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Abstract

:

In this article, the authors analyzed two extreme investment variants considering the installed capacity of Poland’s residential pv installation: (a) pv installation meets electricity demand only in the first year of operation, and in each subsequent year it is necessary to purchase electricity at market prices; (b) installation meets electricity demand even in the last year of operation, and in each previous year, the excess of generated electricity needs to be transferred back to the grid, with the limited (by law) right of drawing it from the grid for free in the future. In the article, a sensitivity analysis was performed, and profitability changes were established based on the NPV value, depending on case (a) or (b). The performed analyses showed that the pv installation profitability should not be analyzed, assuming only one moment when it meets 100% of the household’s electricity demand. It was shown that the choice of such a moment, depending on the value of particular technical and financial parameters, can lead to a change in the NPV value, even over 10%. Although the studies were done for Poland, such an approach can be implemented in other countries.
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1. Introduction


Electricity generation from photovoltaic installations is a popular way of producing energy from renewable energy sources. This applies to commercial photovoltaic farms and residential installations where the main goal is to lower electricity bills.



In the European Union, approximately 35% of electricity comes from renewable energy sources, with solar photovoltaic panels placed third among all renewable sources [1] with a 12% share. Solar electricity generation from this source allows the avoidance of the emission of pollutants produced during the burning of fossil fuels, like coal or natural gas.



In Poland, energy production is based primarily on bituminous and lignite coal, constituting 68% [2] of the total electricity production. Therefore, the development of renewable energy sources, including pv installations, is particularly beneficial (from an environmental standpoint). For the photovoltaic investment to be financially justified, it is necessary to consider numerous factors, primarily: the price of electricity, historical electricity usage, the limitations resulting from the rules and regulations (e.g., the percentage share of free electricity drawn from the grid as compared to the amount of electricity transferred to the grid) and others.



The price of electricity for households in Poland has maintained an upward trend since 2001, as shown on Figure 1.



Between 2001 and 2020, the average annual increase in energy prices was 2.9%, and the forecast for 2021 is for a 3.5% increase compared to 2020 [4].



When estimating investment profitability, the important issue is the ability to utilize support systems for the institutional investors (producing electricity with the intent of selling it) and the residential customers (households). It is possible for the residential customers to obtain a photovoltaic installation subsidy either at the central (federal) or the local level with a caveat that, most often, taking advantage of one form of the subsidy prohibits simultaneous use of the other form. The amount of support at the local level depends on the decision of local authorities. For example, in Krakow or Warsaw, residential customers may obtain up to EUR 3319. However, in Gdansk, as in many other cities, it is not possible to obtain subsidies at the local level.



Given the significant differences among the terms of local support, to maintain the option of applying the design solution suggested in the article to all residential customers in Poland using the same rules, the analyses were performed based on the central support level. This support is the result of the “Mój Prąd” [5] (“My Electricity”) program and the so-called thermo-modernization rebate [6], which assumes that the investor is the entity defined in Polish legislation [7] as a “prosumer”.



A prosumer is an end-user of energy produced in his own micro pv installation (with a capacity not exceeding 50 kW). The prosumer reconciles an account with the energy seller on the basis of net metering, i.e., he pays only for the part of energy drawn from the grid that has not been balanced with energy produced by the household and transferred to the grid. The amount of energy produced by a pv installation varies depending on the time of year and the time of day. Household energy demand also changes throughout the day as well as each and every day. Therefore, every day there can be a difference between demand and energy production from the pv installation. The main source of energy for the household is the energy produced by its own pv installation. If the amount of energy produced is greater than the demand, the surplus energy is transferred to the electricity grid. Conversely, the shortfall of energy is provided by the grid.



When reconciling the account between the prosumer and the grid, the total amount of energy transferred to the grid is compared to the total amount of energy drawn from the grid. The settlement is done on an annual basis (365 days), and when calculating the amount of energy transferred to the grid, the following ratios are used:




	
0.8—for pv installations up to 10 kW capacity;



	
0.7—for pv installations with a capacity above 10 kW.








