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Abstract: One way to reduce CO, emissions is to replace conventional energy sources with renew-
able ones. In order to encourage prosumers to invest in renewable energy, EU Member States are
developing renewable energy subsidy programs. In Poland, in the years 2019-2020, the “My Elec-
tricity” program was implemented, co-financing was up to 50% of eligible costs (max PLN 5000,
i.e,, EUR 1111), and the total cost of the program was 251 million euro. During this period, around
400,000 prosumer installations were created in Poland, including over 220,000 prosumer PV Installa-
tions under the My Electricity program. The total power of the installation under the “My Electricity”
program was 1.295 GWp with an average installation power of 5.72 kWp. It is estimated that the
micro-installations will produce approx. 1.4 TWh of electricity annually. Depending on the replaced
source of electricity (coal, gas, mix), in the next 30 years, it will help to avoid 26.2-42.7 million Mg
of greenhouse gases calculated as carbon dioxide equivalents (COzq). The coefficient of subsidy
expenditure from the “My Electricity” program was 194 EUR/kWp, and in the next 30 years, it will
be 6.52 EUR/MWh. The investment in PV will save EUR 1550 million, which would have to be
incurred for the purchase of CO, emission permits.

Keywords: My Electricity; photovoltaic (PV); LCA; carbon dioxide emission; grants; Poland;
renewable energy

1. Introduction

Consequent to population growth and economic development, the demand for energy
is constantly growing—the International Energy Agency predicts that the demand for
electricity will increase by 30% in 2040, compared with the base year 2016 [1,2]. Unfor-
tunately, attempts to create better living conditions for society involve serious problems
related to fossil fuel combustion and its negative environmental impact: climate changes,
acid rains, eutrophication, emissions of greenhouse gases (GHG), mercury and other
pollutants, etc. [3,4]. Thus, there is also growing public awareness of the urgent need to
solve these most pressing environmental problems related to energy production. The conse-
quences of these changes caused the 2015 Paris agreement to limit global warming to well
below 2 °C, compared with the pre-industrial era, in order to reduce the risk and damage
caused by climate changes [5]. Considering this, the shift from fossil fuels to renewable
energy sources seems to be a good and future-proof solution. At the same time, public
policy has largely favoured wind and solar technologies for energy production among
other technologies using renewable sources (RESs), which contributed to the growth of in-
stallations powered by these sources [6-8]. More importantly, many premises indicate that
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such a climate policy will determine future directions for actions [9-11], where solar energy
technologies will have leading importance [12,13]. On the example of the European Union
itself, it can be seen how the electricity generation capacity has changed from 1.9 GW to
over 133 GW in 2010-2019. The year 2019 alone brought 16.5 GW of new installed capacity
in the EU [14]. As a result, the power installed in photovoltaics both in the EU and United
Kingdom could generate 5.2% of the final electricity demand (about 150 TWh) at the end
of 2019 [15]. The efficiency of photovoltaic systems depends on several factors, including
photovoltaic technology and its structure and components used, partial shading, losses
related to soiling of the panels, as well as individual environmental factors for different
latitudes such as the insolation, temperature, angular losses, etc. [16-18]. Poland, as one
of the EU Member States, faces an urgent need to develop new solutions for the energy
sector that would be appropriate in terms of environment, technology, and economy [19,20].
This is even more important in the context of the fact that the Polish energy mix is largely
based on the use of fossil fuels (mainly coal) as an energy source—in 2020, in Poland,
70.18 TWh was generated from hard coal, while 34.42 TWh was generated from lignite,
with total energy generation at the level of 140.56 TWh, which was 49.93% and 34.42%,
respectively [21,22]. Data shows that in 2018 in Poland, greenhouse gas emissions were
415.9 million tons of carbon dioxide equivalents (COzeq) [23]. The high and constantly
growing prices of CO, emission rights make coal power plants less and less profitable
in operation [24,25]. The prices of CO, emissions over the last few years are presented
in Figure 1.
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Figure 1. Prices of CO, emission allowances in 2014-2021. Authors’ study based on [26].

