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Abstract

:

The public’s awareness of threats to the natural environment, as well as the hazard to human lives and health posed by the use of fossil fuels to generate energy has resulted in the growing interest in renewable energy sources, thus promoting attempts to reduce the dependency on conventional energy sources. Among the former, solar energy is one of the most promising. The aim of this study is to assess the macroeconomic efficiency of investments in photovoltaic installations to meet the demand for electricity of farms and agricultural production. Calculations were prepared for 48 variants comprising three farm types (dairy farms, field cropping farms, and mixed production farms), as well as 16 locations throughout Poland. The obtained results indicate high efficiency of electricity production using photovoltaic installations to cover the needs of farms in Poland. In macroeconomic accounting, NPV ranges from EUR 8200 to almost EUR 23,000, with the payback period depending on the farm type ranging from 4.3 up to 6 years, while the internal rate of return amounts to 21–32%. Increasing the scope of investments in photovoltaics (PV) to cover the electricity demand not only of the household, but also of the agricultural production leads to improved economic efficiency of energy production both in the macro- and microeconomic terms.
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1. Introduction


The growing human population, together with the socio-economic development and the resulting efforts to improve living conditions globally, are factors contributing to the increasing demand for energy observed worldwide [1,2,3]. The awareness of environmental threats as well as the health hazards brought about by the use of fossil fuels to produce energy [4,5,6] promote growing interest in renewable energy sources and attempt to reduce our dependency on conventional energy sources [3]. In 2020, the share of renewable energy sources in the gross final energy consumption was 20% for the EU as a whole and 15% in Poland, with an upward trend observed for the use of renewable energy sources in power engineering, the heating and cooling sector, and transport [7]. According to Ślusarz et al. [8], mobilisation of the potential renewable energy sources in Poland will make it possible to cover 73% of the national electricity demand. The increased utilisation of renewable energy sources is considered to be a key factor in determining the transition to a prosperous, sustainable, and environmentally friendly economy.



Solar energy is considered to be a highly promising and major renewable energy source [9,10,11]. Its use was previously limited mainly by economic factors (high cost of infrastructure and low efficiency) [12]. The greater efficiency of photovoltaic panels (PV), reduced investment costs [12], along with an increase in electricity prices on the energy market [13,14] and numerous programmes supporting investments in technologies utilising solar radiation [15,16,17,18,19], have made it possible to overcome the economic barriers. The conducted analyses indicate the economic efficiency of these investments [20,21,22,23,24,25,26]. In 2019, solar energy in the EU accounted for 6.7% of the energy generated from renewable sources, whereas in Poland it was 1.4% [7].



Agriculture plays a key role in the national economy, primarily by producing food. Over 10% of the working age population in Poland are employed in agriculture [27] and the share of agriculture in GDP is approx. 3% [28]. Most of the agricultural machines and equipment are driven by energy generated from fossil fuels [29]. The promotion of the use of renewable sources in rural areas is essential in view of its high potential. According to Ślusarz et al. [8], in Poland, only urban and industrial centers would require support from the conventional power engineering sector.



Problems related to the use of photovoltaics have been investigated in many studies and analyses. Among other things, they focused on satisfying the demand for electricity in agricultural settlements located on islands or in remote areas, having no access to the energy transmitted by the power grid. The conducted analyses indicate that such installations may meet the demand of both households and agricultural production (primarily the irrigation of field crops). However, they require financial support in order to reach economic efficiency [30,31,32].



Particular attention needs to be focused on agrivoltaics (also called agrophotovoltaics), which combine the generation of electricity with agricultural production in the same area [33]. Such an approach assumes that farmlands, on which photovoltaic installations have been constructed, will not be excluded from agricultural production—in contrast to typical photovoltaic farms requiring changes in land use [25,34]. The research conducted in this respect was mainly concerned with the effect of PV installations on greenhouse roofs on plant growth, as well as the volume and quality of crop yields. The obtained results show several benefits of this solution [20,21,26,35,36,37,38,39,40]. Greenhouse cultivation requires considerable amounts of energy to control the internal environment, which depending on the climate, is used in cooling, heating or lighting [41]. This energy is frequently derived from fossil fuels and collected from the grid [3], thus leading to the considerable interest in the potential application of photovoltaics. The effect of PV on field crops grown outdoors and outside greenhouses was investigated, e.g., by Cho et al. [42], who compared the quality and volume of grape yields from plantations, in which various panel types (conventional, bifacial, and transparent) were used with those of crops grown with no such installations or by Amaducci et al. [38], who conducted simulations for maize culture in northern Italy.



