 2021

share of electricity production from PV installations

Figure 3. Production of electricity from PV installation and share of PV sources in electricity produc-
tion in Poland in 2019–2021. Based on data from [79,80].

The voivodships with the most significant number of PV installations are those with
the largest population, i.e., Mazowieckie, Wielkopolskie and Śląskie (in Poland, regional
administrative units are historically called voivodships, so the region and the voivodship
mean the same in this work). Table 1 lists essential variables characterizing each region at
the end of 2020. These variables have proven to be potentially significant in explaining the
increase in the number of PV installations and the interregional impact.

Table 1. The number of micro photovoltaic installations, photovoltaic capacity and the main features
of the regions of Poland.

Region PV micro-Systems 1 PV Capacity 1 Population Household Average Salary GDP

number MW million thousand thousand PLN billion PLN

Dolnoslaskie 13,906 84.3 2.90 1100 5.32 175.7
Kujawsko-pomorskie 9619 57.0 2.07 729 4.49 93.3

Lubelskie 10,080 53.0 2.11 742 4.56 79.5
Lubuskie 4932 30.1 1.01 365 4.56 46.1
Lodzkie 12,605 74.4 2.45 944 4.79 127.0

Malopolskie 23,212 130.3 3.41 1080 5.10 172.7
Mazowieckie 23,189 129.4 5.42 1943 6.25 477.9

Opolskie 6175 38.5 0.98 354 4.71 43.4
Podkarpackie 18,156 87.5 2.13 649 4.39 83.1

Podlaskie 4365 23.6 1.18 417 4.58 46.9
Pomorskie 12,007 67.3 2.34 806 5.14 125.0

Slaskie 25,384 144.5 4.52 1728 5.18 260.5
Swietokrzyskie 7754 40.0 1.23 429 4.49 49.7

Warminsko-mazurskie 6098 35.0 1.42 516 4.32 54.5
Wielkopolskie 24,529 136.9 3.50 1129 4.69 208.2

Zachodniopomorskie 5865 33.8 1.70 639 4.77 78.3
1 As of the end of May 2021.

4. Methodology

In this study, spatial econometrics models were used due to the spatial nature of the
research. According to the current paradigm of spatial econometrics [81], we can observe
autocorrelation as the lag of the dependent variable, the lag of the independent variables,
or the spatial lag of the error. The currently valid classification of spatial econometric
models was developed by Elhorst [82] and was adopted by the scientific community as an
estimation standard. Figure 4 shows the type of spatial econometric models.
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The diagram (Figure 4) shows the successive stages of taking into account the lags in
individual models, starting with the linear model, in which spatial effects are not considered.
The matrix form of the classical linear model regression was written by the Formula (1):

Y = Xβ + ε, (1)

where Y is the vector of the dependent variable observation, X is the matrix of the observed
values of the independent variables (factors), β is the vector of the structure parameters,
and ε is the vector of random components.

Until 2010, the most frequently used spatial models were models with one spatial
component. These include the SAR models (spatial autoregressive model, Formula (2)),
the SEM (Spatial Error Model, Formula (3)), and the relatively rarely used SLX model
(Formula (4)):

Y = β0 + ρWY + Xβ + ε, (2)

Y = β0 + Xβ + u, where : u = λWu + ε (3)

Y = β0 + Xβ + WXθ + ε (4)

where most of the terms are as in Formula (1): W is the matrix of spatial weights, ρWY is the
spatial lag of the dependent variable, WXθ is the spatial lag of the independent variables
(Durbin component), and λWu–the spatial lag of the error.

The SLX model examines the direct influence of causes of the effect in the observed
region of the so-called spatial spillovers. In the SEM model, spatial autoregression does not
concern the explanatory variable but the random component. In the SAR model, spatial
autoregression discusses the explanatory variable. In this model, we no longer assume
spatial clusters of causes but rather spatial interactions.

Two-component models that take into account two spatial components are the SAC
model (Kelejian–Prucha model, Formula (5)), SDM (spatial Durbin model, Formula (6)) and
SDEM (spatial Durbin error model, Formula (7)). Both the Durbin models (Formulas (6) and (7))
are the most popular, although in some cases, the SAC model gives better fits.