Analysing the current situation on the photovoltaic market in European countries with
a temperate climate, Poland, immediately after Germany and The Netherlands, has the
largest PV market [27]. With an estimated annual insolation value of 1000 kWh/ m? [28,29],
the Polish photovoltaic sector is the fastest-developed renewable energy sector—with a
total capacity of micro-installations of 4075.5 MW (data as of 31 June 2021). Comparing this
with the total installed capacity as of 30 June 2017, it indicates almost a 25-fold increase in
less than 4 years (Figure 2) [30]. As a result, Poland ranks fifth in terms of creating new
PV installation capacities, closely behind Germany, Spain, The Netherlands, and France.
Forecasts show that PV installations will continue to be popular in the future, and installed
capacity may, with conservative estimates, increase by around 5-7 GWp by 2030 [31] and
by around 10-16 GWp by 2040 [32,33].
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Figure 2. Number of PV installations and installed power capacity of PV installation in Poland. Authors’ study based

on [30].

The development of photovoltaics both in Poland and the entire EU was possible
to a large extent through programs aimed at encouraging investors to invest in solar
technologies [6,7]. At the same time, designing a renewable energy policy through various
types of support programs, tax breaks, subsidies, is extremely important from the point of
view of efficiency, environmental friendliness, as well as social equity [34]. The price effect
pushes producers with high marginal costs from the market (which may be influenced
by the high costs of carbon certificates in the case of conventional power plants) and a
decrease in the wholesale energy price. On the other hand, consumers bear to a large
extent hidden costs related to the development of RES since these subsidies are refinanced
from taxes. As a result, the allocation of aid funds in RES is extremely important, and it is
worth examining whether the mechanisms governing it are not defective, and there are no
problems with the appropriate allocation of funds [7,35]. Olczak et al. [36] analysed the
allocation of funds for photovoltaic micro-installations in Poland in terms of inequality
between voivodeships in terms of their use. In the context of switching from conventional
fossil technologies to generation using renewable sources, much is said about reducing
GHG emissions during their operation [37]. However, when comparing the difference in
GHG emissions between systems using fossil fuels and renewable sources, their operation
time should be considered, as well as the entire life cycle, by conducting an appropriate life
cycle analysis (LCA) for each of the compared systems [38]. Life cycle assessment (LCA)
is a well-known method used to assess the environmental impact of a product or process
throughout its entire life cycle (from its manufacture, through operation, to disposal) [39],
and consists of four main parts: goal and scope definition, inventory analysis, impact
assessment and interpretation [40].

There are numerous studies on PV LCAs in the literature [41-45]. Bracquene et al. [41]
discussed how the eco-design of PV can contribute to reducing the environmental impact
of photovoltaic panels. Miiller et al. [42] conducted an LCA analysis of photovoltaic (PV)
systems from sc-Si glass-backsheet and glass—glass modules produced in China, Germany,
and the European Union (EU), considering current inventory data. Celik et al. [43] analysed
two different structures of perovskite photovoltaic cells using the LCA with cradle-to-grave
approach. Bogacka et al. [44] conducted a scenario analysis based on the LCA of the
environmental impact of PV recycling. Ansanelli et al. [45] carried out an LCA to assess
the environmental performance of a new process for recycling crystalline silicon (c-Si) solar
panels at the end of life and to improve the circular economy of recovered materials.

Despite such extensive research linking LCA with PV, in the context of subsidy pro-
grams, it seems important to check whether the replacement of fossil fuels by PV will help
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to avoid emissions (if so, to what extent) in the next 30 years. The novelty of this study is
the estimation of the effectiveness of a subsidy program for PV installations, taking into
account the LCA analysis—the conclusions obtained as a result of this study may influence
the actions of decision makers and support the design of such programs. The authors infer
a significant gap as regards checking how the replacement of dirty energy sources by PV in
an energy mix such as Poland will affect this transition and avoid emissions.

The paper is structured as follows: Section 2 focuses on presenting the characteristics
of the results of the subsidiary program “My Electricity”, whose purpose was to partially
refinance PV micro-installation in households in Poland. Data as of 14 July 2021 includes
over 90% of installations covered by the program as part of the two editions which were
carried out in 2019-2020. In Section 3, research methodology is presented, including
equations for PV electricity production, the subsidy amount for produced energy, and
avoided COgeq emission. In Section 4, an analysis of the subsidy program is conducted to
evaluate the “My Electricity” program as one of the methods of reducing COz¢q emissions
in Poland. This was achieved by determining the electricity produced in the first year and
over 30 years and the cost of co-financing PV installations for electricity production per
1 MWh. LCA model calculations according to the IPCC GWP 100a method were used to
estimate emissions for monocrystalline and polycrystalline PV systems. The unit GWP
indicators obtained for hard coal, lignite, natural gas, and the Polish energy mix were
used to determine the avoided emissions. Finally, Section 5 concludes the environmental
impact of implementing the “My Electricity” program to avoid emissions in Poland over a
30-year perspective.