Photovoltaics are also used to meet the electricity demand of farms specialising in animal rearing and breeding. The use of photovoltaic systems attached to the grid in dairy farms producing energy for the household and for animal production (lighting of buildings, milking, water heating and pumping, milk cooling, etc.) was studied, e.g., by Bey et al. in Algeria [22] and Neto and de Carvalho Lopes in Brazil [43]. Studies are also being conducted on the potential use of energy generated by photovoltaic cells, particularly to maintain the thermal comfort of animals in pig [20,39] and poultry production systems [44,45].



Most of the studies have been primarily concerned with the effect of photovoltaic installations on the volume and quality of production [3,39,40,42,43,46,47,48], while only to a very limited extent considering economic aspects. Querikiol and Taboada [31] compared the economic efficiency of the use of solar energy and diesel oil to cover the demand for energy to irrigate agricultural crops in the Camotes Islands (Phillipines). Depending on the assumed oil price, a greater efficiency was recorded for PV or the mixed system. The application of PV replacing diesel oil to provide electricity to households and to pump water in Palestine was investigated by Ibrik [30], who showed a greater economic efficiency of photovoltaic systems. Bey et al. [22] as well as Dinesh and Pearce [25] compared the costs of photovoltaic installations with the value of energy they generated. The results obtained by Dinseh and Pearce [25] showed a 30% increase in the economic value of farms after they implemented agrivoltaics. The economic effects attainable thanks to agrivoltaics to a considerable extent depend on the amount of energy which may be generated, while maintaining the required production quality [49]. The analyses concerning the cost of generating 1 kWh were conducted, e.g., by Nacer et al. [21] in dairy farms, Valino et al. [20] in piggeries, and Schindele et al. [26] in field crop cultivation.



The production of electricity using solar panels is an example of an investment, in which both costs and benefits affect a greater social group. In accordance with the theory of welfare economics, functioning within the framework of normative economics, the social aim of resource allocation in a free market economy is to maximise social welfare. The distribution of resources between the individual members of the society needs to follow the Pareto criterion. Pareto optimality is a situation preventing such a reallocation of resources, which would lead to the increased welfare of an individual(-s) at a simultaneous welfare deterioration of the other individuals [50,51]. The present-day market economy does not always guarantee the optimal utilisation of resources. In all the situations, the equilibrium is within free, unregulated markets (i.e., markets not subjected to a direct price or quantitative and do not lead to an efficient allocation of resources are termed “market failure” [52,53,54]). The main sources of market failure include imperfect competition, unfair distribution of goods, economic instability, imperfect information, the existence of public goods, and externalities. The latter consists of the transfer of a portion of costs or results from the operations of one’s entity to other entities with no compensation. These effects are not considered in the transactions and appraisals/costing and are not reflected in the costs or benefits of their producer.



Externalities result from the difference in final costs and in marginal utility between the micro- and macroeconomic. In the case of negative externalities, the marginal social costs exceed the marginal costs of the entity, which cause the externality. Taking environmental effects into account in the economic calculus puts the issues of this article into the “green economy” trend [55,56,57]. A green economy can be defined as one that improves welfare and social equity, while significantly reducing environmental risks and ecological scarcities [58]. It has low carbon, is resource efficient, and inclusive. In practice, a green economy is one where income and employment growth is driven by public and private investments that reduce dioxide carbon emissions and pollution, increase energy and resource efficiency, and prevent the loss of biodiversity and ecosystem services [59,60].



