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Abstract: The abandonment of conventional sources in favor of energy from renewable energy
sources (RES) has a global dimension, and the dynamic increase in the share of energy from pho-
tovoltaic systems in the energy mix of many countries results from the possibility of obtaining it
both on a small scale (micro-installations) and as part of economic investments (photovoltaic power
plants). The study aimed to assess the economic efficiency of 22 photovoltaic farms located in north-
eastern Poland. The research covered 5 solar power plants with a capacity of up to 799 kWp (I), 13
between 800 and 1100 kWp (II), and 4 installations of 1.98 MWp (III). The evaluation was based on
net present value (NPV), internal rate of return (IRR), payback period (PP), profitability index (PI),
accounting rate of return (ARR). Additionally, a sensitivity analysis was carried out regarding the
value of economic indicators. The analysis shows that all studied PV farms are economically justified
investments (NPV > 0) regardless of the adopted scenario. Solar power plants of the largest analyzed
capacity (group III) resulted in being the most profitable ones, but no linear relationship between the
level of productivity and profitability was established. Due to the large variation in terrain shape in
northeastern Poland, landscape value and social benefits, which are difficult to assess, the support
system for investments regarding the construction of photovoltaic power plants proved to be the
most effective in group I.

Keywords: photovoltaic power plant; energy management; cost analysis

1. Introduction

The increasing energy demand on a global scale and, at the same time, the introduced
restrictions on emissions harmful to the environment and the climate are prompting the
search for non-conventional energy sources, including renewable energy sources [1–8].

In the case of EU countries, the abandonment of conventional sources in favor of
energy from RES results from the implemented concept of the European Green Deal
(EGD), a plan to build a sustainable EU economy based on the challenges of combating
climate and natural environment change [9,10]. The EGD, announced by the European
Commission in December 2019, aims to reduce carbon emissions by 55% by 2030 and
achieve carbon neutrality by 2050 [11]. The challenge facing the EU and thus all member
states is turning this ambitious climate agenda into a success. It should, therefore, be
anticipated that, despite the many problems and divergences in national and EU energy
and climate policies, renewable energy will develop increasingly rapidly [7,12], with solar
radiation energy becoming one of the main sources of energy generation. Solar energy is
dispersed, difficult to use directly in practice, but its transformation methods are still being
improved, which, combined with the introduction of economic incentives for systems
using renewable energy sources (RES), further increases its importance [13].

Of all the methods for converting the sun’s primary energy, two methods are com-
monly used, namely photothermal and photovoltaic conversion. Since the generation of
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power in those systems heavily depends on weather conditions, time of day and season,
energy storage is a problem [7]. However, interest in solar energy harvesting is steadily
increasing, with photovoltaic being the more favorable of the two solutions, in terms of
both economics and practicality [14].

The dynamic growth of the share of energy from photovoltaic systems in the energy
mix of many countries results from its undoubtedly pro-environmental advantages, such
as lack of environmental pollution and other harmful consequences for the environment.
Moreover, no noise is generated, and solar energy is converted directly into electricity [15].

Other advantages of photovoltaic installations are their fast implementation time and
considerable adaptability to local conditions and needs [16]. Especially this last feature
favors the development of micro-installations adapted to the needs of prosumers [17]. The
most economically efficient use of solar energy is its total consumption by the user of the
installation [18]. Therefore, for many small-scale, spatially distributed energy producers,
the use of micro photovoltaic installations is an attractive solution [19,20].

On the other hand, owners of photovoltaic power plants (those with higher capacity)
sell all of the produced energy. In general, photovoltaic power plants are large-scale
installations, which are technical infrastructure devices occupying large areas of land. In
their case, the sun exposure associated with the terrain is important. In practice, this usually
means that agricultural land must be taken out of production [21,22].

In countries where land for this type of investment is expensive and scarce and where
favorable conditions related to solar insolation exist, solutions to combine agricultural
production with electricity generation are increasingly being used [21,23–26]. This solution,
referred to as agrovoltaics, involves the simultaneous land use for both PV and agricultural
purposes. As observed, this innovative solution brings not only environmental but also
economic benefits [24,25].

Due to the type of photovoltaic system, the way it is set up, the receiver of the
energy produced, etc., photovoltaic farms can be defined as grid-connected, stationary,
ground-mounted, commercial, profit-oriented from the sale of the produced electricity,
commissioned, part of the technical infrastructure system of the area [27,28].

On the technical side, photovoltaic farms also referred to as solar parks or solar power
plants, are freestanding power plants with capacities ranging from ~0.5 MW to ~50 MW,
with the most common being ~1–5 MW. The site of the power plant is in most cases
fenced and monitored, and installations are connected to an online monitoring system that
provides information on the current status and possible malfunctions of the system.

Despite numerous positive examples of the inclusion of solar farms in the energy mix,
the photovoltaic conversion process used in energy production is far from perfect, as the
efficiency of such installations is relatively low [29]. At the same time, research is being
conducted to seek methods to increase the efficiency of traditional photovoltaic systems
using, for example, optimized PV panel orientation [30,31], non-tracking plenary concen-
trators [32], panel cleaning systems [33], effective solutions to snow accumulation problems
(at the material as well as architectural level) [34–36], a solution to reduce excessive panel
heating [37–39], etc.