2. The Results Characteristics of the “My Electricity” Program

The My Electricity program was implemented in the years 2019-2020. The aim of
the program was to increase the number of prosumers of PV micro-installations among
households in Poland by over 200 thousand. The initial budget of the program was
PLN 1 billion (Polish zlotys) at the end of 2020, and the budget was extended to approx.
EUR 250 million (EUR 1 = PLN 4.5). According to the data as of 14 July 2021, the amount
of funds spent was EUR 251 million; this value covers over 90% of the installations created
under the program.

The main convenience for the beneficiaries was a non-returnable subsidy covering
50% of eligible costs up to a maximum of EUR 1111 per installation from the 2-10 kWp
range. The eligible costs include the purchase of a new installation and its assembly. The
installation is subject to control up to 3 years after the grant is awarded.

In the first round of the program, 28,457 installations were created (with a capacity
of 158.4 MWp), i.e., approx. 15% of the total planned pool of installations for 2 years.
The average power of the installation was 5.57 kWp, the median was 5.1 kWp, and the
average subsidy amount was EUR 1102 (198 EUR/kWp). Detailed results by provinces are
presented in Figure 3.

Most installations were built in the Silesian (4039), Masovian (3762), and Lesser Poland
(3234) provinces with a total capacity of 61.4 MWp, the least in the Lubuskie (678), Warmian-
Masurian (745), West Pomeranian (750) provinces, with a total capacity of 12.6 MWp. Less
than 1000 installations were also built in the Podlaskie (781) and Opolskie (816) provinces.
The average subsidy amount was PLN 4958 (EUR 890/kWp). The contrast in the number
of installations is surprising—voivodeships with the highest number of installations are
adjacent to the areas with the lowest number of installations.
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Figure 3. The results of the 1st round of recruitment for the “My Electricity” program (carried out in
2019) number of installations (NI) and power of installations (PI). Authors’ study based on [46—48].

As of 14 July 2021, 197.997 installations with a total capacity of 1137 MWp were built
in the second round of the program [46]. This is about 8 times more installations than
the first round. The average power of the installation is 5.73 kWp (+3% compared with
round no. 1 [36]), and the median is 5.25 kWp. The average subsidy amount was EUR 1110
(193 EUR/kWp). Detailed results for individual voivodeships are presented in Figure 4.

PI, MWp

NI

Figure 4. Results of the 2nd round of “My Electricity” recruitment carried out in 2020: number of
installations (NI), power of installations (PI).

Most installations were built in the Greater Poland Province (24,260) with a total
capacity of 138.7 MWp. Similar values were achieved in the following voivodships: Silesian
(23,121) Lesser Poland (21,747) and Masovian (21,482). The fewest installations were built
in Podlaskie Province (4043), with a total capacity of 22.5 MWp.

In both rounds of the program, 226,454 installations with a total capacity of 1295 GWp
were built. The average power of the installation is 5.72 kWp, and the median power is
5.22 kWp. The average grant amount is EUR 1109 (194 EUR/kWp). Detailed summary
results for individual voivodships are presented in Figure 5.
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Figure 5. Total results of the 1st and 2nd rounds of the “My Electricity” recruitment carried out in
2019 and 2020: power of installations (PI); number of installations (NI).

In total, in both rounds, most installations were built in the following provinces: Sile-
sian (27,160), Greater Poland (26,657), Masovian (25,244), and Lesser Poland (24,981), with
a total capacity of 596 MWp. In the years 2019-2020, the least interest in co-financing pho-
tovoltaic installations under the “My Electricity” program was in the Podlaskie Province
(4824). The total installed capacity in micro-installations in Podlaskie Province was
26.7 MWp. The differences in power in individual provinces result, from population,
urbanisation, insolation of regions [47,48].

It can also be observed that in each province the average installation capacity increased
(Figure 6), despite the fact that the subsidy system is the most financially effective at
installation capacity close to 2 kWp [48].

5.65
5.72
API, KWp
(2020y)
6.0
5.5
5.0
API, KWp
(2019y)

Figure 6. Average installed capacity of installations under the “My Electricity” program (API), in
year: 2019 (2019 y), 2020 (2020 y).