The concept of “green growth” [61,62,63] points to the need to develop and diffuse technologies that bring environmental benefits [64]. From an economic point of view, however, there may be concerns as to whether investments in green technologies, including renewable energy technologies, are socially optimal [65]. In this situation, there are challenges related to taking into account the positive and negative aspects, both environmental and social, of the valued goods and services [66]. This is especially important since the development of green technologies, green energy, and low-energy sectors, which are the essence of what is understood as green economy, is possible thanks to the support of investments from public funds. The analyses conduced so far, to evaluate the efficiency of energy production from renewable sources, focused primarily on microeconomic accounting, disregarding the externalities of such operations. In our study, it was decided to conduct a macroeconomic evaluation (from the social point view, in the perspective of the entire population) for the efficiency of investment in a photovoltaic installation to meet the demand for electricity in three farm types (dairy farms, field cropping farms, and mixed production farms) operating in Poland. Local conditions and regulations were taken into consideration, as they distinguish the energy market in Poland from that of other EU countries [67] and have a considerable impact on profitability of such investments [68,69]. To date, the studies conducted have focused on the microeconomic efficiency (from the point of view of a single farm) for the PV system [20,21,22,25,26,30,31,35]. A novel element in this study is connected with the evaluation of economic efficiency of electricity production using a PV installation from the point of view of the entire society (macroeconomic accounting). Therefore, it expands the approach applied to date, according to which the economic evaluation of an enterprise was conducted solely from the point of view of an investor (microeconomic accounting). Following the economic theory, there are many differences between micro- and macroeconomic accounting [70,71,72]. In this study, the conducted evaluation of macroeconomic efficiency was based on the volume of costs and benefits determined in microeconomic accounting. In social accounting, these values were adjusted based on:




	−

	
Elimination of the effect of these elements on flows of values, which constitute cash transfers;




	−

	
Correction of the amounts of flows of values based on the value of externalities.









The identified externalities resulting from the construction of PV installations include the contribution to improved atmospheric air quality. The estimate of environmental external benefits was based on the estimate of prevented environmental losses, thanks to the replacement of energy generated from fossil fuels with that produced using solar panels.



Additionally, a novel element in this study is connected with the macroeconomic aspect of benefits and costs of photovoltaics used to satisfy the demand for electricity both for the household and agricultural production. A major part of this paper is devoted to the regional variability in the macroeconomic efficiency of investments in photovoltaic panels depending on the farm type. In the opinion of the authors, in view of the extensive public subsidising of photovoltaic systems in agricultural areas, it is an important problem and thus, requires extensive research.




2. Materials and Methods


2.1. Indicators in the Evaluation of Investment Economic Efficiency


The aim of this study was to assess the economic efficiency of electricity production using solar panels, from the point of view of the entire population (macroeconomic accounting). This accounting is particularly important in the case of projects having an environmental impact, e.g., production of energy using renewable sources, since outlays and particularly the effects of such economic activity affect large groups within the society. This evaluation concerned the efficiency of PV installations mounted on the ground and used to generate electricity to cover the needs of the household and the demand related to the agricultural production. Ground-mounted photovoltaic modules facilitate the optimisation of module settings in order to reach the best possible insolation (solar panel orientation—southern exposure, tilt angle of 30°), and thus to generate the greatest amount of energy. An additional factor influencing the selection of this PV system is connected with the limited rooftop area of farm buildings, which in many cases is insufficient to mount a sufficient number of solar panels, in order to ensure that the produced energy covers the entire demand for electricity in the household, together with the energy used for agricultural production processes [43]. This results from a study by Zeraatpisheh, Arababadi, and Saffari Pour [73], in which the rooftop photovoltaic system produces more energy than the ground-mounted PV in regions of hot climates. In contrast, no such dependence was observed for temperate climate regions.



The production of electricity using solar panels is a long-term enterprise. For this reason, the economic evaluation of such investments should be conducted using the cost-benefit methods, considering the timing of various related outlays and effects [74]. The following indexes evaluating the economic efficiency were used in this study:




	
Net present value—constitutes the difference between the sum of discounted future cash flows generated by the project and the value of incurred investment outlays. NPV is calculated according to the following formula [75]:










  NPV =   ∑   t = 1  n     C t       (  1 + r  )   t     



(1)




where Ct is the stream of cash flows generated by the project in a given subperiod t (e.g., year), and R is the discount rate reflecting the capital acquisition cost to finance the project. A condition of efficiency is to have NPV ≥ 0 [76];



	
Internal rate of return—indicates the value of the discount rate, in which the net present value of investment (NPV) is 0 [77]. This means that IRR determines the maximum level of capital acquisition cost, in which the project remains economically efficient. Mathematically, IRR may be calculated using the following formula:







     ∑   t = 1  n     C t       (  1 + r  )   t    = 0   



(2)





in which the discount rate r is the searched IRR value [75,76];



	
Payback period—defines the period of time needed to generate sufficient, positive cash flows by the investment project, to cover the initial investment outlays together with all the earlier negative flows. This is a period, in which the project’s accumulated present net value of cash flows, is zero. A project is acceptable if the period of return is shorter than the period of its economic utility or is shorter than the period of return of incurred outlays accepted by the investor [77,78].