Thus, if the prosumer in a given year consumed more energy than he supplied (taking into account this ratio), he is obliged to pay for each unit of energy according to the standard price list. If the prosumer transferred more energy to the grid than he consumed (taking this ratio into account), he does not incur any costs of purchasing energy, but he also does not receive any compensation for the surplus energy transferred to the grid.




2. State of the Art


Publications related to electricity production using solar energy are very often dedicated to the subject of photovoltaic farms. Many aspects associated with their operations are analyzed, both technical and financial, as well as environmental. Regarding the technical aspects, the researchers have analyzed, for example, the impact of photovoltaics on power quality [8], the efficiency of different types of photovoltaic cells [9], or the efficiency of different components of a pv system [10]. In the financial context, the researchers examine the opportunities to reduce the cost of energy [11], calculate the operating and capital costs of different solutions to optimize the sizing of dispersed energy resources [12], or analyze the costs of pv systems using energy storage [13]. As far as the environmental issues are concerned, some publications present a general approach to power engineering, indicating the necessity for a transition from fossil fuels to renewable energy sources [14], while others analyze in detail the pollutant emissions using appropriate indicators [15] or using the Life Cycle Analysis (LCA) method [16]. Profitability issues associated with such investments are also often analyzed. In the case of photovoltaic farms, the conclusions regarding investment profitability are most often reached based on the measurements such as Net Present Value (NPV), Internal Rate of Return (IRR), Payback Period (PBP), or Levelized Cost of Energy (LCOE). This is demonstrated by many publications, both referring to cost-effectiveness analyses of pv installations located in the USA [17], the EU [18], and other regions of the world [19]. At times, the analyses also take into consideration the social costs and are performed in a wider context, using methods such as Life Cycle Cost (LCC) or Cost-Benefit Analysis (CBA). The LCC method has been used to study the economic feasibility of investing in pv panels in Jordan [20] and Malaysia [21]. The method has also been applied in the process of optimizing the size of pv installations [22]. The CBA method, on the other hand, has been used to compare a pv installation with an alternative natural gas power generation installation [23] and also in the context of demonstrating the economic viability of a pv installation in Kuwait [24].



Profitability calculations for residential installations are less complicated since they do not consider amortization, taxes, and the cost of purchasing or leasing land. It is also much simpler to analyze the sources of investment financing, which are very often limited to the owner’s equity and a form of a government subsidy set up for the residential customers at the central or local level. Moreover, most often, the photovoltaic investment profitability is not compared to the alternate investment projects’ profitability. In such cases, to estimate the profit from the investment project, most often, the NPV value is being analyzed. This method is used successfully in similar studies conducted around the world. It proves to be effective for analyses of support systems for pv installations [25], as well as for variant comparisons of the profitability of pv installations [26]. It is also applicable in cross-sectional studies conducted on a very large number of cases [27].



Often, the purpose of a publication is to propose a design solution optimizing the operation or the construction of a photovoltaic farm. This optimization may apply to the parameters of the photovoltaic modules [28], the location of the pv installation [29], or the way the produced energy is used [30]. Thus, it often takes the form of determining the appropriate installation parameters for a given site so that a predetermined amount of energy production can be achieved or indicates the parameters defining the way this energy is used. The approach is similar to the analyses done for the residential photovoltaic installations [31]. However, in this case, energy self-consumption is important for the profitability of the investment. Studies in this area more and more often address energy storage issues [32] and take into account increasingly detailed parameters such as hourly energy demand or hourly energy production [33].



The studies conducted for Poland were also focused on analyzing the influence of individual, sometimes very specific, factors on the amount of generated electricity. The effect of dust on the performance of the pv panels has been studied [34], as well as shading and misalignment of modules [35]. Furthermore, attempts are made to generalize the approach to the issue of the pv panels’ investment profitability for residential customers in Poland, where an analysis was performed examining the influence of the changes in the individual factors on the NPV value for a defined initial amount of electricity production [36].



