00o POLITYKA ENERGETYCZNA — ENERGY POLICY JOURNAL
M
% ; 2022 ¢ Volume 25 4 Issue4 4+ 95-114

DOI: 10.33223/epj/155095

Piotr OLczak!, Dominika MaTUszZEWSKAZ, Andrii LISHCHENKO?, Iryna ZHYDYK?,

Viktor KovaL?, Olga IERMAKOVA®

The economic efficiency of photovoltaic energy
for energy prosumers

ABSTRACT: This article presents an investigation of solar power plants’ economic efficiency in the case
of energy prosumers. The economic effect of the development of solar energy, the environmental
effect of the transition to green energy and the social effect due to lower electricity costs and invest-
ment growth from the use of photovoltaic installations (PVI) have been proven. The level of annual
savings in PVI due to changes in production and own consumption of electricity are determined.
Through use of factor analysis, the grouping method, the method of generalizing indicators, quan-
titative data collection for solar PV systems and the matrix method, the two main hypotheses were
proven: (i) solar energy production should be stimulated by a sound state tariff policy; (ii) prosu-
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mers as players of the electricity market should be considered in the tariff policy. It is revealed that
at current interest rates, PVI operational activity is subject to more complex factors, and the main
one becomes economic, namely considering the economy of consumers, the level of taxation or
grants of PVI activities, as well as productivity and the real state of technical condition of devices.
The provided research develops the theoretical and empirical basis for the state policy of solar elec-
tricity usage with consideration to the peculiarities of its production and consumption. The process
of production and consumption of electricity in PVI is not characterized by uniformity, which is
derived from a number of factors, primarily from natural and climatic conditions. It also depends
on the technical characteristics of the devices.

KEeyworbps: Poland, prosumer, photovoltaic, energy economics

Introduction

The modern energy industry is undergoing a reformatting stage in the process of growth in
the production of autonomous power plants with various forms of ownership. Additionally, the
pricing system has formed new principles based on the market economy (Komorowska et al.
2022). However, the system of state regulation focuses exclusively on intensifying the develop-
ment of alternative energy and mass use both in households and on an industrial scale. At the
same time, government policy actively operates the so-called green tariff, which is essentially
a “forced rollback” of traditional energy in favor of alternatives.

However, the environmental realities in recent years have shown a trend in the total transition
to alternative energy does not being able to cover the needs of electricity consumption, and in
extreme situations, alternative energy becomes very vulnerable and almost photovoltaic installa-
tions (PVI) its generating function in solar power plants. In the current economic situation, alter-
native electricity generates capacity that is purchased and consumed by consumers. Thus, there
is a problem: what patterns determine the relationship between production and consumption
through price parity?

The process of one’s own production and consumption is as the defining factor for being
a prosumer. It refers to the process of the joint creation of products and their subsequent con-
sumption (Toffler 1980). The prosumer concept has been further developed in relation to electri-
city generation, as energy producers also become consumers (Mil¢iuviené et al. 2019). Satura-
tion of the energy market is possible due to the growing number of energy consumers who use
renewable technologies, which significantly reduces emissions (Sawicka-Chudy et al. 2018).

The implementation of renewable energy technologies such as photovoltaic installation will
lead to the development of cooperative energy consumers, which will increase competition in
the electricity market (Cader et al. 2021). The sustainable growth of renewable energy is made
possible by solar power plants as the cheapest generating capacity at present (Lund 2007). At
the same time, there are barriers to the development of the energy prosumer, which is related to
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a lack of market readiness to use solar-power-plant technologies, low awareness of the potential
of the solar-power-plant market, as well as low institutional provisions for this type of energy.
The transition to the business model of the prosumer as a consumer, which is also an energy
producer, is possible in two ways: (i) a distributed prosumer through the creation of a distributed
low power generating installations of PVI; (ii) the creation of energy communities of medium
capacity through the unification of consumers (Jasinski et al. 2021; Petrichenko et al. 2022).

The purpose of this study is to investigate the dynamics of the production and consumption of
electricity by alternative PV stations at a favorable price level based on the grouping of volumes
of electricity produced and consumed and to determine the level of annual savings of PVI due to
changes in the production and consumption of one’s own electricity.