In order to apply the cost-benefit methods to assess the macroeconomic efficiency of investments, it is necessary to determine an adequate social discount rate (SDR). The literature on the subject indicate various approaches to the determination of an adequate SDR. On the one hand, it is recommended to apply the lowest possible discount rate to adequately take the future into account. In a long-term perspective, the adoption of a zero discount rate would mean that the interests of future generations are considered in the accounting to the same extent as the interests of the present generation. In a short-term perspective, this would mean no time preference in relation to the benefits, which contradicts with the general social belief. In turn, a too low discount rate may lead to excessive investments, which will result in increased external costs. A too high discount rate eliminates long-term costs and benefits. In this study, the authors applied the commonly accepted method [6] to calculate the social discount rate, i.e., social time preference (STP) [79,80,81,82]. This method is based on the long-run economic growth rate and takes into consideration the preference for near-term benefits. It also considers the effect of the diminishing marginal utility of consumption, resulting from the assumption that future generations will be richer than the present. For this reason, a unit of future consumption will have less value for the future generations. In other words, it will provide less utility than a unit of consumption for the recent generation. The study results, connected with the calculation of the social discount rate using the social time preference method, were presented by Freeman, Groom, and Spackman [83]. In the opinion of those authors, an adequate discount rate, which may be used when assessing economic efficiency from the social perspective, is an SDR of 3.5%. The value of the discount rate was also adopted in this study.



The investment time horizon, i.e., the period of time, for which a forecast was prepared for cash flows generated by the investment, starting from the first outlays incurred in relation with its realisation, was established for 25 years. This period results from the service life of photovoltaic installations specified based on warranties for materials given by the best solar panel producers [73].




2.2. Technical Characteristics of Analysed Variants


The macroeconomic efficiency of energy production using photovoltaic installations was evaluated for 48 calculation variants, identified based on:




	
Location of the installations—with 16 locations analysed—in accordance with the administrative division of Poland into 16 provinces. The analyses conducted at the level of provinces result from the different characteristics of farms in various regions of Poland and the diversification of provinces in terms of the operator involved in the distribution of electricity. Depending on the geographical location of the province, the solar radiation density also varies. Therefore, the conducted analyses differentiate the economic efficiency of photovoltaic installations depending on environmental and climatic conditions;



	
Farm types—for each location, three farm types most commonly found in Poland, were selected:




	(a)

	
Type A—farms specialising in field crops, including, e.g., farms specialising in growing cereals and oil crops;




	(b)

	
Type B—dairy cow farms;




	(c)

	
Type C—mixed production farms.














Among the Polish farms participating in the European Farm Accountancy Data Network (FADN), these three farm types account for over 80% of the total number of farms covered by FADN [84].



The data presented in this paper concern the photovoltaics installed in Poland and the evaluation of their efficiency results, e.g., from the binding support system for renewable energy production based on the national legal acts and documents of strategic character [85,86,87]. However, the assessment method presented by the authors taking into consideration the social costs and benefits may be applied on a global scale. It only requires the adaptation of the adopted assumptions to the specific character of a given country, while taking into consideration both its geo-climatic and legal condition.



The economic efficiency of electricity production using solar panels is evaluated based on the installed capacity of the installation. In the case of a microinstallation, the best method to select the capacity is to apply the approach related to the annual balance, in which the capacity of panels needs to be selected in order to minimise the difference between the energy demand of the household within a year and the energy generated by the installation [88]. For this reason, in this study, the determination of the value of investment outlays related to the production of electricity using solar panels was based on the annual electricity demand of the farm, including household energy consumption and the demand resulting from the agricultural production processes.