Moreover, studies were conducted analyzing the impact of meteorological data on electricity production forecasting [37]. Studies were also conducted on more technologically advanced pv systems, with the ability to store generated electricity [38] or the systems based on photovoltaic roof tiles [39].



However, the analyses focus primarily on considering individual parameters that impact the amount of electricity produced and, as such, on the profitability of the entire pv installation. From a user’s point of view, such studies provide an insight of how the value of each individual parameter and/or the applied technology influences the amount of electricity produced. However, they preclude the ability to establish the optimal amount of electricity that has to be produced in the first year of operation of the pv panels and this is the basis for determining the capacity of the installation.



Profitability analyses of the pv installations are very often performed in such a way that a specific installation capacity is assumed, and subsequently, the energy production and potential return on investment are estimated, depending on various parameters. According to this assumption, analyses are made for the pv installations situated all over the world, such as those in Japan [40], India [41], or Germany [42]. Analogical analyses have also been performed for the pv installations located in Poland, both for commercial photovoltaic farms [43] and residential installations [44]. However, it is possible to perform a cost-effectiveness analysis, taking into account what was previously calculated and appropriately adjusted for a given installation capacity of the photovoltaic system. The installation’s capacity in such a situation is very often calculated according to the assumption that it should be selected in such a way that maximum use is made of the energy produced by the pv panels and the necessary minimum is purchased from the grid [45]. A similar assumption referring to the necessity of a complete balancing of the energy produced and drawn from the grid was presented in the conclusions of an analysis concerning a pv installation for a household in Poland [46]. However, in formulating these assumptions, it was not indicated in which year of the system operation the full balancing should occur. This is an important issue because due to the pv panels’ degradation, energy production decreases every year. Therefore, determining the year in which such balancing should occur can change the NPV of the entire investment. Therefore, this paper uses a modified approach to analyze the profitability of pv installations, extending the analyses conducted so far with a parameter specifying the year in which the household’s total energy demand will be met.




3. Research Problem


Over time, all photovoltaic panels lose their ability to produce electricity from a unit of power (their efficiency decreases). Consequently, while choosing the installation’s size, different approaches can be used to meet the individual household’s total electricity demand. This means that the investment profitability will change depending on the choice of the financial model used.



In this article, two extreme approaches will be analyzed, where the residential installation meets 100% of electricity demand:




	
in the first year of operation, and in every subsequent year, the missing electricity is purchased from the grid (at normal prices);



	
in the last year of operation and in previous years, the surpluses of electricity are too big for the possibility of utilizing them based on the rules pertaining to the prosumers.








This article’s goal is to establish profitability changes of the investment in the residential photovoltaic installation, depending on the moment of complete coverage of electricity demand, while considering the chosen technical and market parameters. It was assumed in the article that a complete electricity demand coverage takes place when the electricity generated by a photovoltaic installation meets 100% of the electricity demand of a given household, based on the regulations applicable to the prosumers in Poland.




4. Study Method and Data Input


Implementation of the abovementioned goal was done using the study approach presented in Figure 2.



Analyzing the literature on photovoltaic installations’ profitability provided a basis to test the performance of the internet calculators in determining the installation capacity and/or profitability of the investment in the photovoltaic panels by Polish residential customers.



These calculators are being created at the European Union and individual country level. The calculator posted on the European Commission webpage [47] provides access to maps and solar irradiance data in particular parts of the world and, based on that, calculates the amount of electricity that can be produced. It is a helpful tool to obtain some parameter values, but it cannot determine the optimal installation capacity for a prosumer in Poland. This results from the calculator’s construction and the legislative provisions (for this area) in Poland. Similarly, the calculators created in other countries [48,49] do not take into account Polish legislative particularities with regard to the prosumer, so their usefulness is very limited.