These multi-directional measures, together with falling installation costs and rising
grid-supplied electricity prices, are making photovoltaics (PV) an increasingly economi-
cally advantageous source of electricity, even in geographical regions with less favorable
insolation conditions [40].

Owing to the improvement of the transformation process, the acquisition of electricity
from photovoltaics globally increased almost 17-fold between 2010 and 2018, with the
growth rate being highest in Asia (55-fold increase) and Africa (40-fold). China is the
largest producer of solar energy, with the production of 178,071 GWh in 2018, compared to
only 730 GWh in 2010. In the European Union, solar energy production increased more
than five times between 2010 and 2018, with both the amount produced and the growth
rate varying within individual member states. In 2018, the highest amount of solar energy
was produced in Germany, and it was 45,784 GWh (a 4-fold increase compared to 2010), in
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Italy—2266 GWh (an increase of almost 12 times). In Poland, energy production based on
large-scale installations started in 2012, and only 1 GWh of energy was produced then. In
the following years, it was 7 GWh—in 2014, 124 GWh—in 2016 and 300 GWh—in 2018.
Thus the growth rate was very high (Renewable energy statistics 2020).

By following the trends, it can be seen that successive years have brought significant
technological advances in the installation of photovoltaic power plants, and this initially
slow process is gaining momentum and accelerating rapidly [41].

It is believed that the dynamics of the development of solar energy production is
mainly determined by insolation conditions in individual regions [42], as well as the policy
of financial support for investments in this field, the pro-environmental awareness of
residents [13,43] and the way solar energy is being managed in the grid [44].

While the view that there is a growing public awareness of the role and importance
of energy transition in environmental and climate protection efforts is not controver-
sial [45–49], other aspects concerning the dynamics of the development of solar PV as
an energy source are not so obvious anymore [50]. In many countries, research is being
conducted on methodologies for identifying suitable locations for solar power plant instal-
lations [51,52], which are economically, socially or environmentally justified. In Poland,
support for photovoltaic investments takes place in regions with the least favorable sun-
light conditions, as well as an underinvested electricity grid and relatively easy access to
agricultural land whose owners are willing to allocate it for non-agricultural purposes.

It can be considered that the efficient management of the development of photovoltaic
power grid subsystems is hindered by, among others: long-term climate change, as well
as local weather conditions [53], a solar activity that is difficult to predict [54,55], human
activities and related emissions [56], large fluctuations in energy sale prices [57], agricul-
tural land demand and land prices, quality and availability of electricity transmission
infrastructure [44], renewable energy demand and incentives for solar farm operators [58],
the quality of the power grid, or the characteristics of the installation that affect its produc-
tivity, such as the type of panels, sun exposure, shading and many other environmental
elements [44,59–61].

Another important factor affecting the economic efficiency of photovoltaic power
plants is the low level of electricity generation per year. It is estimated that the capacity of
such installations may decrease by 20% in 25 years. This is an important reason to express
the opinion that investing in photovoltaics, at current installation prices, without support
is a high-risk venture [62]. At the same time, this risk and related concerns diminish as
PV installation prices fall and the level of financial support for this type of investment
increases [63].

In addition to the indicated factors, the dynamics of the sector’s development in
question will also be affected by the level and specificity of energy consumption, fully sub-
ordinated to its direct production [64]. For this reason, the “sectors coupling” is important,
which aims, through the integration of different sectors, to make consumption independent
from the supply of energy from renewable sources, e.g., through the development of mod-
ern energy storage systems. For this reason, a cost-effective solution may be considered the
path of energy transformation based on the integration of energy production, storage and
consumption processes [65–67].

Relatively high, as for the country’s conditions, investment costs cease to be a decisive
criterion for energy transformation [59]. The observed significant growth dynamics in the
use of solar energy is the result of the financial support of the renewable energy sector
implemented within the EU Community policy, as well as national policies [68,69], and
the increasing energy efficiency of photovoltaic and solar installations [70,71]. Energy
independence, diversification, stability of supply, or source of energy is also increasingly
important for energy consumers. For these reasons, photovoltaics, as the only RES industry
in Poland, was able to mobilize more investment capital than the entire conventional
energy sector in 2019–2020, gaining the trust of both Polish and foreign equity investors, as
confirmed by the IEO_PV stock index.
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It can be expected that the process of energy market changes—in favor of decentral-
ized and dispersed renewable energy—will continue in Poland. The growing interest of
investors in the production of energy from photovoltaic farms is justified by the dynamic
development of PV technology, which is conducive to lowering investment costs per unit
of energy produced and the tendency to increase electricity prices on the market [72,73].

On the other hand, factors, which are completely beyond the investor’s control, such
as meteorological conditions (mainly insolation), have a key impact on the efficiency of
solar power plants. Although ex-ante analyses assume the level of insolation based on
long-term meteorological data, these data are verified in practice only by active solar
power plants.

Therefore, assessing the economic efficiency of operating farms provides important
information for decision-making processes and evaluation of implemented solutions from
both economic and social perspectives. This particularly concerns investment costs and
investors’ opinions on the evaluation of investment processes. The results are of preliminary
nature and should be treated as such, as forecasts based on annual production results,
especially in regions with less favorable insolation conditions, such as the northeastern part
of Poland, may be burdened with a high error due to the short productivity monitoring
period (a minimum period of five years would be optimal). Nevertheless, the ex-post
analyses carried out are unique due to a large number of entities covered by the study, the
possibility to compare investment costs within groups of solar power plants of different
capacity and the forecasted scenarios of return on invested capital.