According to the weighted power of PV installations created under the “My Electricity”
program, determined on the basis of the total power of the installations and geographical
coordinates, the centre of Poland was determined to be in the £6dzkie Province—for the
place of Lask near £.6dZ with coordinates 51.61° N and 19.18° E.
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3. Research Methodology

The methodology of the presented research was based on the detailed calculation of
the possible reduction in carbon dioxide emission. The scope of avoided CO, emissions
depends mainly on the PV electricity production and the inputs related to the life cycle of
examined energy systems, conventional energy sources, or energy mix.

3.1. PV Electricity Production

According to HOMER software, the output of PV panels was calculated with the
employment of Equation (1) [49].

Gh(T)

PPV(t) = YPV-FPV CSTC (14+ap-(TC—TSTC)) €))

where

PPV The power output of photovoltaic panels, kw /kwp;

T Hour;

YPV Rated capacity of the PV array, which implies that its output power under standard test
conditions (1 kwp was used), kw/kwp;

FPV PV-derating factor, 0.90 [50];

G The available intensity of solar radiation incident on horizontal surface dependent on
time, based on MERRA-II database, W/m?Z;

GSTC Incident radiation at Standard Test Conditions, 1 kw/m?;

ap Temperature coefficient of power, based on [51], %/°C;

TC PV cell temperature, based on Equation (2), °C;

TSTC PV cell temperature under standard test conditions (25 °C).

Equation (2) presents the PV cell temperature that is the temperature of the surface of
the PV installation [52].

TC.NOCT — Ta.NOCT e
TC =T Gh(t)- ( - 7) 2
a(7) + Gh(T) G.NOCT ta @
where
Ta Ambient temperature (from MERRA-II), °C;
G The available intensity of solar radiation incident on surface dependent on time, tilt

angle and azimuth angle, W/ m?Z;
TC.NOCT Nominal operating cell temperature according to [51], °C;
Ta.NOCT The ambient temperature at which the NOCT is defined (20°C);
G.NOCT Solar radiation at which the NOCT is defined (0.8 kW/m?);
e Temperature efficiency of the PV panel, assumption 17¢c = #mp, based on [51,53];
ta Coefficient of transmittance and absorptance, 0.9 [54].

Unit productivity of PV installation arrived at by multiplying the power output of
photovoltaic panels and the average efficiency of the inverter and electric installation
(Equation (3)).

UPVP (1) = PPV(7)1 h-Ninverter (3)
where
Uuprvp Unit productivity of PV installation, kWh/kWp;
PPV The power output of photovoltaic panels, kW /kWp;
Hinverter The average efficiency of the inverter, 0.95 [55].

The value of UPV P was used to calculate the unit electricity production (YUPV P)
in a photovoltaic installation per year (Equation (4)). Additionally, the annual electricity
production from a PV installation (YPV PI) is given in Equation (5), 30-years electricity
production from a PV installation (30Y PV PI) including yearly efficiency loss factor is given
in Equation (6).
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YUPVP(year) = Y o) UPVP(x, year) 4)
Yy T Lt=1 Y
where
YUPVP Yearly unit electricity production in PV installation, kWh/kWp/year;
UprPvPpP Unit productivity of PV installation, kWh/kWp.
YPVPI(year) = YUPVP(year)-PI )
where
YPVPI Yearly electricity production in PV installation, MWh/year;
PI The capacity of PV installations per province, MWp.
30
30YPVPI = Zymr:l YUPVP(year)-(1 — yl-(year — 1))-PI (6)
where
YPVPI Yearly electricity production in PV installation, MWh/year;
PI The capacity of PV installations per province, MWp;
yl Yearly efficiency loss factor, 0.0055 [51].

The value of the subsidy for produced energy (UDPV, euro/MWh) was calculated as
follows (Equation (7)):

DI
UDPV = —; (7)
Y year=1 YPVPI(year)
where
YPVPI Yearly electricity production in PV installation, MWh/year;
DI Sum of dotation per province, euro.

3.2. Description of Calculation Avoided COpq Emission Method

The avoided emission of CO,eq was calculated by the use of the life cycle assessment
(LCA) method applied for the standard PV system supported by the “My Electricity”
program. The general framework of LCA included in Intergovernmental Standardisation
Organisation standards [56] was used to calculate COyeq released during the lifetime of
PV systems, using the cradle-to-grave approach [57]. The aim of the LCA analysis was to
compare the emissions from the PV systems to the conventional energy sources dominating
the Polish energy market, in particular hard coal, lignite, natural gas, and Polish energy
mix, constituting the kinds of energy replaced by photovoltaics, as presented in relevant
literature studies [58,59].