From the point of view of the Polish investor, the most accurate are the calculators dedicated to Poland. Based on the research [50], the paper analyzed 11 online calculators (listed in [51,52,53,54,55,56,57,58,59,60,61] References), considered to be the most popular in Poland. The analyses made it possible to draw the following conclusions:




	
There is no option in any of the calculators to choose the moment when the photovoltaic installation meets 100% of electricity demand; none of the calculators indicate the year when such coverage takes place. Based on the financial analyses, it is impossible to establish unequivocally in which year the 100% coverage will take place. Due to the lack of any information in this regard (both at the stage of data entry and presentation of the results), it can be assumed that all calculators have an established permanent moment of 100% of electricity demand coverage.



	
None of the calculators present the data so that it would be possible to verify single-handedly the accuracy of the calculations and determine the assumptions that are crucial to the calculations.



	
It needs to be assumed that none of the calculators perform the calculations using a discount rate. Due to the lack of the ability to introduce discount rate value and, at the same time, the lack of presentation of its implied value in the entire calculation process, it is possible to assume that all calculators omit discount rate in the calculations.



	
It needs to be assumed that none of the calculators perform the calculations, assuming a replacement of the inverter for a new one during the operation of the photovoltaic installation. Due to the lack of the ability to introduce the number of inverter replacements during the operation of the pv installation and the lack of representation of an implied value determining it, it was presumed that all calculators assume the functioning of one inverter throughout the entire time of operation of the pv installation.



	
One of the analyzed calculators is a commercial program offered to pv installation retailers. It is not dedicated to residential consumers wanting to perform profitability and the photovoltaic installation assembly calculations; therefore, the conclusions were formulated with the omission of evaluating this calculator. Based on the analysis (based on the example of the report posted on the program producer’s webpage), it can be concluded that the calculator does not consider changes in the value of money in time because the discount value is not indicated (or required to be inputted). Additionally, in the table defining cash flows, there is no term “discounted cash flows” or the like, but only “cumulative cash flow.” In reference to this calculator (based on the posted report) it is impossible to draw conclusions in any other regard.








Based on the completed analysis and the identified shortcomings in functionality (i.e., the ability to compare the investment financial parameters depending on the moment of meeting 100% of electricity demand), as well as the lack of considering market parameters crucial to the analysis, it was concluded that it was necessary to create a proprietary analytical model of the profitability of the financial investment in photovoltaic panels.




5. Assumptions and Parameters of the Model Calculating pv Installations Profitability


In the study, it was assumed that the model that would be used to analyze the photovoltaic installation investment profitability should consider:




	
Total electricity demand coverage by the photovoltaic panels in the last year of operation of the installation.



	
Total electricity demand coverage by the photovoltaic panels in the first year of operation of the installation.



	
The discount rate in the profitability calculation.



	
One-time replacement of the inverter during the operation of the pv installation.



	
Subsidy from the “My Electricity” program.



	
Thermo-modernization rebate.








For the model to take into consideration total electricity demand coverage by the pv installation in the first and the last year of operation, it became necessary to use the formulas determining its capacity in various moments of operation. For this, the formulas were created calculating the installation capacity, which would meet 100% of electricity demand in the first (1) and the last (2) year of operation.


   M 1  =      Z p     K p  +  K o  ×  (  1 −  K p   )    ×  1   P r     



(1)






   M 2  =      Z p  −  (  1 −  K o   )  ×  (   M 1  ×  P r  ×  K p   )     K o  ×  P r  ×  (  1 − (  O  eks   − 1  )  ×  q  100   )    



(2)







In the model, it was assumed that the owner of the photovoltaic installation is a prosumer who, according to the Act OZE [7], may utilize the electricity produced from his or her own pv installation prior to exporting it to the power grid, and later, may draw the electricity transferred to the grid for free. The free electricity draw is 80% (in the installation where the capacity does not exceed 10 kW) or 70% (in the installation where the capacity exceeds 10 kW), relative to the amount of electricity transferred to the grid.