According to the data of Statistics Poland (formerly the Central Statistical Office), the electricity demand for a model Polish household in a rural area is 3006 kWh per year [89]. The level of electricity demand related to the agricultural production of a farm was determined based on FADN data. The greatest electricity consumption is observed in the case of dairy cow farms, while it is lowest in farms with the predominance of field crop production (Figure 1). This is connected primarily with the production technology used. In this case, animal production due to the use of many additional machines and equipment (e.g., automatic milking machines, milk transport, and cooling systems) is all powered by electricity, and thus is characterised by greater energy consumption compared to plant production. A considerable variation in energy consumption for the needs of agricultural production may be observed between the individual provinces. In all the farm types, the lowest energy consumption is recorded in the Świętokrzyskie and Podkarpackie provinces. In turn, those with the greatest electricity consumption related to agricultural production processes include the Kujawsko-pomorskie, Warmińsko-mazurskie, and Wielkopolskie provinces. The observed differences are caused by the regional diversification of farms in terms of their size measured by the farm area and stocking rates.



The insolation of Poland does not differ markedly from that observed in the countries of Central Europe at comparable latitudes. In terms of the utilisation of solar energy by photovoltaic installations, the most important parameter is the annual insolation, which determines the amount of solar energy per surface unit area over a specific time. Considering this parameter, it may be stated that insolation conditions in Poland show considerable regional diversification—annual solar irradiation ranges from 830 to 1050 kWh/m2 [90]. Such an amount of solar radiation reaching a given area is sufficient to cover 60% of the demand for electricity (in the winter months) up to over 100% (in the summer months). A region with the highest annual irradiance is located in southern Poland (the Podkarpackie, Małopolskie, Śląskie, and Opolskie provinces). In turn, north-western Poland is the region with the least advantageous insolation conditions and comprises the Lubuskie, Zachodniopomorskie, and Kujawsko-pomorskie provinces.




2.3. Investment Outlays and Operating Costs of Photovoltaic Installations


The economic efficiency assessment of an enterprise consists of a comparison of the volume of income (benefits) resulting from its realisation with its costs, while also taking into consideration the investment outlays connected, e.g., with its construction. The calculations presented in this study were made at a fixed, current price level (recorded in June 2021). The values calculated by the other authors expressed using the other price levels were updated using the consumer price index [91] and the European Union Consumer Price Index (CPI) [92]. The values expressed in PLN were converted to EUR based on the mean EUR exchange rate of the National Bank of Poland for June 2021 [93].



The value of investment outlays was determined based on the insolation recorded in a given province and the annual demand for electricity of the farm depending on its type. The minimum number of solar panels required to cover the total annual electricity demand calculated for the analysed variants ranges from 10 to 31. Further calculations are based on data for the JA SOLAR 385 W solar panel with the following technical parameters:




	
Rated power: 385 W;



	
Maximum power: 291 W;



	
Module efficiency: 20.7%;



	
Temperature coefficient of power: −0.350%/°C;



	
Inverter type—5.0 kW, three-phase.








For comparison, the analyses conducted by the authors concerning the installation of a photovoltaic system to produce electricity only to cover the needs of the household, indicate that this number should be from 8 to 12 [94]. Including the additional demand related to agricultural production processes increases the size of the required photovoltaic system, particularly in the case of a type B farm. Investment outlays for PV installations producing electricity for the needs of farms range from EUR 4340 including tax (in the case of 10 solar panels providing energy for a type A farm in the Świętokrzyskie province) to EUR 9670 (in the case of 31 panels providing electricity for a type B farm in the Kujawsko-pomorskie province).



In view of the considerable social benefits resulting from the replacement of hard coal in electricity production with solar energy, investments involving renewable energy sources are subsidised using public funds. This support is provided through a system of subsidies, tax benefits, and preferential loans. An example of a support programme dedicated to owners or lessees of agricultural land in Poland is Agroenergia. The subsidy granted within this programme for a microinstallation may reach 20% of the eligible costs of this investment and amounts to a maximum of EUR 3330 [95].



From a social point of view, subsidies and tax benefits are transfers of funds. For this reason, when efficiency was determined the macroeconomic accounting considered the total value of investment outlays, which would have to be incurred at a lack of government support. The adjustment of the value of investment outlays consisted solely in the elimination of the value added tax (VAT).