System boundaries of the PV systems analysed in the study included the production
of 5.72 kWp installation (average power resulting from “My Electricity” program data)
together with PV modules (including their market shares) and balance of system (BOS),
transportation processes based on market reports including those about local producers
and imported parts and servicing (washing, replacement of parts) [60].

The basic assumptions for LCA research were adopted from methodological guidelines
and included service life of PV systems equal to 30 years, with partial replacement of
inverter, while some elements of BOS such as metal construction for panels had a 60-year
lifespan [57,61]. Life cycle inventory was based on the Ecoinvent database and leading
producers’ data, including the efficiency of monocrystalline panels equal to 20.5% and
for polycrystalline panels equal to 17.2%. Adaptation to local conditions was based on
“My Electricity” program summary data, region-specific energy yield estimates with an
included decrease in panel efficiency described in paragraph 3, and statistical reports
on the PV market in Poland, which enabled estimation of transportation distances and
kinds of PV panels mounted in 2019 and 2020. According to the market reports, the
average share of monocrystalline panels rose from 79.5% in 2019 to 97.65% in 2020, while
polycrystalline technology recorded the decrease in share from 20.5% to 2.35% [60,62,63],
which was included in the study in accordance to the number of installations built in the
analysed years.
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The method of COyq calculations was Global Warming Potential 2013 (IPCC GWP
100a), enabling calculation of climate change potential on the basis of 204 characterisation
factors for specific emissions to air. The life cycle model was built in SimaPro v.8.1 software
by PRE Consultants, Amersfoort, The Netherlands, with included Ecoinvent 3.0 database
by Ecoinvent Association, Zurich, Switzerland. Sensitivity analysis by the Monte Carlo
method was performed with 1000 runs and a confidence interval of 95%. The emissions
from energy generation processes were updated to the levels of 2019 and 2020 by the use
of modified Ecoinvent unit processes [21,64].

Absolute GHG emission avoidance was calculated in previously mentioned four basic
scenarios of energy sources replaced by PV electricity according to Equation adopted
by [65].

AGHG = 2;‘):1 (GHGprZ - GHG;’V) ®)
where

AGHG Avoided emissions of greenhouse gases, Mg COxeq;

R . . .
GHGy P! GHG emissions of replaced energy source in successive years, Mg COxq;

GH G5 V' GHG emissions of PV systems built in the My Electricity program in succes-
sive years, Mg COpeq.

4. Results
4.1. Results of PV Electricity Production

Based on MERRA-II data for the town of Lask near L6dZ, a map chart of the intensity

of solar radiation falling on the horizontal plane and a map chart of the outside temperature
were drawn, as shown in Figure 7.
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Figure 7. Weather data for the centre of Poland according to the weighted power of photovoltaic installations created under
the “My Electricity” program, data for 2019: (a) solar radiation intensity on the horizontal plane; (b) outdoor temperature.
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Similar data from the MERRA-II website were collected for all province capitals in
Poland. Based on the data on the intensity of solar radiation and the outside temperature,
detailed calculations of electricity productivity were made using Equations (1)—~(5). There
is no archived information on the arrangement of the panels in the databases relating to
the “My Electricity” program, and therefore, it cannot be assumed that all installations are
located in terms of ensuring maximum energy gains per year. The calculations used data on
the total annual intensity of solar radiation registered on the horizontal plane (insolation).

The calculation results for each province in Poland in terms of insolation, yearly unit
production electricity from PV (YUPVP), and the average annual temperature are presented
in Table 1.

Table 1. Insolation, yearly electricity productivity, and yearly average temperature outside per
province. Authors’ study based on [66].

Insolation
) (Yearly Sum ¥UPVP YUPVP’ Yearly Average

Province of Gh) (First Year) Ta

kWh/m?/year kWh/kWpl/year ~ kWh/kWpl/year °C
Lower Silesia 1253.9 1099.88 1036.6 9.93
Kuyavian-Pomeranian 1185.7 1040.45 979.8 9.44
Lubelskie 1219.2 1070.71 1010.6 9.35
Lubuskie 1179.4 1033.60 973.6 10.09
L.odzkie 1222.0 1072.05 1011.2 9.67
Lesser Poland 1257.0 1104.32 1042.5 9.36
Masovian 1206.2 1058.02 998.2 9.46
Opolskie 1250.5 1096.62 1033.7 9.86
Podkarpackie 1241.5 1090.58 1029.2 9.42
Podlaskie 1176.9 1035.67 977.1 8.34
Pomeranian 1229.8 1083.12 1025.7 9.60
Silesian 12514 1099.54 1038.3 9.37
Swietokrzyskie 1232.3 1082.70 1022.0 9.33
Warmian-Masurian 1164.5 1025.71 967.9 8.32
Greater Poland 12109 1061.72 1000.0 10.00
West Pomeranian 1230.5 1075.29 1016.2 10.58

YUPVP'—yearly electricity production directly from MERRA-II database [66].