Additional assumptions:




	
price of each installation exceeds 2212.39 EUR; therefore, the prosumer takes advantage of the “My Electricity” program subsidy, which decreases investment costs by 1106.19 EUR;



	
prosumer takes advantage of the thermo-modernization rebate, decreasing taxation base by the investment value; reduced by the amount of received subsidy;



	
prosumer is a personal income tax taxpayer, paying the 17% tax rate [62];



	
it was assumed that the amount of money received from the subsidy would be deposited to the prosumer account as a tax refund in the second year of operation of the pv installation;



	
pv installation lifetime is 25 years;



	
in this lifetime, it will be necessary to perform a one-time inverter replacement, which will be done in the 15th year of the operation of the pv installation;



	
electricity demand will be constant throughout the lifetime of the pv installation.








Investment profitability assessment was performed based on the current net NPV value (Net Present Value), which was based on the analysis of discounted cash flows and assumed discount rate, according to the formula (3) [63].


  NPV =  ∑  t = 1  n      CF  t       (  1 + r  )   t    −  I o     



(3)




where:


    CF  t  =    (   S  et   +  R t   )  −  (   C  et   +  A  st   +  C  it    )   



(4)






   S  et   =  Z p  ×  [   C  kWh   ×    (  1 +  i e   )   t   ]     



(5)






   C  et   =  E  bt   ×  [   C  kWh   ×    (  1 +  i e   )   t   ]     



(6)






   E  bt   =  Z p  −  (   E  ut   +  E  rt    )   



(7)






   E  bt   =  E  pt   ×  K p   



(8)






   E  rt   =  K o  ×  E  nt    



(9)






   E  nt   =  E  pt   −  E  ut    



(10)






   E  pt   =  [   (   P r  × M  )  ×  (  1 − t × q  )   ]   



(11)







It was assumed that the savings resulting from the absence of the need to purchase a specified amount of electricity as well as the reimbursement resulting from the thermo-modernization subsidy are positive cash flows. It was also assumed that the cost of electricity purchased from the power grid, the fixed electricity costs, and the inverter’s cost are negative cash flows.



The initial capital investment I0 was determined as the difference between the pv installation cost and the value of 1106.19 EUR resulting from the “My Electricity” program subsidy.



The investment parameter base values, taken into account when calculating the NPV value, are shown in Table 1.



After calculating the NPV values, an analysis was performed measuring their sensitivity to the electricity price changes. The analysis was performed for the electricity prices [EUR/kWh]: 0.12; 0.14; 0.15 and 0.16. Other parameters of the model are shown in Table 2.



The sensitivity analysis was performed in such a way that the value of one of the parameters was changed, while retaining the remaining parameters’ base values. Next, a comparison was made each time between the NPV values for the investments with the capacity meeting 100% of electricity demand in the first and last year of the operation of pv installation. The results of the comparisons were presented as an excess of one value over the other one, in percentage terms.




6. Study Results


The optimal capacity of a photovoltaic installation vs. NPV index.



In the case of total electricity demand coverage in the first and the last year of operation, the optimal capacity of a photovoltaic installation, calculated based on the formulas (1) and (2) respectively, using Table 2, is:


M1 = 3.482 kWp;










M2 = 4.186 kWp.











The obtained results are theoretical values. In market practice, the capacity of a pv installation is a multiple of the capacity of individual pv panels, so for further calculations, it was assumed that M1 = 3.5 kWp and M2 = 4.2 kWp.



The result means that the capacity will be higher by 20% for the investment parameters adopted to design an installation that meets 100% of demand in the last year. This translates into a proportional increase in investment costs (in line with the adopted assumptions regarding the pv installation unit price). However, the prosumer’s cost will ultimately increase by less than 20% due to the application of the thermo-modernization rebate, based on which a tax refund will be issued in the second year of installation.



NPV values calculated for the installation capacity M1 and M2 are, respectively:


NPV1 = 5380.31 EUR










NPV2 = 5442.04 EUR











The NPV value difference is approximately 1.1% to the advantage of the capacity covering the demand in the last year of operation.



Sensitivity Analysis


The sensitivity analysis results in electricity prices at the levels [EUR/kWh]: 0.12; 0.14; 0.15; 0.16 (for the parameters presented in Table 2); its results are presented in Table 3 and Table 4.