The use of alternative and renewable energy sources depends on a range of socio-econo-
mic factors: public awareness of the necessity of rational use of fuel and energy resources and
the transition to innovative energy-saving technologies; compliance of the national regulatory
framework in the field of electricity production with modern world requirements; a sufficient
level of financial support for the modernization of the systems of generation and transportation
of electricity; import substitution of fuel and the use of alternative renewable energy sources;
the correspondence between the cost of services for providing electricity and its quality; the de-
velopment of a methodical basis for the calculation of tariffs” formation with use of alternative
energy sources.

Electricity tariffs are determined within the state policy. It is very important to consider that
the price of such electricity is under the influence of market forces (supply and demand), and also
a range of specific factors, such as technological, natural and climatic, onsite solar consumption,
climate change beliefs that also should be considered in the research.

The second part of the article gives a description of the research methods used that are adop-
ted to the research tasks. The literature review of applications of solar PV systems and the analy-
sis of tariffs for electricity generated by them is provided in the third part. Based on this analysis,
two hypothesis were formulated. The main findings of the research, authors’ estimations and
calculations are presented in the fourth part. Conclusions and further research directions are
described in the fourth part.

1. Literature review

1.1. A review of applications of solar PV systems

Based on the results of studies on the implementation of PVI (Byrne et al. 2017; Klaif3 et al.
1995; Rukijkanpanich and Mingmongkol 2019; Ulucak et al. 2021), it can be concluded that the
development of this type of renewable energy, in addition to environmental benefits, also contri-
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butes to an increase in energy security in the following conditions: a greater dependence on the
need to intensify the use of natural resources such as gas and coal in the generation of electrici-
ty with subsequent deconversion mines; dependence on energy importers (Olczak et al. 2021)
EU Member States are developing renewable energy subsidy programs. In Poland, in the years
2019-2020, the “My Electricity” program was implemented, co-financing was up to 50% of eli-
gible costs (max PLN 5000, i.e., EUR 1111. In addition, the growing demand for energy leads to
the depletion of fossil (non-renewable) primary energy resources in a short period of time, which
necessitates the development of renewable energy sources, including clean and safe sources
such as solar energy. Studies have focused on the efficiency and feasibility of using solar energy
(Olek et al. 2016). The relevance of solar energy usage has increased under the carbon neutrality
challenge. Zhang et al. (2021) analyzed the characteristics of China’s existing energy production
structure, installed electric capacity, energy consumption, and electric consumption in different
sectors based on statistical data to achieve carbon neutrality. Zhu et al. (2021) revealed the nonli-
near correlation between solar energy and CO, emissions that varies among countries. State po-
licy in solar industry and a sustainable environment should consider this (Latysheva et al. 2020;
Koval et al. 2021). Empirical evidence for the research, provided by (Yu et al. 2022), revealed
that solar energy should be integrated to achieve sustainable growth and environmental quality.
Roux et al. (2016) investigated renewable energy production and electricity consumption in an
energy-efficient house and evaluated its potential environmental impacts. Tongsopit et al. (2019)
analyzed the economics of electricity self-consumption of distributed solar photovoltaics in Tha-
iland. Their conclusions, namely the assessment of three schemes (no compensation for excess
electricity, net metering, and net billing), which showed that all customer classes are profitable
and net metering offers the most customer benefits, are useful for the national policy. Solar ener-
gy usage varies among countries (United Arab Emirates, Turkey, Spain and Germany, China,
USA) owing to different environmental conditions and policy mechanisms (Chang et al. 2003;
Chen et al. 2019; Hepbasli and Canakci 2003; Mokri et al. 2013; Sanz-Casado et al. 2014). The
methodology, which was proposed by Chen et al. (2019), was based on deep neural networks
and was used for the decomposition of solar energy consumption data in the USA in 1983-2017.
Their findings provide insights into future demand for solar energy in the United States.

The above considerations led us to the following hypothesis.

Hypothesis 1. Solar energy is under increasing demand due to its impact on sustainable
environment. Thus, the state policy should stimulate its production.

One of the barriers to the development of applications of solar PV systems is improper tariff
policy. Moreover, countries’ peculiarities of solar energy generation also should be considered.