The structure of the paper includes an analysis of available statistical data on the
development of the solar energy sector in Poland and characterization of the conditions of
solar radiation in Poland. In the next part, the photovoltaic farms included in the study and
the factors indicated by investors as decisive for their establishment were characterized. In
the following section, the economic efficiency of the implemented investments is evaluated
under different scenarios (pessimistic, base, optimistic). In the conclusion section, the
results of the conducted analyses are synthesized both in the context of the assessment
of economic efficiency of photovoltaic power plants and, more broadly, in the context of
social benefits of investments subsidized with public funds.

2. Materials and Methods

The study aimed to assess the economic efficiency of photovoltaic farms operating in
northeastern Poland. The region where the studied photovoltaic power plants are located
is characterized by a low level of insolation compared to other parts of the country.

The subject of the research was the data obtained in direct interviews with 22 ran-
domly selected investors. All participants represented special purpose vehicles (limited
liability companies) managing their own photovoltaic farms. During the direct interviews,
respondents were asked to provide information on investment costs, sources of financing,
operating costs of the farms, and the scale of energy production and revenues. Opinions
were also collected on the conditions affecting the undertaking and implementation of the
investment. The installed capacity of the farms ranged from 0.48 MWp to 1.979 MWp. The
studied solar plants were in operation for at least one year, thus completing an annual
production cycle. The analyzed facilities were commissioned at the turn of 2018–2019,
which indicates that the investments’ implementation took place in a similar period. Owing
to the installed energy production monitoring systems, real data on production volumes
was obtained.

In assessing the investment, in terms of its profitability, the following evaluation
criteria were used:

• Net present value (NPV) allows investment projects to be assessed in relation to
the primary objective of the company’s operation, which is to maximize owners’
income by maximizing the value of the company. NPV is the difference between
the sum of discounted future cash flows generated by a project and the value of the
overall outlays;
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• Internal rate of return (IRR) shows the actual return rate on a photovoltaic farm over
time. IRR shows the discount rate that makes the net present value (NPV) of all cash
flows equal to zero in a discounted cash flow analysis;

• Payback period (PP) indicates the times it takes for the investment project to generate
sufficient positive cash flow to cover the initial commissioning costs and any negative
flows. The analyses assumed that an investment had been fully repaid once cumulative
cash flow (CCF) is positive and there are no negative CCFs afterward;

• Profitability index (PI) is a measure similar to the net present value (NPV) and is
used, among others, in the analysis of the profitability of an investment project. This
investment evaluation criterion is expressed as the quotient of the sum of discounted
positive cash flows to the sum of discounted negative cash flows.

• Accounting rate of return (ARR) on investment, which is an indicator presenting the
average accounting profit concerning the amount of incurred investment costs. It
is the average annual net profit (sum of net profits divided by the project duration
expressed in years) divided by the average annual investment understood as the sum
of the initial and net final accounting value of the investment.

Furthermore, a sensitivity analysis regarding chosen critical parameters was carried
out. The identified parameters were an annual increase in electricity sales prices and the
level of inflation of goods and services. The sensitivity analysis was based on a combination
of those parameters to represent various economic scenarios. Several scenarios were
considered in terms of the approach to risks associated with solar plant operation. The
conservative approach covers the uncertainty related to the future operation of the energy
sector and potential economic downturns. An optimistic scenario represents the opposite
view where the averaged out economic indicators are conducive to business development.
Finally, the base scenario illustrates the most probable outcome, which follows the values of
the parameters indicated in institutional forecasts (Energy Regulatory Office and National
Bank of Poland forecasts.).

3. Results and Discussion
3.1. Photovoltaics as an Energy Source in Poland

Reports submitted to PSE SA (Polskie Sieci Elektroenergetyczne S.A.—state-owned
transmission system operator in Poland) show that by 1 October 2020, the installed capacity
of photovoltaics totaled 745.19 GWh, while as of 1 November 2020, one month later, the
installed capacity of photovoltaics in Poland was 950.11 GWh TJ. This rapid increase in
installed capacity is the result of cumulative investment processes.

Central Statistical Office data show that in 2015–2019 the total produced energy from
photovoltaics was consumed in the country, and its growth rate, in the four-year period, was
2.7-fold. The use of photovoltaic energy in industry is gradually increasing, as evidenced
by the fact that 56.67 GWh of energy produced by photovoltaic systems was used for
this purpose in 2015, which accounted for 9.8% of photovoltaic energy, in 2019 rose to
710.56 GWh TJ, which accounted for 45.9% of solar energy (Table 1).

The share of energy from photovoltaic installations in other sectors of the economy
is increasing as well. The growth rate in the analyzed period, i.e., 4 years, was 62.65%
(Table 1). As noted by other authors, the solar energy sector has attracted more than half of
the investments related to the use of renewable energy sources [74].

The main direction of energy use from the photovoltaic market is its consumption
by investors for their own needs. The largest share of prosumer PV energy is consumed
in households. This was 79.22% in 2015 and 49.65% in 2019, respectively. The total
amount of energy obtained from solar systems increased 1.67-fold over the 4 analyzed
years. The significant decrease in the share of photovoltaic energy used in households does
not mean regression because quantitatively, the energy demand of households increased
significantly (Table 1).
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Table 1. Solar energy balance in Poland 2015–2019.