Y = β0 + ρWY + Xβ + u, where : u = λWu + ε (5)

Y = β0 + ρWY + Xβ + WXθ + ε (6)

Y = β0 + Xβ + WXθ + u, where : u = λWu + ε (7)

The model that takes into account all three elements of spatial autocorrelations is
called the Manski model (GNS), which we write as the formula:

Y = β0 + ρWY + Xβ + WXθ + u,where : u = λWu + ε, ε ∼ N(0, δ2
εIN) (8)

The model given by Formula (8) is seldom used due to over-specification. However,
the possibility or necessity of using other models (Formulas (2)–(7)) should be considered.
An additional problem in spatial research is determining the matrix of spatial weights
W [83]. The weights matrix defines the interrelationships and spatial regimes of the studied
variables [83]. The specificity of data and the complexity of spatial structures determine the
weight matrix method.
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On the other hand, the method of data representation and the research problem to be
solved compile the form and structure of the weight matrix. Therefore, the issue related to
the construction of the weight matrix is the approach to the complicated system of objects
and choosing the method of representation of alternative relationships. All activities lead
to the best reproduction of reality in spatial research. How significant the problem is to
determining the weights matrix can be proved by many works [83–87] and others. Figure 5
presents a list of different types of weight matrices [88]. Pietrzykowski conducted extensive
research on this problem, which resulted in a proposal to modify the spatial weight matrix,
thanks to which the data can be described in a more detailed way [89] as well as increasing
the possibilities of spatial analyses by using functional analysis [87].
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Research Design and Data Sources

The analysis was carried out at the NUTS-2 level, which comes down to the research
at the regional level for Poland. Data from 2020 were used in work. The study considered
the following variables: number of installations in the region, number of installations per
million inhabitants, number of installations per million households, salary per person in
the region, number of PV installations per 100 million GDP in the region, total power in the
region, total subsidies in the region, power per capita in the region, power per installation
in the region. In the analysis conducted on the factors influencing the development of
photovoltaics in Poland, the Manski model (GNS) was used. The exact structure of the
weight matrix was applied to the recommendations for such models [81].

Figures 6 and 7 show the spatial distributions of individual variables included in the
analysis. The variables are presented on the administrative map of Poland at the NUTS-2
level (i.e., at the regional level). Figure 6 contains the variables that describe photovoltaic
installations in terms of power and the number of installations in individual regions. In
Poland, the development of photovoltaic installations occurs in its southern part due to the
power and number.



Energies 2022, 15, 5897 10 of 19

Energies 2022, 15, x FOR PEER REVIEW 10 of 20 
 

 

 

Figure 5. Classification of types of spatial weight matrices according to the way they are constructed. 

Research Design and Data Sources 

The analysis was carried out at the NUTS-2 level, which comes down to the research 

at the regional level for Poland. Data from 2020 were used in work. The study considered 

the following variables: number of installations in the region, number of installations per 

million inhabitants, number of installations per million households, salary per person in 

the region, number of PV installations per 100 million GDP in the region, total power in 

the region, total subsidies in the region, power per capita in the region, power per instal-

lation in the region. In the analysis conducted on the factors influencing the development 

of photovoltaics in Poland, the Manski model (GNS) was used. The exact structure of the 

weight matrix was applied to the recommendations for such models [81]. 

Figures 6 and 7 show the spatial distributions of individual variables included in the 

analysis. The variables are presented on the administrative map of Poland at the NUTS-2 

level (i.e., at the regional level). Figure 6 contains the variables that describe photovoltaic 

installations in terms of power and the number of installations in individual regions. In 

Poland, the development of photovoltaic installations occurs in its southern part due to 

the power and number. 

 

(a) 
(b) 

Energies 2022, 15, x FOR PEER REVIEW 11 of 20 
 

 

 

(c) (d) 

 

(e) 

 

(f) 

Figure 6. Spatial distribution of variables describing photovoltaic installations. (a) Total installed 

capacity by regions in kW. (b) Power capacity in watts per capita by regions. (c) Power per one 

installation in regions in kW. (d) Number of PV installations in regions. (e) Number of PV installa-

tions per million inhabitants. (f) Number of PV installations per million households. 