1.2. An analysis of tariffs for solar PV systems

Chesser et al. (2018) revealed the range of correlations about solar electricity pricing, namely
the positive relationship between electricity prices and solar PV, the negative relationship be-
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tween electricity prices and electricity demand. Interesting research was provided by (Sturm-
berg et al. 2021), devoted to electricity network pricing. The research findings determine clear
conditions on local tariff pricing in Australia that is used as the basis for mutually the beneficial
arrangement of local network tariffs and community-scale energy storage. The effects of solar
power generation forecasts on electricity prices was analyzed by (Glirtler and Paulsen 2018).
A peculiarity of their regression model is the simulation-based design of a variable indicating
the power generation technology that determines the price at a certain point in time. One of their
conclusions is that reducing forecast errors on wind and PV power generation dampens price
volatility. Numminen et al. (2018) found that dynamic pricing did not improve technical perfor-
mance or customer satisfaction.

Using a different approach to energy pricing may not have the same results for consumers
(Fikru et al. 2022). There are also risks for electricity retailers due to the rising shares of decen-
tralized solar generation. This problem was investigated by Russo et al. (2022). The conducted
study highlights the mechanisms of fair risk sharing between retailers, regular consumers and
prosumers in terms of a high penetration of renewable energy source. In this context the interac-
tions among prosumers should be considered while pricing. In the study, provided by Jiang et al.
(2020), for these matters a game-theory-based pricing model is proposed in a localized Practical
Byzantine Fault Tolerance based-Consortium Blockchain.

The above considerations led us to the following hypothesis.

Hypothesis 2. Prosumers (consumers with self-generation) are players of the electricity mar-
ket and should be taken into consideration in tariff policy.

For matters of price setting that are vital for tariff policy there is a necessity to do regression
analyses considering electricity production and consumption through price parity and to reveal
certain consistent patterns, which is the focus of this research.

2. Methods

The implementation of the research goal involves the logical use of factor analysis, which
made it possible to form arrays of data on production and consumption, and the grouping method
made it possible to systematize and classify everything collected (especially PV solar production
data). The generalization method of indicators made it possible to characterize the Solar Energy
System processes and determine current patterns from electricity generation to its purchase.

Quantitative Data Collection for Solar PV Systems were used to collect data about the house-
hold case study, about its electricity production and consumption. The Quantitative data method
allows you to analyze data using statistics with the possibility of the further generalization of
the results obtained to other categories of users of solar power plants. The proposed PVI will
significantly save money on electricity due to the low cost of purchasing equipment and low
operating costs, as well as a short payback period (Olczak and Komorowska 2021). The matrix
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method was used to calculate the actual consumption of PVI energy to be purchased for the year
and annual economic savings.

The study used an approach that analyzed the hourly values of self-consumed energy, pro-
duced and consumed energy from PVI by changing them by a given percentage, which allowed
the calculation of the coefficient of electricity consumption. The actual electricity consumption
is possible in the scale of energy production over 0.001 kWh, so the step of production change
was based on this indicator.

In accordance with the above, a matrix of matrix of potential energy results is formed on
the basis of these preliminary calculations. All its combinations are calculated according to the
following scheme. For each t (1-8,760 hours):

PVP(C.PVP,’C) = PVP(LT)'C.PVP @)
where:

PVP — hourly energy production in PV installation [kWh],
C.PVP— size factor of PVP installation,

T — time [h]
EC(C.EC,t)=EC(1,1)-C.EC 2)
where:
EC - hourly energy consumption [kWh],
C.EC — size factor of prosumer installation energy consumption,
T — time [h]
SC(C.PVP,C.EC,t)=Ic+Cl-PVP(C.PVP,t)+C2-EC(C.EC,7) 3)
where:

SC - energy self-consumption [kWh],

Ic — interception,

Cl — PV energy production factor (for PVP),

C2 — coefficient of electricity consumption (for £C)

YPE(C.PVP,C.EC)=" EC(C.EC,t)-) SC(C.PVP,C.EC,7)~

)
—~PF(C.PVP)-| Y PVP(C.PVP,x)-) SC(C.PVP,C.EC,1)

where:
YPE — purchased electricity per year [kWh].
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Note that YPE cannot take negative values, such energy is lost by the sum during the year.