Specification
Solar Energy Balance (GWh)

2015 2016 2017 2018 2019

Indigenous production 578.65 729.90 796.65 959.81 1542.06
Inland consumption 578.65 729.90 796.65 959.81 1542.06

Transformation sector, of which: auto-producer
electricity/combined heat and power plants 56.51 123.54 165.09 299.71 708.57

Final energy consumption, of which: 522.15 606.35 631.56 660.09 833.49
Commerce and public services 63.71 68.14 68.42 70.36 67.87

Households 458.44 538.21 563.14 589.73 765.63

Source: developed by the authors, based on CSO data (https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/ (accessed on 3
March 2021).

It can be assumed that, outside of households, the vast majority of photovoltaic
energy consumed has been produced in installations referred to as photovoltaic farms. The
construction of a PV farm involves the need to carry out analyses in the target region to
determine how much energy can be produced depending on the positioning of the panels
and the local irradiation levels. Unfavorable environmental conditions can significantly
reduce the amount of energy obtained from the installation.

The level of solar radiation in the country varies between 900 and 1200 kWh/m2.
Figure 1 shows the area where the objects included in the study were located. This is a
region where the average intensity of radiation is very low in relation to the rest of the
country and is about 900 kWh/m2 (Figure 1).
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Although Poland does not belong to areas with high solar radiation exposure, the
conditions are similar to Germany, a country, which is considered a leader in the use of
photovoltaics and thermal solar collectors [15].

3.2. Characteristics of the Photovoltaic Farms Covered by the Research and the Conditions for
Their Establishment

The analyzed facilities had an installed capacity ranging from 480 kWp to 1979 kWp.
These types of installations (from 200 kWp) require carrying out economic activity in
the field of producing electricity from renewable energy sources, as well as obtaining a

https://stat.gov.pl/obszary-tematyczne/srodowisko-energia/
http://www.darsunsolar.pl/oferta/
http://www.darsunsolar.pl/oferta/
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concession under the terms and conditions specified in the energy law. These are on-grid
installations cooperating with the power grid. Photovoltaic farms operate as part of a
distributed energy generation system and owing to the connection to the public energy
distribution system. They have a guaranteed sales continuity of the produced energy to
the grid.

In the group of plants included in the analysis, 5 of them were classified in the group
with the power of up to 799 kWp (group I), another 13 farms had a capacity between 800
and 1100 kWp (group II) and the 4 largest installations had the power of 1.98 MWp (group
III) (Table 2).

Table 2. Average power and productivity of the surveyed photovoltaic installations.

Number of
Installations

Power of PV Farms (in kWp) Annual Productivity
(MWh/Year) Energy Produced in MWh from

1 kWp of Installed Capacity
Average Min. Max. Average Min. Max.

5 599.60 480 776 606.00 468 789 1.01
13 999.54 975 1100 1012.85 978 1095 1.01
4 1979 1979 1979 1901.00 1895 1909 0.96

Source: developed by the authors, based on own research.

As it was observed, after the first year of operation, the highest productivity in relation
to nominal power was obtained in groups I and II. Group I consisted of 5 installations
with an average power of 599.6 kWp and produced a total of 3030 MWh of energy, which
amounts to a yearly average of 606 MWh. Group II with 13 installations had an average
power of 999.54 kWp and produced an average of 1012.85 MWh of energy per year. For
these two groups of power plants, the amount of energy produced from 1 kWp of installed
capacity was, on average, 1.01 MWh. However, in the case of the largest farms belonging to
group III, observed productivity was lower. Those farms had an average installed capacity
of 1979 kWp and, on average, produced 1901 MWh of energy per year, which amounted to
0.96 MWh per 1 kWp of installed capacity. (Table 2).

A detailed analysis of the type and power of the panels and the component manufac-
turers does not allow developing a relationship between the quality of the equipment and
the productivity of the systems installed using this equipment in different PV farms. As
it was observed, due to the large variation in terrain shape in northeastern regions of the
country, for PV farms occupying smaller areas, the locations (southern slopes, flat terrain)
on which the structures with panels were placed were better selected.

When asked about their decisions regarding the choice of power plant capacity, in-
vestors most often planned to build farms with a capacity of approximately 1 MWp. In
practice, the selection of the capacity of the installation resulted from arrangements with the
operator and manager of the power grid regarding the available connection capacity of the
power plant in the location indicated by the investor. When making decisions, operators
strive to limit the so-called point load on power grids. As observed, the dispersed nature of
this new form of energy supply infrastructure, such as photovoltaic farms, is consequently
the result not so much of a deliberate strategy as of the poor condition of the medium
voltage network, which has not been sufficiently upgraded over the years and therefore,
determines energy consumption capacity.

Developing photovoltaic technology, as the only renewable energy source, is able
to provide a package of benefits that minimize the very real risk of energy shortages,
especially during the so-called summer peaks. It can also favor grid stability (http://
pses.eu/uploads/PDF/raport14.pdf (accessed on 14 February 2021)) The prerequisite for
meeting these expectations would appear to be the intensification, in the short term, of
modernization measures connected with the development of transmission infrastructure.