According to the authors, Figure 7 summarizes the features that may influence the 

decision regarding a photovoltaic installation. It can be noticed that the spatial distribu-

tion presented for the power and number of installations corresponds to that shown in 

Figure 7. It means that high values of GDP, remuneration and subsidies are found in those 

provinces with high values of power and number of photovoltaic installations. 

Figure 6. Spatial distribution of variables describing photovoltaic installations. (a) Total installed
capacity by regions in kW. (b) Power capacity in watts per capita by regions. (c) Power per one
installation in regions in kW. (d) Number of PV installations in regions. (e) Number of PV installations
per million inhabitants. (f) Number of PV installations per million households.
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to micro PV systems in PLN. (c) Number of PV installations per 100 million GDP in the region.

According to the authors, Figure 7 summarizes the features that may influence the
decision regarding a photovoltaic installation. It can be noticed that the spatial distribution
presented for the power and number of installations corresponds to that shown in Figure 7.
It means that high values of GDP, remuneration and subsidies are found in those provinces
with high values of power and number of photovoltaic installations.

5. Results

Preliminary data analysis allowed for selecting the following variables: the installed
‘power capacity in watts per person’ (y) was adopted as a dependent variable. The ‘number
of PV installations per100 million GDP’ in the region (x1) and ‘salary in thousand PLN’ (x2)
were adopted as independent variables. Figure 8 summarizes the Pearson correlation
coefficients and histograms for the variables used in the model. One can see that the
variables are correlated with the dependent variable and are independent of each other
(correlation coefficient 0.16). This arrangement allows for the correct performance of the
regression analysis.



Energies 2022, 15, 5897 12 of 19

Energies 2022, 15, x FOR PEER REVIEW 13 of 20 
 

 

 

Figure 8. Pearson’s correlation coefficients and histograms for the research variables. y: ‘power ca-

pacity in watts per person’; x1: ‘number of PV installations per 100 million GDP’; x2: ‘salary in thousand 

PLN’; correlation coefficients are at the intersection of columns and rows; *, ** denote the 5% and 

1% significance levels, respectively. 

In the next step, multiple regression analysis without spatial effects was conducted 

based on the model: 

Yi  =   β0  +  β1x1  +  β2x2  +  ϵi (9) 

Table 2 summarizes the results of the conducted analysis. 

Table 2. Analysis results for the standard regression model (Formula (9)). 

Parameters Estimation of Parameters Standard Error p-Value 1 

β0 11.9562 3.3546 0.00346 *** 

β1 1.1169 0.2667 0.00106 *** 

β2 2.2231 0.7193 0.0860 * 
1 *, **, *** denote the 10%, 5% and 1% significance levels, respectively. 

The model has successfully passed the residual analysis. The following tests were 

used: Shapiro–Wilk (residual normality), Goldfeld–Quandt (residual variance stability), 

Durbin–Watson (residual autocorrelation), and RESET (model correctness). Then, the au-

tocorrelation coefficient was calculated for the linear model without spatial effects. Mo-

ran’s autocorrelation model was 0.3175 and was significant (p-value: 0.003345), which con-

firms that econometric spatial models should be used in further analysis. In the other part 

of the analysis, the Manski model (GNS) contains three spatial coefficients, i.e., spatial 

delay Y (rho), spatial delay X (theta), and spatial error autocorrelation (lambda), was se-

lected. The Manski model was compared with other models, and it was found that it has 

the highest Nagelkerke pseudo-R-squared value (0.90583) among the tested models. 

Model form: 

Y =  β0  +  𝛒𝐖Y +  𝐗β +  𝐖𝐗θ +  u, where: u =  λ𝐖u +  ϵ (10) 

The results for the Manski model are summarized in Table 3. 

Figure 8. Pearson’s correlation coefficients and histograms for the research variables. y: ‘power
capacity in watts per person’; x1: ‘number of PV installations per 100 million GDP’; x2: ‘salary in thousand
PLN’; correlation coefficients are at the intersection of columns and rows; *, ** denote the 5% and 1%
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In the next step, multiple regression analysis without spatial effects was conducted
based on the model:

Yi = β0 + β1x1 + β2x2 + εi (9)

Table 2 summarizes the results of the conducted analysis.