PF — prosumer coefficient: if C.PVP <2.0 (< 10 kWp) =0.8, if C.PVP>=2.0 (> 10 kWp)
=0.7

Then the annual savings will be:

YEP(C.PVP,C.EC,elp) = elp -[ZEC(C.EC, )~ YPE(C.PVP, C.EC)J (5)

where:
elp— the price of electricity.

The value of elp is based on the electricity price for households in first half of 2022 in Poland
(0.14 euro/kWh).

SPBT(C.PVP,C.EC)=YEP/(1.2-PV.EIN (C.PVP)) (6)

where:
SPBT — simple payback time [years],
0.2 - isadditional costs (1.0 in first year, 1.2 is the sum of 1.0 and 0.2) for the inverter
for the ninth year of operation of the power plant and other capital costs;
YEP — the same value is expected every year.

The productivity of panels decrease PVI, but the higher energy value takes into account the
fact that there is a natural decrease in the productivity of solar panels and the loss of their energy
value.

3. Results

Sustainable energy and its development has become a key component of the new energy pa-
radigm in EU countries in response to climate change and for ensuring energy security. The total
capacity of renewable energy generating facilities in the world in 2021 amounted to 3,064 GW,
while the European Union accounts for only 16.7% (IRENA 2022a). The main development in-
dicators shown in Figure 1 show a slight increase in renewable energy (a) in average percent and
an increase in solar photovoltaic energy (b) from 34% in 2013 to 18.6% in 2021. At that time,
the EU had a lower growth rate of solar photovoltaic energy and was 15% from 2019 to 2021.

The main measures for the accelerated growth of solar energy can be identified as govern-
ment support measures in many countries (Colmenar-Santos et al. 2021; Jenner et al. 2012), as
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Fig. 1. Total and EU renewable energy (a) and solar photovoltaic energy (b), GW
Source: IRENA 2022b

Rys. 1. Swiatowe i europejscie wartosci mocy zainstalowanej w (a) OZE ogétem, (b) w fotowoltaice

well as through the development of a circular economy and the possibility of reusing compo-
nents of photovoltaic modules. PVI transform thermal energy from the sun, that is renewable
energy source, into electrical energy. Photovoltaic power plants are also known as PV and
use photovoltaic cells. There are many benefits of PVI usage. This process is environmental-
ly friendly and meets the sustainable development goals: global warming reduction, public
health improvement, the creation of job opportunities, the prevention of power shortage, the
reduction of dependence from an electric grid. Solar energy is the future of electricity ge-
neration and will experience high growth in the coming years. This is why governments are
interested in increasing PVIs in their countries and provide measures for the intensification
and promotion of PVI usage.

PVI fully operates within national networks. Thus, the obtained statistical material was de-
veloped, which allows the identification of clear patterns in the activities of PVI between energy
production and consumption. In general, the annual data of PVI activities for 2020 are shown in
Table 1 and Figure 2.

For comparison, the own consumption from production and demand from electricity grid is
shown in Figure 3.

The aim of the analysis is to find a function that reflects the relationship between self-con-
sumption, the amount of energy produced and the gross energy consumption in the building.
The calculated value of self-consumed energy from PVI must not exceed the current PV energy
production or the current energy consumption of the building.
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TABLE 1. Annual measurement results from one PV installation of one household case study
(06/01/2020-05/31/2021)

TaBELA 1. Roczne wyniki pomiaréw z jednej instalacji fotowoltaicznej, tj. jednego gospodarstwa
domowego studium przypadku (01.06.2020-31.05.2021)

Marking Characteristic Unit Value
EC electricity consumption kWh/year 4,874.8
PVP PV electricity production kWh/year 4,671.8
SC own electricity consumption kWh/year 1,477.3
YPA purchased electricity kWh/year 841.9

Source: own study.
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Fig. 2. Annual electricity consumption from PVI of one household case study
(PVP — energy production, EC — energy consumption)

Rys. 2. Roczne zuzycie energii elektrycznej z PVI w analizowanym gospodarstwie domowym
(PVP — produkcja energii, EC — zuzycie energii)

The mapping functions should be divided (e.g., a spline function) because at a low value of
PV energy production (in relation to the consumption value), the self-consumption value is equal
to this production. However, in the case of a high value of PV energy production, the value of
self-consumption is closer to the value of consumed energy.