All of the facilities included in the study were put into operation in 2019–2020, and the
investors obtained public funding for the implementation of the investments, due to which
they were obliged to comply with the act—public procurement law. Therefore, the basic

http://pses.eu/uploads/PDF/raport14.pdf
http://pses.eu/uploads/PDF/raport14.pdf
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criterion for the selection of the contractor was the price. Owing to the similar conditions
of the investments, it was possible to compare the actual investment costs, which were
incurred in a similar period.

An analysis of the information obtained from the investors shows that in the case of
installations with the lowest power of up to 799 kWp (group I), the average construction cost
of the installations was 2413.23 thousand PLN net and varied between 1775.37 thousand
PLN and 3736.33 thousand PLN. In the case of installations between 800 and 1100 kWp
(group II), the average investment cost was 4238.97 thousand PLN net, and the average
construction cost of the largest installations was 8140.63 thousand PLN net. In the case
of the largest installations (group III), all of them had the same connection capacity, even
though they belonged to different owners (Table 3).

Table 3. Average net cost of photovoltaic farm investment grouped by nominal power.

Power of PV Farms in kWp
(Kilo Watt Peak)

Total Net Investment Cost (Thousand PLN)

Average Cost Min. Max.

Group I (5 installations) 2413.23 1775.37 3736.33
Group II (13 installations) 4238.97 3288.83 6049.88
Group III (4 installations) 8140.63 7979.80 8333.68

Source: developed by the authors, based on own research.

When comparing the construction costs of photovoltaic farms, unit conversion per
1 kWp of installed capacity was used. As the research shows, in the period of investment
implementation (i.e., at the turn of 2018 and 2019), the lowest average cost of photovoltaic
farm construction concerned the smallest analyzed installations, with the capacity of up
to 799 kWp, and the largest ones (from group III). In the former case, it amounted to PLN
4024.74 net, and in the latter—PLN 4113.51 net per 1 kWp of installed capacity. The most
expensive farms to build were those with a capacity of around 1 MW, which is the most
common in both the region and in the country. In this case, the average net investment cost
per 1 kWp of installed capacity amounted to PLN 4240.93 per 1 kWp of installed capacity
and was 4.2% higher than the average combined construction costs of the smallest and
largest installations analyzed (Table 4).

Table 4. Cost structure and financing sources for the construction of photovoltaic farms included in
the study.

Average Values
per kWp (PLN)

Installation Capacity in kWp

Group I Group II Group III

N % N % N %

Net installation cost 4 024.74 100.00 4 240.93 100.00 4 113.51 100.00
Subsidy amount obtained 2 277.68 56.59 2 302.50 54.29 2 587.79 62.91
Investment credit amount 1 142.38 28.38 1 245.97 29.38 954.72 23.21

Amount of
own contribution 604.68 15.02 692.46 16.33 571.00 13.88

Source: developed by the authors, based on own research.

According to European Photovoltaic Industry Association (EPIA) report, net prices
of installations in the segment of ground-mounted photovoltaic farms up to 2.5 MW
have decreased over the past few years from a range of 1.22 €/W–1.75 €/W to between
0.98 €/W and 1.45 €/W (www.gramwzielone.pl/energia-sloneczna/4413/dachowe-i-
naziemne-elektrownie-fotowoltaiczne-ile-kosztuja-i-czy-nadal-beda-taniec (accessed on
1 February 2021)). Assuming an average NBP exchange rate in 2020 of 4.4459 PLN/1 €
(https://eur-pln.pl/2020/ (accessed on 30 January 2021)), it can be seen that the prices of
the installations covered by the analysis according to the three power ranges adopted were,

www.gramwzielone.pl/energia-sloneczna/4413/dachowe-i-naziemne-elektrownie-fotowoltaiczne-ile-kosztuja-i-czy-nadal-beda-taniec
www.gramwzielone.pl/energia-sloneczna/4413/dachowe-i-naziemne-elektrownie-fotowoltaiczne-ile-kosztuja-i-czy-nadal-beda-taniec
https://eur-pln.pl/2020/
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respectively 0.905 €/W for installations in the first group (up to 799 kWp), 0.954 €/W in
group II and 0.925 €/W for the farms in the largest group.

According to the research, the highest level of support for investments, per 1 kWp
of installed capacity, was obtained by investors, who built power plants of the highest
capacity (group III). The installations belonging to group II (from 800 to 1100 kWp), i.e., of
the capacity for which grid operators most often give their consent, turned out to be the
most expensive to implement and, at the same time, requiring the highest share of own
funds (from own contribution and credit) (Table 4).

Investors in face-to-face interviews indicated that they were aware of this situation.
However, the possibility to implement the investment was determined mainly by obtaining
a grid connection permit from the operator, which indicates the maximum power of a
photovoltaic power plant available for a given location.

The ground-mounted installations included in the analysis occupied, together with the
land for accompanying infrastructure, an area ranging from 1.6 ha to 2.2 ha per 1 MWp of
installation capacity. The leased area for the farm, according to the respondents, depended
on the planned size of the farm, local landform, as well as the terms of the agreement with
the landowner (e.g., lease of the entire plot of land). Two cases were reported where a
much larger solar installation was planned than the one implemented, and therefore, much
larger areas of land were rented than those necessary for the installation of the solar panels.