Table 2. Analysis results for the standard regression model (Formula (9)).

Parameters Estimation of
Parameters Standard Error p-Value 1

β0 11.9562 3.3546 0.00346 ***
β1 1.1169 0.2667 0.00106 ***
β2 2.2231 0.7193 0.0860 *

1 significance level α = * 0.1, *** 0.01.

The model has successfully passed the residual analysis. The following tests were
used: Shapiro–Wilk (residual normality), Goldfeld–Quandt (residual variance stability),
Durbin–Watson (residual autocorrelation), and RESET (model correctness). Then, the
autocorrelation coefficient was calculated for the linear model without spatial effects.
Moran’s autocorrelation model was 0.3175 and was significant (p-value: 0.003345), which
confirms that econometric spatial models should be used in further analysis. In the other
part of the analysis, the Manski model (GNS) contains three spatial coefficients, i.e., spatial
delay Y (rho), spatial delay X (theta), and spatial error autocorrelation (lambda), was
selected. The Manski model was compared with other models, and it was found that it
has the highest Nagelkerke pseudo-R-squared value (0.90583) among the tested models.
Model form:

Y = β0 + ρWY + Xβ + WXθ + u, where : u = λWu + ε (10)

The results for the Manski model are summarized in Table 3.
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Table 3. Estimation results of the Manski spatial model (GNS—Formula (10)).

Parameter Estimation of Parameter Standard Error p-Value 1

β0 0.93658 2.88776 0.74569
β1 1.05412 0.16168 7.039 × 10−11 ***
β2 3.52105 0.51521 8.244 × 10−12 ***

lag β1 −1.96144 0.31011 2.531 × 10−10 ***
lag β2 2.59639 1.41390 0.06631 *
ρ 0.7501 0.1641 4.8257 × 10−6 ***
λ −0.9151 0.3938 0.0201 **

1 significance level α = * 0.1, ** 0.05, *** 0.01.

All parameters of the GNS model are significant at the α = 0.1. Assuming a significance
level of 0.05, we reject the statistical significance of the lag β2. When analyzing the resulting
GNS model, we find the presence of spatial interactions between regions (0.7501). The
parameter that, on average, 75% of PV installations measured by watts per person “spread”
to neighboring regions. Thus, we have an effect that determines the occurrence in a given
part of the impacts associated with the impact in the related areas. The installation of
photovoltaic installations in neighboring regions affects the decisions in a given region.

The causes of changes in the neighboring regions for ‘number of PV installations per
100 million GDP’ in the region (x1) and ‘salary in thousand PLN’ (x2) also became important.
Based on the parameters obtained in the GNS model and adopting the ceteris paribus
principle, one can conclude that an increase in ‘number of PV installations per 100 million
GDP’ in the region (x1) will result in an increase in the power of the assumed installations
by 1.0541 ‘watt per person’. In the case of an increase in salaries by one unit, we also
have an increase in watts per person in installations by 3.52105. I would formulate the
conclusion related to this since both regression coefficients are positive, which means that
increasing ‘number of PV installations per 100 million GDP’ in the region (x1) and ‘salary in
thousand PLN’ (x2) will increase the willingness to expand the photovoltaic installation. The
autocorrelations related to the causes, i.e., the explanatory variables, are significant and can
be interpreted as follows. Changes in ‘number of PV installations per 100 million GDP’ (x1) in
neighboring regions affect ‘watt per person’ changes, i.e., if GDP increases in one region, then
in the neighboring region, we will observe a decrease in intensity of development of PV
systems measured in ‘watt per person’ (−1.96144). Thus, the richer regions will be adjacent
to the poorer regions. We have a situation where PV is located in one or two voivodships
and it does not spread evenly to the others. It would be a reduction in the possibilities
in photovoltaic installations or slower increase then in neighboring regions. In the case
of salaries, the increase in salaries in a given region has a positive effect on changes in
installations in neighboring regions (2.59639). It may be related to the general situation in
the country, i.e., if wages increase, they increase evenly in all regions. The significance of the
parameter λ indicates the presence of spatial dependencies of random factors, which can
be defined as the mean error in neighboring locations. This error includes unaccounted-for
variables or supra-regional characteristics occurring wider than the borders of regions. In
this respect, we can see variables that describe recipients’ concerns, cultural variables or
weather indicators. According to [90], in the situation of spatial error (λ) modelling, an
exogenous shock in a given region will affect not only the case in that region (e.g., economic
growth) but also the situation in the neighboring areas due to the presence of spatial
dependence error. Considering the pseudo-R-square coefficient, we can conclude that the
spatial error, i.e., indicators not included in the GNS model, constitutes approximately 10%.