The grey boxes in Table 3 indicate the same profitability of the investment, regardless of when the energy demand is met (a value of 0.0 is assumed when the difference is less than 0.05%).



For the analyzed parameter values, the biggest NPV excess is 11.4% for the installation with the capacity covering electricity demand in the last year and 6.6% for the installation covering electricity demand in the first year of operation.





7. Interpretation of the Results


Based on the performed sensitivity analysis, the following conclusions can be drawn:



An increase in the price of electricity drawn from the power grid causes a decrease in the NPV value excess for the installation. Its capacity meets total electricity demand coverage in the first year of operation. This dependency is due to the fact that the increased electricity price causes an increase in positive flows in the form of savings resulting from not purchasing electricity. Simultaneously, it causes an increase in the potential cost of purchasing electricity in the case where the pv installation does not cover total electricity demand. A higher investment cost can be recovered in the form of potential future gains resulting from not purchasing electricity.



The lower unit price of a photovoltaic installation causes a reduction in the NPV value excess for the installation. Its capacity meets electricity demand coverage in the first year of operation. This dependency is due to the fact that a lower unit price translates into a lower additional cost of a pv installation, whose capacity makes it possible to meet total electricity demand coverage in the last year of operation. Therefore, the lower the additional investment cost, the higher the chance of generating a return, resulting from the savings from not purchasing electricity.



A lower discount rate causes a reduction in the NPV value excess for the installation, whose capacity meets electricity demand coverage in the first year of operation. This dependency is due to the fact that a lower discount rate results in an increased benefit to the prosumer due to the savings from not purchasing electricity in the future years of investment duration (operation of the installation).



A decrease in the ratio of utilization of electricity transferred to the grid results in an increase in the NPV value excess for the installation with the capacity to meet electricity demand in the last year of operation. This dependency is due to the fact that with a lower value of this ratio, a smaller part of the produced energy will be used for balancing, and the additional costs of drawing energy from the grid will only appear at the end of the life of the installation. On the other hand, in the case of a pv installation with a capacity meeting the demand only in the first year of its operation, the additional costs may appear from the beginning.



An increase in the ratio of electricity utilization prior to the transfer to the grid causes a reduction in the NPV value excess for the installation, whose capacity meets electricity demand coverage in the first year of operation. This dependency is explainable and is similar to the ratio of utilization of electricity transferred to the grid. The difference is that the loss of electricity is generated at an earlier stage. This means that the lower the electricity utilization before the transfer to the grid, the higher the loss (resulting from the ratio of utilization of electricity transferred to the grid) in the next stage.



A decrease in the ratio of panel degradation results in a decrease in the NPV excess for an installation with the capacity to meet electricity demand in the last year of operation. In this case, lower panel degradation only results in a higher excess of energy production over demand and does not affect the NPV. On the other hand, for a pv installation with a capacity that meets demand only in the first year of its operation, less degradation of the pv panels means fewer energy purchases from the grid in subsequent years and a higher NPV.



An increase in the electricity price index causes a reduction in the NPV value excess for the installation, whose capacity meets electricity demand coverage in the first year of operation. This dependency is explainable and is similar to the increase in the price of electricity transferred from the grid.



In the situation where an investor would consider building a photovoltaic installation, one should analyze many aspects associated with the technical parameters of the construction, market-driven parameters, as well as those dependent on the utilization method of the pv installation.



Therefore, it may be concluded that the choice of the optimal utilization model of a pv installation depends on many parameters, both elective and non-elective. The first group (influenced by a user) consists of the pv installation unit price, the ratio of electricity utilization prior to the transfer, and the transfer to the grid.



On the other hand, the second group consists of (the so-called external factors) the electricity price and electricity price index, as well as the panel degradation ratio and discount rate. The user must adjust to them and, more importantly, consider them when calculating investment profitability.