When indicating the factors influencing investment decisions, research participants
most often mentioned:

• Obtaining the grid operator’s consent for a relatively large installation capacity, which
is conducive to lowering unit investment costs;

• Obtaining support for investments—all the investors providing information had previ-
ously prepared a project for financial support, submitted it under regional operational
program (ROP) and undertook investments after obtaining co-financing;

• Location with access to transmission lines and adjacent to a paved road;
• The amount of land rent—all the analyzed investments were developed on rented land

with a lease period of min. 25 years (annual rent ranged from PLN 5 to 15 thousand
per 1 ha);

• The possibility of selling the energy at a price, which would enable debt repayment
over a period of 5 to 10 years.

The construction of a photovoltaic farm requires analyses in the target region to
determine how much energy can be produced, depending on the location of the panels and
the radiation reaching the facility. Less favorable conditions may slightly reduce the amount
of the obtained energy—however, one cannot definitely conclude on the profitability of
the investment only based on its geographical location (positioning of panels, angle of
inclination or surrounding buildings). The irradiation value in the analyzed locations is
approximately 900 kWh/m2. However, its precise determination at a given point is difficult
based on meteorological maps.

In the case of investments concerning the construction of photovoltaic farms, in some
regions of the country, including the region of northeastern Poland, a significant number of
them have received support and are being implemented under the regional operational
program (ROP), as well as from the funds of Bank Ochrony Środowiska (BOŚ S.A.), which
offers bridge and supplementary credits to finance EU co-financed projects. The value of
funds supplied by BOŚ S.A. cannot exceed either the total funds obtained from EU projects
(bridge credit) or 90% of the project value (both credits combined). As indicated earlier, all
of the analyzed PV farms received ROP support.

The interviewed farm owners declared that they were already planning further in-
vestments (72.7%), including five of the 22 survey participants, who were in the process of
preparing new projects. Furthermore, in the case of new projects, they declared that the
solar farm equipment would be supplemented with energy storage facilities, which are a
new and important element of the integration of photovoltaic systems with the grid.
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3.3. Investment Determinants

The basic criterion when deciding on an investment consisting of establishing a
photovoltaic farm should be its profitability. According to statements made by investors,
when assessing the profitability of the investment, they took into account multiple factors.
The factors they most frequently identified were the level of obtained co-financing, the
cost of connecting the installation to the grid (depending on the distance from the medium
voltage grid), the expected sale price of electricity, the type of modules installed, their
placement and the amount of land rent. Moreover, the main source of information on the
rationality of the project was the opinions of other investors, who have already carried
out similar investments. Site visits and interviews with owners of operational PV farms
involved obtaining information on:

• Type and parameters of equipment and materials used in the course of investment;
• Formalities related to the execution of the investment;
• Contractors and costs of individual stages of the investment;
• Energy sales opportunities and prices.

When analyzing the investment processes, it was observed that the entire supply
of the remaining elements of the solar power plant equipment (apart from PV modules),
constituting about 28% of the total investment expenditures, were domestic products. In
particular, domestic companies carried out labor related to the production and construction
of structures (frames) for the modules. The high competitiveness of domestic suppliers and
contractors of structures was related to the large-size nature of such system elements and
the presence of a large group of companies with appropriate experience and production
capacity in the country. The transformer stations and electrical cabling supplied to the
power stations were also sourced from domestic manufacturers. On the other hand, smaller
elements, such as fencing, the entrance to the power plant, preparation and clearing of the
land for the power plant, were carried out by local subcontractors. Local companies were
also responsible for connecting the power plant to the medium voltage grid.

As it was observed, investors were willing to provide information and share their
experience gained during the investment process. This opinion refers both to the investors
participating in the research and people from whom they sought information before starting
their investments. This specific stage in the development of the industry consisting of the
willingness of investors to share their knowledge and experience fosters its development,
verifies the market of equipment and technology suppliers, and inspires the search for
innovative solutions to improve the efficiency of solar energy production.

When assessing the performance of photovoltaic power plants, one can analyze their
technical, social and economic efficiency. The article focuses on economic efficiency, which
is one of the basic ways to evaluate the economic activities undertaken by an enterprise. To
measure efficiency, an indicator approach was adopted, based on the indicators described
in Chapter 2: net present value (NPV), internal rate of return (IRR), payback period (PP),
profitability index (PI) and accounting rate of return (ARR). To determine the values of the
indicators defined above, it was necessary to prepare cash flow forecasts for the studied
photovoltaic power plants.

Average energy sales prices did not differ between the analyzed groups of producers.
This means that an average entrepreneur managing a solar power plant with a capacity of
up to 2 MW does not have a favorable negotiating position regarding the price at which the
produced energy is sold. Prices adopted by producers in the non-auction system, as this is
the system in which investors could operate, are similar and reach a level of approximately
PLN 245 net per 1 MWh of electricity supplied to the grid.

As part of the analysis of the economic efficiency of the investment related to the
construction of a photovoltaic power plant, it was necessary to make assumptions regarding
the price level in a horizon of 25 years, i.e., during the approximate lifetime of such an
installation. For the purpose of the forecast, an average base annual increase in electricity
sales prices provided to producers was assumed at the level of 2% (Energy Regulatory
Office forecast). In addition, a sensitivity analysis was carried out regarding the value of
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this parameter. The high level of dependence of the energy sector on the adopted policies
and economic conditions makes it difficult to predict the growth rate of energy sales
prices. The analyses covered three distinct scenarios: conservative, base and optimistic,
with corresponding values in the range 1–3% for annual energy prices increase over the
installations’ lifetime.