The highest value of insolation in relation to m? of the panel area per year was obtained
for the Lesser Poland Province, as 1257 kWh. Additionally, the highest productivity was
found for the Lesser Poland Province (1104.32 kWh/kWp/year), and the lowest for the
Warmian-Masurian Province (1025.71 kWh/kWp/year). The obtained values of yearly
electricity production (YUPVP) were similar to the results presented by MERRA-II (YUPVP’).
The convergence of values was greater than 99% (difference YUPVP and YUPVP’ < 1%).

On the basis of Formulas (5) and (6), electricity productivity was calculated in the
first year and over 30 years. Based on information on the amount of co-financing for each
province (DI), the cost of co-financing electricity production was calculated per 1 MWh.
The results are presented in Table 2.

In the perspective of 30 years, the production of 1 MWh of energy from PV was
subsidised in the amount of approximately 6.52 EUR on the national scale. The highest
amount was co-financed for installations in the Podkarpackie Province (7.46 EUR/MWh),
and the lowest in the Opolskie Province (5.78 EUR/MWh). The differences in the amount
of co-financing result from weather conditions, as well as the average size of installations
in individual provinces.
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Table 2. Globally electricity production and dotation per MWh per province.

YPVPI X230 Years
Province PI (First Year) YPVPI DI UDPV
MWp GWh TWh mln EUR EUR/MWh
Lower Silesia 92.7 102.0 2.81 16.59 5.89
Kuyavian-Pomeranian 63.9 66.5 1.84 11.72 6.38
Lubelskie 60.5 64.8 1.79 12.41 6.94
Lubuskie 34.2 35.3 0.97 6.10 6.25
Lodzkie 82.2 88.2 243 15.18 6.24
Lesser Poland 142.6 157.4 4.35 27.73 6.38
Masovian 143.6 151.9 4.19 28.00 6.68
Opolskie 424 46.4 1.28 741 5.78
Podkarpackie 98.7 107.6 2.97 22.16 7.46
Podlaskie 26.7 27.6 0.76 5.35 7.01
Pomeranian 74.8 81.1 2.24 14.52 6.49
Silesian 157.7 173.4 4.79 30.14 6.30
Swietokrzyskie 45.5 49.3 1.36 9.57 7.04
Warmian-Masurian 38.8 39.8 1.10 7.37 6.70
Greater Poland 152.0 161.4 4.45 29.57 6.64
West Pomeranian 38.1 41.0 1.13 7.18 6.34
sum (*mean) 1294.3 1393.6 38.47 250.98 6.52*

4.2. Results of Calculations Avoided COye; Emission

Results of LCA model calculations according to the IPCC GWP 100a method showed
that the main elements influencing environmental burden in the climate change cate-
gory are connected with the production of PV systems. Calculation of basic scenarios
for monocrystalline and polycrystalline PV systems of 5.72 kW, resulted in estimated
emissions of 9421.43 kg COpeq and 8744.99 kg COxeq, respectively. Over 82% of these values
related to PV panels, while 12% corresponded to BOS and 5% to the servicing. Other unit
processes such as transport and installing were characterised by relatively small shares
within 1%, which is also reported in related previous studies [67]. These basic values were
then differentiated between provinces on the basis of changing transportation distances,
kinds of technology used in 2019 and 2020, as well as systems’ productivity. The results
of individually calculated emissions per functional unit (1 kWh of energy generated by
system) and over a 30-year perspective used in the study are presented in Table 3 and
Figure 8.

Table 3. Results of GWP indicator calculation: S-GWP—GWP indicator calculated for a PV system of
5.72 kWp, kg COpeq; P-GWP—GWP indicator calculated for installations built during 2019 and 2020
in provinces, Mg COseq; FU-GWP—GWP per functional unit, Mg COseq/kWh.