Figure 9 presents the spatial distribution of residuals in the GNS model. The distribu-
tion of residuals in the administrative spatial of Poland is within the mean plus or minus
standard deviation range, which may indicate the correctness of the model used and its
good prognosis.
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6. Discussion

A significant increase in the number of PV installations in individual countries took
place in the last ten years due to programs supporting the development of renewable
energy sources. Offering prosumers feed-in or similar favorable tariffs for the sale of
electricity from PV installations was the main factor in the development of the market [39].
In countries such as Germany, Italy, the UK, and Spain, it led to market saturation within a
few years [24,43,44,52,71]. In each of these countries, the feed-in tariff system provided a
selling price for electricity at or even higher than the market price [46]. Another critical
factor was the decline in the cost of energy production from PV installations. The levelized
cost of electricity decreased by 85% from 2010 to 2020, making the electricity production
from PV installations profitable even in countries with lower energy prices. As a result, a
significant feed-in-tariff reduction was also possible.

In Poland, the support system for PV micro-installations (<50 kW) was launched
in 2019. The scheme was based on net-metering rules combined with a fixed subsidies
amount for investment costs for systems smaller than 10 kWp. Additionally, households
were allowed to take advantage of the tax relief. The ‘Moj Prad’ program turned out to
be a great success, as the solutions offered led to a return on investment in 7–8 years for
financing from own resources and 10 years for financing investments. This is a similar
payback period as that established for household PV installations with net-metering billing
in other countries [91], but much shorter than, for example, in Croatia or Spain with
net-billing systems [61,92] or for commercial utility-scale PV [93]. A total of 900,000 PV
micro-installations were built in a two-and-half-year period, and the total installed capacity
increased from 0.2 to 6 GW. Within these years, 7% of households in Poland installed
PV systems. Thus, the obtained effect was similar to that observed in other countries
introducing support programs, with a similar economic effect for investors.

The interest in investments in PV micro-installations in Poland resulted mainly from
end-users achieving grid parity, which was possible due to a significant decrease in the
costs of PV systems. The main reason was that net metering was allowed for prosumers,
reinforced with subsidies sufficient for 10–20% of investments. Prosumers’ decision to
install household PV systems was mainly driven by overall economic factors, such as short
payback period and additional subsidies available. Based on the regional analysis, it was
found that in Poland, the most crucial factor was the average level of salaries in a given
region. Similar results were obtained in the evaluation of PV development in Germany,
where it was shown that in the grid parity conditions, the decision to invest in a PV system
depends mainly on economic factors connected with household wealth [71]. Surprisingly,
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it was also observed that the level of GDP in individual regions did not affect the intensity
of investments in prosumer PV installations. The level of installation saturation was, on
average, higher in regions with lower GDP. This could be because an average of 7% of
households installed PV, and this concerned the wealthiest households in each region.
Additional reasons are the greater levels of urbanization in more affluent regions and the
high availability of ever-cheaper PV installations even for middle-income households.

It has also been established that there is an imitation effect in the dissemination of
residential PV installations, given the intensity of investment in the regions. The neigh-
boring regions with a higher prevalence of PV micro-installations positively stimulated
investments in such installations in other regions. This confirms the findings of Dastrup
et al. [19], showing that the visibility of PV systems leads to significant social multiplication
effects. Confirmation of the positive effects of PV use by other members of society may
be the basis for the decision to introduce such innovation in subsequent households [94],
which seems to be confirmed in our research.

Finally, it is worth noting that the further expansion of PV systems must consider
the possibility of using the energy generated in a given region due to the problems of
energy transmission in extensive distribution networks and the related losses. For this
reason, investments in micro-energy sources should consider the possibility of supplying
urbanized and industrialized areas. It is also worth supporting energy balancing within
energy communities and smart grids.