Photovoltaic installations, similar to other technical infrastructure devices, are char-
acterized by an efficiency that gradually decreases over time. For the purpose of the
long-term analysis, the rate of decline of the electricity generation efficiency level for the
studied power plants was assumed to be constant at 0.7% per year. This is the average rate
of efficiency loss declared by panel manufacturers.

Furthermore, respondents have pointed that a solar installation without its own
energy storage must draw significant amounts of energy from the grid as part of its own
consumption. This energy is used to keep the equipment in an active (operational) state to
avoid switching equipment on and off at nonproductive times. In addition, energy drawn
from the grid powers the plant’s lighting system and condition monitoring equipment.
Consumption of electricity for own use is relatively constant throughout the year. The
energy demand does not change as the efficiency of the panels decreases over time. The
costs associated with energy consumption were included in the operating costs. As it was
observed, among the studied installations, the average energy consumption per year is
9.6 MWh per 1 MW of installed capacity.

Debt in the form of credit creates costs for the company and is recognized as a financial
cost in the analysis. This means that the loan has a negative impact on cash flow. The
average annual installments over the duration of the loan are equal. Depending on the
amount of invested credit, the companies were granted different interest rates. The average
interest rate negotiated by companies running solar plants of the lowest capacity was 3.25%,
installations in group II negotiated an interest rate of 3%. Companies with the photovoltaic
power plant of the largest analyzed capacity were able to secure the lowest average interest
rate of 2.75%. The repayment period of 10 years was the same for every entity.

According to the information obtained from the investors, the operation of a free-
standing photovoltaic power plant, apart from the costs of energy consumption for own
needs, involves bearing operating costs, such as insurance, costs of servicing and cleaning
the area around the panels, costs of land rent and accounting services, property tax and,
optionally, costs of employment (introduced in projects that were awarded funding). For
this group of costs, which affect the operating costs of the photovoltaic farm, an annual
price increase of 3.03% (National Bank of Poland Projection Data—3 year average 2021–
2023) was assumed. Furthermore, this parameter was identified as crucial. Thus, it was
included in the sensitivity analysis scenarios. The upper threshold value from the NBP
inflation forecast of 3.2% was considered for the conservative scenario in contrast to the
optimistic scenario, which assumed the bottom value of 2.8%. In addition, other expenses
had to be included in the analysis, i.e., income tax (19% flat rate) and one-off replacement
cost. The main one-off cost that is directly related to the operation of the power plant is
the replacement cost. Photovoltaic inverter lifespan can vary depending on a number of
factors. Heat, humidity, electrical components quality and frequency of maintenance are
some of the most common causes for inverter failure. Most string inverter life expectancy
ranges from 10 to 15 years. With proper and regular maintenance, it is even possible to
extend this period by a couple of years. However, due to the difficulty associated with
predicting the factors mentioned above, a common average life expectancy of 12 years was
assumed for the solar inverters in the analyses. This assumption additionally ensures that
the replacement cost is incurred only once during the lifecycle of the whole installation.
The average cost of a set of inverters for a reference installation with a capacity of 1 MWp
is PLN 375 thousand. This amount was included in the forecast as a singular replacement
cost incurred in year 12.

In addition, the preparation of the forecast involved the need to adopt a specific value
of the discount rate. In each of the analyzed installations, the originally assumed value
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of the discount rate was adopted, which was indicated by investors during the process
of preparing project documentation, making it possible to obtain co-financing. The infor-
mation package for measure 4.1, “Support of generation and distribution of energy from
renewable sources” implemented within the Regional operational program, recommends
the use of a discount rate of 5%, and thus this value was adopted in the analyses.

Table 5 shows the average values of the analyzed profitability assessment indicators
for the specified three groups of PV farms, including those with an installed capacity of up
to 799 kWp, 800–1100 kWp and about 2 MWp.

Table 5. Indicators for assessing the profitability of photovoltaic farms depending on the installed capacity—base scenario.

Indicator Unit

Nominal Power Groups of the Surveyed PV Farms

Group I
Up to 799 kWp

Group II
800–1100 kWp

Group III
1.98 MWp

Net present value (NPV) (PLN) 286,696.59 491,320.53 1,221,949.62

Payback period
(PP) Years 13.31 13.55 12.19

Internal rate of return
(IRR) (%) 9.88% 9.33% 11.84%

Profitability index
(PI) 1.79 1.71 2.08

Accounting rate of return
(ARR) (%) 14.33% 13.82% 16.25%

Source: developed by the authors, based on own research.

Analyzing the obtained results, it can be observed that regardless of the installed
capacity of the photovoltaic power plant, all implemented investments were economically
justified (NPV > 0). According to the prepared forecasts, the shortest period of return of
investors’ money can be ensured by solar power plants of the highest studied capacity,
belonging to group III. The average payback period in this group was 12.2 years. The
investment payback period was longer for the smallest photovoltaic farms of group I, with
a capacity of up to 799 kWp. Installations from group II, i.e., those for which permits
are granted most often, are expected to recover the cost of the initial investment within
13.5 years (Table 5).

For each of the analyzed groups of solar farms, the analysis of the value of the internal
rate of return (IRR) and profitability index (PI) confirms the advantageous position of solar
power plants with the largest capacity as the most justified in terms of investment among
the studied installations (Table 5).