In the first step, the values of produced energy higher than 0.001 kWh were selected, because
self-consumption occurs only in the case of energy production. This interval was divided into
two in order to calculate the values of the regression coefficient and R2 for the two groups obta-
ined, the aim was to obtain the highest possible mean value of the R2 coefficient. The size of the
interval had to be greater than 100 observations. The obtained limits allowed the determination
of the distribution of the regression calculation (Table 2).
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Fig. 3. Profile of energy consumption (from PV production and received from electricity grid)

Rys. 3. Sredni profil zuzycia energii (z produkeji PV i pobranej z sieci elektrycznej)

TABLE 2. Distribution of regression coefficient (in order to obtain self-consumption values)

TaBELA 2. Rozktad wspoétczynnika regresji (w celu obliczenia warto$ci autokonsumpcji energii)

. PVP [kWh] — range:
Parameter unit

0.001 —0.095 0.095 -3.42 >3.42
R2 - 0.951 0.746 0.937
Number of observations - 787 3,321 242
Ic — interception kWh —-0.001 —0.066 —-0.034
C1 — PV energy production factor (PVP) - 0.950 0136 th most 0.035

common

C2 — coefficient of electricity consumption (EC) - 0.002 0.445 0.733

Ultimately, the functional adjustment was divided into 3 ranges: up to 0.095 kWh/h electri-
city production, then the auto-consumption value depends only on PV energy production. The
power of photovoltaic installation and electricity consumption are shown in Table 3.

Thus, the calculation indicates the actual consumption of solar power plants, energy to be
purchased for the year and annual savings (Table 4).

By increasing the power of the installation twice, the value of self-consumption energy is
2,330 (for C.EC = 1) kWh/year, while for C.EC =2 and C. PVP = 1 self-consumption energy is
1,848 kWh/year.
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TABLE 7. Simply payback time (SPBT) for various electricity consumption factor (C.EC) and PV energy
production factor (C.PVP) [years]

TABELA 7. Prosty czas zwrotu dla r6znych wskaznikéw mnoznikowych zuzycia energii elektryczne;j
i produkcji energii fotowoltaicznej [lata]

18 | 2 | 22|24 (26|28

13.1 | 144 [15.7 | 16.9
10.9 | 12.0 [ 13.0 | 14.1
9.4 1103 [ 11.2 | 12.1
86| 90| 98 (106 |11.4 122 |13.0 | 13.7 | 145 | 15.3 | 16.1
86| 86| 87| 94 |10.1|10.8 |11.5 (122|129 |13.6 | 143
86| 86| 86| 86| 91| 9.7|104 |11.0 [11.6 |12.3 |12.9
85| 85| 85| 85| 85| 88| 94 |10.0 |10.6 | 11.1 | 11.7
85| 85| 85| 85| 85| 85| 86| 92| 9.7 (102 |10.7
85| 85| 85| 85| 85| 85| 85| 85| 89| 94| 99
85| 85| 85| 85| 85| 85| 85| 85| 85| 88| 9.2
84| 84| 84| 84| 84| 84| 84| 84| 84| 85| 8.6
84| 84| 84| 84| 84| 84| 84| 84| 84| 84| 84
84| 84| 84| 84| 84| 84| 84| 84| 84| 84| 84
84| 84| 84| 84| 84| 84| 84| 84| 84| 84| 84
84| 84| 84| 84| 84| 84| 84| 84| 84| 84| 84
83| 83| 83| 83| 83| 83| 83| 83| 84| 84| 84

The use of a sufficiently large PV installation means that there is no need to buy additional
energy per year, taking into account the prosumer-factor (0.8 up to C.PVP 1.8 —less than 10 kWp
and 0.7 for C.PVP >=2.0 higher than 10 kWp).

The highest annual cash savings were shown for C.PVP = 4 and C.EC = 4, therefore SPBT
(simply payback time).