8. Conclusions


The studies show that the photovoltaic installation profitability for residential customers is influenced by many factors, one of the most important being the way the installation capacity is calculated. In the article, the two models were analyzed: (a) the pv installation meets electricity demand only in the first year of operation, and in each subsequent year, it is necessary to purchase electricity at market prices; (b) the installation meets electricity demand even in the last year of operation, and in each previous year the excess electricity generated needs to be transferred back to the grid, without the option of utilizing it to the greatest possible, guaranteed by the law, extent.



The achieved results can be formulated in a few statements:




	
It is not possible to explicitly determine which model guarantees higher investment profitability because a higher NPV value was shown for the installation capacity meeting electricity demand coverage in the first, as well as in the last, year of operation, depending on the parameter values used in the analysis.



	
Changes in the photovoltaic investment profitability depending on the moment meeting electricity demand result primarily from the values of the following parameters:



	
Price of electricity drawn from the grid by a prosumer;



	
Photovoltaic installation unit price;



	
Assumed discount rate;



	
Ratio of electricity utilization transferred to the grid;



	
Ratio of electricity utilization prior to the transfer to the grid;



	
Ratio of panel degradation.






	
NPV value calculations for the base values indicated that the more profitable is the pv installation investment, the capacity of which guarantees meeting electricity demand in the first year of operation. A higher profitability of investments with the capacity to meet energy demand in the last year of operation occurs under the following conditions:



	
at low discount rates,



	
for lower rates of energy use before and after grid transfers,



	
for higher degradation rates of pv panels.











Additionally, the increase in energy price (for each value of the analyzed parameters) increases the profitability of such investments.



The next research directions will be: analyses of the simultaneous influence of many financial and technical parameters characterizing the pv installation operating in Polish settings. This will allow drawing additional conclusions facilitating financial optimization of an investment in the prosumer’s photovoltaic installation.
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Nomenclature




	
Ast

	
Annual fixed fees for the use of the electric power grid in the timeframe t, EUR




	
Cet

	
Cost of electricity purchased from the power grid in the timeframe t, EUR




	
CFt

	
Net flows in the timeframe t, EUR




	
Cinst.

	
Photovoltaic installation unit price, EUR/kWp




	
Cinw

	
Inverter price, EUR




	
Cit

	
Cost of inverter in the timeframe t, EUR




	
CkWh

	
Electricity unit price drawn from the electric power grid, EUR/kWh




	
Ebt

	
Amount of energy purchased at the market price, kWh




	
Ent

	
Amount of energy returned to the grid, kWh




	
Ept

	
Amount of energy produced by the installation in period t, kWh




	
Ert

	
Amount of energy drawn from the grid as a prosumer, kWh




	
Eut

	
Amount of energy used immediately after production, kWh




	
Exchange rate example from 8.01.2021 equals 4.52 PLN/EUR




	
i

	
Inflation index, %




	
ie

	
Electricity price annual growth index, %




	
I0

	
Initial investment cost, EUR




	
Ko

	
Transferred to the grid electricity utilization rate, %




	
Kp

	
Electricity utilization rate before the transfer to the grid, %




	
M

	
Installation capacity, kWp




	
M1

	
Installation capacity, meeting total electricity demand in the first year of operation, kWp




	
M2

	
Installation capacity, meeting total electricity demand in the last year of operation, kWp




	
n

	
Assumed period of pv investment operation, year




	
NPV

	
Net Present Value, EUR




	
Pr

	
Annual production of electricity from a unit of power, kWh/kWp




	
q

	
Solar panel annual degradation rate, %




	
r

	
Annual discount rate, %




	
Rt

	
Reimbursement resulting from the thermo-modernization subsidy in the timeframe t, EUR




	
Set

	
Savings resulting from the absence of the need to purchase a specified amount of electricity in the timeframe t, EUR




	
t

	
Subsequent years of investment operation, year




	
Zp

	
Electricity demand, kWh/year
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Figure 1. Average energy price for residential customers. Source: [3]. 
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Figure 2. The study approach applied in the article. Source: own study. 
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Table 1. Photovoltaic installation investment parameters for a residential customer.