S-GWP P-GWP FU-GWP

Province kg COzeq Mg COseq kg COgeq/kWh
Lower Silesia 9390.0 152,176.7 0.0542
Kuyavian-Pomeranian 9390.7 104,906.6 0.0570
Lubelskie 9392.2 99,340.1 0.0555
Lubuskie 9390.0 56,142.9 0.0579
Lodzkie 9389.3 134,929.5 0.0555
Lesser Poland 9391.4 234,129.0 0.0538
Masovian 9391.4 235,770.8 0.0563
Opolskie 9390.7 69,609.4 0.0544
Podkarpackie 9389.3 162,013.8 0.0546
Podlaskie 9392.2 43,841.0 0.0577
Pomeranian 9390.7 122,801.5 0.0548
Silesian 9390.7 258,901.0 0.0541
éwietokrzyskie 9391.4 74,704.5 0.0549
Warmian-Masurian 9391.4 63,704.1 0.0579
Greater Poland 9390.7 249,543.1 0.0561

West Pomeranian 9389.3 62,540.3 0.0553
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Figure 8. Monte Carlo results of FU-GWP calculated for the provinces with a confidence interval of 90%.

As can be inferred, FU-GWP differs between provinces, first on the basis of various
productivity of PV installation and then transport distances. The correlation between yearly
electricity productivity can be observed on the base of Table 1 since the provinces such
as Lower Silesia, Opolskie, Silesian, characterised by the highest productivity represent
the lowest FU-GWP indicators. The outcomes of calculations are comparable to previous
studies on PV systems working in temperate climate conditions [67-69], and smaller FU-
GWP indicators result from the higher efficiencies of the analysed PV panels. At the same
time, the calculated emission rate is similar to the literature results of the carbon emission
rate for PV installations working under similar solar irradiation (1222 kWh/ m2/ year,
Germany), equal to 55 g COzeq/kWh [70].

Calculation of avoided emission AGHG, Mg CO2eq, was based on unit GWP indicators
obtained for hard coal (0.966 kg COneq/kWh), lignite (1.164 kg COzeq/kWh), natural gas
(0.738 kg COgzeq/kWh), and Polish energy mix called MIX PL (0.804 kg COzeq/kWh)
compared with the data in Table 4 [21,64,71].

According to the data in Table 4 and Figure 9, provinces with the highest number of
installations (Lesser Poland, Masovian, Greater Poland, Silesian) contribute to the highest
possible reduction in COzeq emission. The level of CO,¢q avoided emission depends on the
energy source replaced. The final effects of the “My Electricity” program in accordance
with climate change are, therefore, hard to precisely estimate since CO,.q avoided emission
is correlated with the predictions on shares of energy sources in the Polish market.

Comparison of the obtained results with previous studies on the existing support
programs and their environmental impacts over the world show the potential of carbon
emission avoidance determined by local conditions and the scope of calculations. One
of the main factors can be defined as the characteristics of grid electricity (energy mix)
determining both emission avoidance potential and energy payback time. Thus, in fossil-
fuel-based countries, the support programs of photovoltaic technology have the potential
to contribute to GHG reduction, while in countries with a high share of RES, such as
the study by [58,72] using the example of Brazil, the policy should be more carefully
defined, in spite of the fact that calculated GHG emissions from photovoltaics can be
reduced by the use of PV panel manufactured in low-carbon economics. Still, in some case
studies assessing PV distributed generation projects (1255.2 kWp) in the same country, the
estimated environmental advantage is nearing 0.48 kg CO5q/kWh and 19,900 Mg COs¢q
over the project lifetime of 25 years [73].
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Table 4. AGHG, Mg COx¢q, calculated for provinces in Poland in 30 years perspective on the basis of

individual GWP differences for the energy sources considered to be replaced, kg COz¢q/kWh.