7. Limitations

The presented study and the results obtained are subject to certain limitations. For
example, in our research, it was impossible to collect data for variables indicated in the
literature as potentially necessary, e.g., the number of single-family houses and the number
and share of people living in multi-family blocks of flats. Additionally, due to the correlation
between variables, such variables as the unemployment rate or the share of the economically
active population were not included in the model. Instead, the salary per person variable
was entered into the model as the most correlated with the amount of installed capacity
by region. Another limitation is the lack of detailed information on households, e.g., their
economic status, reasons for being interested in installing a PV system, and reasons for
deciding to invest in a PV system. Therefore, the results are less detailed and relate to
the assessment based on regional averages. Because the data on prosumer photovoltaic
micro-installations are only available in total for the country and at the level of provinces
(NUTS-2), it is impossible to define in detail the spatial regimes for lower aggregation
levels, which could better explain the nature of the interdependence. Since some large
regions are strongly internally differentiated, this may interfere with the precision of
the results. Certain important factors may have been considered insignificant under
such conditions. Additionally, the Manski model is rarely used due to its exaggerated
specification. The presented results concern the primary factors of the development of
prosumer energy in Poland.

In-depth analyses require collecting data at a lower level of aggregation and directly
from prosumers to more accurately determine the reasons for investing in prosumer solar
PV systems.
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Abbreviations

BESS battery energy storage system
FIT feed-in-tariff
GDP Gross Domestic Product
GNS general nesting spatial model
GW gigawatt
GWh gigawatt hour
kW kilowatt
kWp kilowatt ‘peak’ power output of a system
LCOE levelized cost of energy
MP ‘Moj Prad’ program in Poland
MP1 first edition of ‘Moj Prad’ program in Poland
MP2 second edition of ‘Moj Prad’ program in Poland
MWh megawatt hour
NUTS-2 the second level of administrative divisions, a region in lower administrative level

than the country—according to nomenclature of territorial units for statistics
PV photovoltaic
RES renewable energy sources
SAC Kelejian-Prucha model
SAR spatial autoregressive model
SDEM spatial Durbin error model
SDM spatial Durbin model
SEM spatial error model
SLX spatial lag of X model
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93. Brodziński, Z.; Brodzińska, K.; Szadziun, M. Photovoltaic Farms—Economic Efficiency of Investments in North-East Poland.

Energies 2021, 14, 2087. [CrossRef]
94. Wilson, C.; Dowlatabadi, H. Models of Decision Making and Residential Energy Use. Annu. Rev. Environ. Resour. 2007, 32,

169–203. [CrossRef]

http://doi.org/10.1016/j.enpol.2022.113041
http://doi.org/10.3390/su10072281
http://doi.org/10.1016/j.est.2022.104033
http://doi.org/10.3390/en13164131
https://ec.europa.eu/eurostat/databrowser/product/page/NRG_IND_PEH__custom_2430601
http://www.ptpiree.pl/energetyka-w-polsce/energetyka-w-liczbach/mikroinstalacje-w-polsce
http://www.ptpiree.pl/energetyka-w-polsce/energetyka-w-liczbach/mikroinstalacje-w-polsce
http://doi.org/10.52324/001c.8081
http://doi.org/10.1080/17421770903541772
http://doi.org/10.1111/j.1538-4632.2004.tb01127.x
http://doi.org/10.3390/stats1010009
http://doi.org/10.1111/j.1538-4632.1988.tb00159.x
http://doi.org/10.15611/pn.2018.508.17
http://doi.org/10.1080/00343409950122945
http://doi.org/10.3390/electronics10212713
http://doi.org/10.3390/en12030345
http://doi.org/10.3390/en14082087
http://doi.org/10.1146/annurev.energy.32.053006.141137

	Introduction 
	Factors in the Development of PV Systems 
	System Costs and Government Support Programs for the Development of Energy Production from PV Systems 
	Factors Influencing the Interest of Households in Investing in PV Installations 
	Barriers on the Development of Energy Production from PV Systems 

	‘Moj Prad’ Program and PV Energy Production in Poland 
	Methodology 
	Results 
	Discussion 
	Limitations 
	References