For C.PVP <1.8, in most cases, the simple payback time for the installation is less than 7.2.
The least favorable case is an oversized installation with C.EC = 1. A change in profitability can
be clearly seen when increasing the PV installation to C.PVP = 2 in each of the analyzed cases,
SPBT increases by at least 1 year (higher values achievable with a relatively low C.EC). What
is significant, in the case of annual savings, is that a higher value was shown for C.PVP =4 and
C.EC =1 (758 euro/year) than for C.EC =4 and C.PVP =1 (649 euro/year); in the case of SPBT,
the latter case is definitely more financially advantageous (SPBT = 6.7 vs 25.8).
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Conclusions

The role of prosumers in the use of solar power plants is significant because as players of
the solar electricity market, they influence tariff policy. They increase competition and restrain
the monopoly of energy companies that decreases consumption tariffs. The sound state policy
can increase the involvement of prosumers in solar energy production that meets the sustainable
development goals. With regard to price setting, the correlation between electricity production
and consumption was determined through price parity and revealed certain consistent patterns.

The process of production and consumption of electricity in PVI is not characterized by uni-
formity, which is derived from several factors, primarily from natural and climatic conditions.
It also depends on the technical characteristics of the equipment, especially energy generation
devices (like solar panels and inverters), and also the energy profile consumption for the house-
hold/investor.

In real conditions at current interest rates, PVI activity is subject to more complex factors,
and the main one becomes economic, namely taking the solvency of consumers into account and
the level of taxation of PVI activities, as well as productivity and the real state of the technical
condition of the installation. Therefore, the analysis did not indicate that the economic effective
version of the PVI is provided with a consumption in the range higher than 1.8-2 (C.PVP). The
provided research develops a theoretical and empirical basis for the state policy mechanisms of
solar electricity use considering the peculiarities of its production and consumption.

Further research should be similar calculation including net-billing rules instead of prosumer
rules (for new PV micro-installation available up to April 2022).
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Efektywnos¢ ekonomiczna fotowoltaiki
dla prosumentéw energii

Streszczenie

W artykule przedstawiono badania efektywnosci ekonomicznej fotowoltaiki dla przypadku prosumen-
tow. Wykazano ekonomiczny efekt rozwoju energetyki stonecznej, efekt ekologiczny przejscia na zielona
energi¢ oraz efekt spoleczny w zwiazku z nizszymi kosztami energii elektrycznej i wzrostem skali inwe-
stycji z wykorzystania fotowoltaiki (PVI). Okreslono poziom rocznych oszczednosci w PVI z tytutu zmian
warto$ci produkcji energii (wskutek zmiany wielkosci instalacji — simulation) i autokonsumpcji energii
elektrycznej. Wykorzystujac analize¢ czynnikowa, metode grupowania, metode uogélniania wskaznikow,
ilosciowe zbieranie danych dla systemow fotowoltaicznych, udowodniono dwie gtéwne hipotezy: (i) pro-
dukcja energii stonecznej powinna by¢ stymulowana przez polityke taryfowa panstwa; (ii) prosumenci jako
uczestnicy rynku energii elektrycznej powinni by¢ uwzgledniani w polityce taryfowej. Okazuje sig, ze przy
obecnych stopach procentowych dziatalnos¢ PVI podlega bardziej ztozonym czynnikom, a wazny staje si¢
czynnik ekonomiczny, a mianowicie uwzgledniajac wyptacalno$é konsumentéow, poziom opodatkowania
dziatalno$ci PVI, a takze produktywnosc i rzeczywisty stan techniczny instalacji. Przeprowadzone badania
rozwijaja teoretyczne i empiryczne podstawy polityki panstwa w zakresie wykorzystania energii stonecz-
nej z uwzglednieniem specyfiki jej wytwarzania i zuzycia. Proces produkcji i zuzycia energii elektrycznej
w instalacji nie charakteryzuje si¢ jednorodnoscia, co jest pochodng szeregu czynnikow, a mianowicie —
przede wszystkim warunkéw naturalnych i klimatycznych. Zalezy to rowniez od parametréw technicznych
urzadzen.

Srowa KLUCZOWE: Polska, fotowoltaika, prosument, energia i ekonomia