Table 1. Photovoltaic installation investment parameters for a residential customer.





	Parameter
	Value





	Cinst.
	980 EUR/kWp 1



	Zp
	3006 kWh/year 2



	Pr
	1000 kWh/kWp 3



	CkWh
	0.14 EUR/kWh 4



	ie
	2.9% 5



	i
	2.3% 6



	q
	0.7% 7



	Ko
	80% 8



	Kp
	31.6% 9



	Ast
	21 EUR/year 10



	r
	4% 11



	Cinw
	885 EUR 10







1 Based on ([64], p. 20); 2 based on ([65], p. 56–57); 3 based on [47]; 4 based on [3]; 5 the energy price growth rate was assumed to be the same as for the period 2001–2020; 6 the price increase index was assumed to be equal to the average inflation rate in Poland in the period 2001–2020; 7 based on an analysis of the warranty conditions of selected manufacturers of pv panels; 8 for installations up to 10 kW; 9 based on ([66], p. 14); 10 based on the analysis of the market offers of selected companies offering sales and installation of pv systems in Poland; 11 based on ([67], p. 41).
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Table 2. The parameters and their values taken into account in the sensitivity analysis.
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Parameter

	
Value






	
Cinst.

	
885 EUR/kWp




	
980 EUR/kWp




	
1150 EUR/kWp




	
r

	
2%




	
4%




	
6%




	
Ko

	
70%




	
80%




	
Kp

	
20%




	
31.6%




	
40%




	
q

	
0.5%




	
0.7%




	
0.9%




	
ie

	
0.5%




	
2.9%




	
4.5%




	
6.5%








Source: own study.
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Table 3. Sensitivity ratio for the NPV of the installation meeting energy demand in the first year of operation.
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Parameter

	
Value

	
Sensitivity Ratio (%)




	
Price of Electricity (EUR/kWh)




	
0.12

	
0.14

	
0.15

	
0.16






	
Cinst

	
980

	
0.0

	

	

	




	
1150

	
2.5

	
0.8

	

	




	
r

	
4

	
0.0

	

	

	




	
6

	
4.7

	
2.7

	
1.3

	
0.3




	
Ko

	
80

	
0.0

	

	

	




	
Kp

	
31,6

	
0.0

	

	

	




	
40

	
3.1

	
1.7

	
0.8

	
0.0




	
q

	
0.5

	
3.8

	
2.4

	
1.4

	
0.6




	
0.7

	
0.0

	

	

	




	
ie

	
0.5

	
6.6

	
4.0

	
2.3

	
1.1




	
2.9

	
0.0

	

	

	








Source: own study.
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Table 4. The sensitivity ratio of the NPV for the installation meeting the energy demand in the last year of its operation.
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Parameter

	
Value

	
Sensitivity Ratio (%)




	
Price of Electricity (EUR/kWh)




	
0.12

	
0.14

	
0.15

	
0.16






	
Cinst.

	
885

	
1.1

	
2.0

	
2.7

	
3.2




	
980

	

	
1.1

	
1.9

	
2.6




	
1150

	

	

	
0.4

	
1.3




	
r

	
2

	
3.4

	
4.1

	
4.5

	
4.9




	
4

	

	
1.1

	
1.9

	
2.6




	
Ko

	
70

	
10.5

	
10.9

	
11.2

	
11.4




	
80

	

	
1.1

	
1.9

	
2.6




	
Kp

	
20

	
4.6

	
5.4

	
5.9

	
6.4




	
31.6

	

	
1.1

	
1.9

	
2.6




	
q

	
0.7

	

	
1.1

	
1.9

	
2.6




	
0.9

	
2.9

	
3.8

	
4.5

	
5.0




	
ie

	
2.9

	

	
1.1

	
1.9

	
2.6




	
4.5

	
2.7

	
3.4

	
3.9

	
4.3




	
6.5

	
5.0

	
5.4

	
5.8

	
6.0








Source: own study.
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