Hard Lienite Natural MIX Hard Lienite Natural MIX
Province Coal 8 Gas PL Coal 8 Gas PL
kg CO2eq/kWh 10° Mg COgeq
Lower Silesia 0.912 1.110 0.683 0.750 2562.1 3119.6 1920.5 2107.1
Kuyavian-Pomeranian 0.909 1.107 0.681 0.747 1672.4 2037.4 1252.3 1374.5
Lubelskie 0.910 1.109 0.682 0.749 1629.7 1984.8 1221.0 1339.8
Lubuskie 0.908 1.106 0.680 0.746 880.8 1073.2 659.3 723.7
Lodzkie 0.910 1.109 0.682 0.748 22123 2694.4 1657.4 1818.8
Lesser Poland 0.912 1.110 0.684 0.750 3967.7 4830.7 2974.4 3263.3
Masovian 0.910 1.108 0.681 0.748  3811.5 4642.7 2854.8 3133.0
Opolskie 0.912 1.110 0.683 0.750 1166.8 1420.7 874.5 959.5
Podkarpackie 0.911 1.110 0.683 0.749  2706.8 3296.0 2028.6 22259
Podlaskie 0.908 1.107 0.680 0.746 690.3 841.0 516.7 567.2
Pomeranian 0.911 1.109 0.683 0.749 2040.9 2485.3 15294 1678.2
Silesian 0.912 1.110 0.684 0.750 4368.0 5318.2 3274.2 3592.3
Swietokrzyskie 0.911 1.109 0.683 0.749  1239.0 1508.8 928.4 1018.7
Warmian-Masurian 0.908 1.106 0.680 0.746 998.8 1217.0 747.7 820.7
Greater Poland 0.910 1.108 0.682 0.748 4048.9 4931.7 3032.8 3328.3
West Pomeranian 0.911 1.109 0.682 0.749 1029.0 1253.1 770.9 846.0
AGHG, 10° Mg COs¢q 35.025  42.655 26243 28797
6000
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Figure 9. AGHG, 103 Mg COzeq in four scenarios of replaced energy source.

According to data presented in [73] on the basics of household cases, many legislative
and financial supports need to be implemented to ensure financial accessibility of novel
technologies to domestic consumers and to encourage them to participate in balancing
local energy demand and supply. A similar trend can be observed in this study, where
the fast development of the PV market was stimulated by financial aspects. As presented
in [73], average implicit abatement subsidy varies between countries and was estimated
as 137-170 USD/1 Mg COzeq (116-145 EUR/1 Mg CO;¢q) for Germany, with avoidance
potential 0.521 kg COzeq/kWh [74]. It should be noted that higher avoidance potential in
this study results from the energy mix and close to 0.748 kg COpeq/kWh. Assuming that
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the energy produced from burning hard coal is replaced by energy from photovoltaics,
the savings will amount to 35 million tons of CO,. With the current prices of CO; emis-
sion allowances of around EUR 50 (Figure 1), the “My Electricity” program will save
EUR 1550 million with an expenditure of EUR 251 million. Taking into account the total
installation costs of 1010 EUR/kWp [75,76], they are still lower than the costs of CO,
emission rights over 30 years.

5. Conclusions

In the years 2019-2020, the Polish government offered prosumers a program of co-
financing PV installations called “My Electricity”. The amount of the subsidy was up
to max. 50% of eligible costs, up to a maximum amount of PLN 5000 (EUR 1111). In
the assumed period, more than half of the photovoltaic micro-installations established in
Poland received funding under the “My Electricity” program. The total cost of the subsidy
program was EUR 251 million. Currently, the program continues as part of the third round
from July 2021 with changed conditions, including a reduced maximum grant amount of
EUR 667 for installations.

The average power of PV micro-installations with co-financing is 5.72 kWp. Most
installations were built in the very industrialised Silesian Province (27,160), the lowest in
the Podlaskie Province (4824). In total, installations with a total capacity of 1295 MWp
were created under the “My Electricity” program. With the productivity of PV installations
at the level of 1025-1104 kWh/kWp/year (differentiated by region), these installations will
contribute to the production of approx. 38 TWh of green energy over 30 years.

It is broadly recognised that PV systems can be treated as a source of green energy.
The environmental effects of the “My Electricity” program implementation in Poland,
measured by the avoided COyq emissions based on the IPCC GWP 100a indicator, are
highly positive in light of the fact that the Polish power industry is still largely based on
fossil fuels. The detailed LCA analysis of the installations allowed for the determination
of COxeq emissions at the average level of 9390.7 kg per system, while the average COseq
emission per functional unit was 0.056 kg COz¢q/kWh, which corresponds to the Central
European conditions of insolation. The particular indicators are influenced by the type
of technology and location of the system, as stated in this study. Future analysis should
consider the relationship between the size of the system and the COyq emissions to show
the areas with the greatest effectiveness of support.

According to the analysis, while reducing the carbon footprint of energy units by
92-95%, PV systems built in the “My Electricity” program can contribute to the avoidance
of 26-42-10° Mg of greenhouse gas emission in 30 years of life cycle perspective. This,
together with the analysed economic aspects, leads to the conclusion that the use of this
type of financial instrument is fully justified, in particular in the case of stimulating the
development of energy markets with a large share of conventional energy sources.
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