The following sensitivity analysis was designed to indicate the possible directions of
solar plant profitability regarding the outside economic factors. Two additional scenar-
ios were considered. The conservative approach covered the uncertainty related to the
long-term operation of the energy sector and potential economic instability. An optimistic
scenario represented the opposite view where the averaged out economic indicators are con-
ducive to the prolonged improvement of the economic situation of the studied companies.

To ensure the possibility of comparing the obtained results, it was necessary to weigh
cumulative cash flow. The analysis uses the value of own contribution as a benchmark.
The resulting indicator explains what multiple of own contribution solar plants have
cumulatively generated for a given year.

Results presented in Figure 2 indicate that, regardless of the adopted economic sce-
nario, the constructed solar plants were a reasonable investment in the long term. The
worst-case scenario considered in the analysis recovered the initial expenses after 15 years.
In contrast, the best-case scenario payback period for any type of solar plant was around
8.5 years.
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To sum up, among the studied photovoltaic installations, the farms with the installed
capacity of around 2 MW were the most favorable in terms of investment return, i.e., those
with the shortest average payback period and the highest return on the amount of own
contribution. On the other hand, solar power plants with installed capacity ranging from
0.8 MWp to 1.1 MWp performed least well in terms of investment and economic return. It
should be noted that the differences between the groups are insignificant. For example,
between-group III, i.e., the farms with the highest investment efficiency, and group II of
solar installations with the lowest profitability ratios, the accounting rate of return (ARR)
indicator was 2.4 percentage points higher. Furthermore, several simplifications were made
concerning the assumptions and values of individual parameters for the purpose of the
analyses, which may be subject to some error. In addition, the renewable energy market is
and will be significantly influenced in the future by national policies and socioeconomic
conditions that are difficult to predict in view of the long-term effects of a global pandemic.

4. Conclusions

Photovoltaics is one of the fastest-growing RES technologies in Poland. As it has been
observed, the use of photovoltaic energy in households is gradually increasing. Households
are more frequently becoming prosumers and produce energy based on their own micro-
installations. CSO data show high growth dynamics of photovoltaic energy, while data
from the Polish power grid (PSE) show a significant increase in installed photovoltaic
capacity, which only in the period of October–November 2020 increased by 27.5%. This
sharp increase in installed capacity is the result of cumulative investment processes in this
period, related to the postponement of investment projects. Moreover, in the surveyed
group of power plants, there were cases of investments that were qualified for financial
support even three or four years before their implementation period.

The dynamic development of photovoltaic farms and the energy they produce is
conducive to improving the overall security of the Polish power system (KSE). Photovoltaic
farms, due to their spatial dispersion, do not cause point loads on the grid and reduce the
costs of maintaining the so-called national power reserve.

According to the research, the solar plants of the lowest capacity (group I) turned
out to be the cheapest per 1 kWp of installed power. In the opinion of the entrepreneurs
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participating in the study, who conducted investment processes and currently manage
photovoltaic farms, at the stage of investment implementation, cost differentiation may
result in both from the price of the installed modules, and thus the applied technological
solutions, and from the reduction of implementation costs (e.g., fencing, access road, etc.).
The conducted analyses show that the unit energy productivity in group I and II is equal,
although the installation cost per 1 kWp is the highest in group II. However, at this stage of
the research, it is difficult to assess whether and to what extent this is due to the quality,
and thus the price, of the photovoltaic panels, and to what extent to the adjustment of the
scale of the investment to the available spatial conditions.

Detailed analysis of the obtained data combined with participatory observation
showed that one of the most important factors influencing the obtained results might
be the more favorable location of smaller solar installations, which need less space, espe-
cially in areas with varied terrains, such as northeastern regions of Poland. It is also worth
pointing out that smaller solar plants fit in better with the varied landscape, although this
may be the subjective impression of the authors.

It is evident that all the photovoltaic farms included in the study are economically justi-
fied investments, as they were realized according to the investment projects and, moreover,
they all received co-financing at the level of 54.29–62.91% of the total investment costs.

The conducted analyses show that investors in group III will obtain a total return
on invested capital the soonest, i.e., after approximately 12 years, while in the optimistic
scenario, it will be approximately 8.5 years, and after 13.5 years in the pessimistic one.

In conclusion, further development of photovoltaic power plants in regions with low
insolation, such as northeast of Poland, without the possibility of obtaining co-financing,
is only achievable if investment costs significantly decrease and/or energy sale prices
increase. Without co-financing, even in the optimistic scenario, it is impossible for solar
plants from any group to earn back their investment costs within 25 years. Therefore, the
country’s energy policy and support system for newly built power plants are crucial. Sur-
veyed solar farms investors declared that they were already planning further investments
(72.7%), and several were already in the process of preparing new investment projects.
Importantly, in the case of new projects, they declared that the solar farm equipment would
be supplemented with energy storage facilities, which are a new and important element of
the integration of photovoltaic systems with the power grid.

According to the authors, there are several arguments in favor of focusing financial
support on the smallest power plants (group I), namely a smaller area is needed, and there
is a possibility of better integration with the landscape, higher productivity in relation
to the costs incurred, landscape values, and above all social benefits. The small scale of
these power plants, with a high level of financial support, means that this group contains
investors, who are the land owners on which the solar power plants are located.

Since the economic efficiency of solar power plants, at current investment costs and
electricity prices for producers, depends on the level of subsidy, the mentioned social
and environmental (landscape) benefits should be taken into account in the evaluation of
publicly subsidized investment projects.
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