Apart from the investment outlays, the production of energy using PV systems requires annual operating costs. From the point of view of the installation owner, the following operating costs are distinguished:




	
Costs related to the installation insurance—according to the terms and conditions of the insurance applied by an insurance company operating in Poland, the premium ranges from 0.6 to 0.72% of the installation value [96].



	
Costs of repairs and costs related to the elimination of breakdowns—for the first 12 years of the installation operation, such works are performed based on the warranty granted by the firm installing the solar panels. At the expiry of the warranty period, it may be extended for another few years. The cost of servicing is EUR 30/year.



	
Costs of solar panel disposal—the cost of solar panel disposal was established based on the current price list of a firm providing such services and amounts to EUR 0.33/kg. This cost includes the cost of transport amounting to EUR 0.55/km [97]. It was assumed in this study that the mean distance, which decommissioned solar panels that need to be transported, is 100 km.








Moreover, the above costs are an element of the calculations in macroeconomic accounting, which were used in the calculation of macroeconomic efficiency excluding VAT.



The electricity produced using photovoltaic installations is primarily used to meet the current needs of a farm. If the current production of energy exceeds the current consumption, the surplus is released to the grid. In accordance with the legal regulations binding in Poland within the framework of the so-called net-metering, i.e., a periodical billing system, the installation owner may collect from the grid (in the case of an installation of max. 10 kW) 0.8 kWh for each 1 kWh of energy released to the grid [98].



In the case when the owner of a photovoltaic installation collects from the grid the electricity he produced earlier, no purchase costs are charged. Therefore, economic efficiency depends on the amount of energy consumed directly to meet the current needs. Energy, which is not directly consumed by the energy producer is released to the grid, from which only 80% may be redeemed with no sale fees charges. The rest of the energy has to be purchased based on the rates and tariffs applied by individual suppliers, i.e., differing from region to region depending on the energy supplier in a given area. According to a study by Chwieduk, Bujalski, and Chwieduk [99], the consumption of energy generated by their owners in photovoltaic systems depending on the energy consumption profile of the user, ranges from 27 to 35%. On average, the auto-consumption rate is 30% and this value is adopted in these calculations.



The level of electricity production from PV systems depends on the degree of their wear. The wear of solar panels is estimated at 80% of their initial efficiency after 25 years of service life, according to the warranty granted by the producer for the efficiency of photovoltaic panels [100]. In view of the above, it was assumed that the efficiency of energy production in the successive years of the system operation will decrease exponentially to 80% after 25 years.



From a social point of view, energy production from renewable sources provides additional benefits resulting from a lower level of subsidies to hard coal extraction and reduction of environmental damage, which is caused by conventional power engineering. The estimated value of state financial assistance in the case of electricity production from coal is EUR 2.50/kWh [4]. This value defines the unit social benefit resulting from the replacement of coal power engineering with photovoltaics. The society by replacing coal in energy generation with solar energy saves this amount as an unrealised expense, which would have been paid from public funds as a subsidy to coal mining.



The production of electricity using solar panels is also connected with smaller external costs compared to coal power engineering. From a social point of view, the replacement of coal with renewable energy sources brings benefits due to lower losses resulting from environmental pollution. The external costs of power generation systems refer to all the negative effects related to a given technology of electricity and heat generation, at all the technical stages, such as the construction and then decomissioning of the power plant, extraction and transport of energy materials, as well as emission of pollutants during energy production. In this approach, external costs are determined for the entire life cycle of the process and are not limited to energy production. Such calculated external costs are specific to individual energy generation technologies.



A review of the current studies on external costs related to energy production from various sources is given in a study by Samadi [4]. Based on the estimate of external costs, provided by Samadi for external costs generated as a result of electricity production from combustion of hard coal and its production using PV systems, its difference may be calculated as a unit value of social benefits resulting from an improved environmental quality. The unit value of social benefits from the replacement of energy generated from coal combustion with solar energy is EUR 10.35/kWh.





3. Results and Discussion


When comparing macroeconomic efficiency with the microeconomic assessment it may be stated that in macroeconomic accounting this operation is characterised by greater efficiency. This concerns the evaluation conducted based on all the three indexes of economic efficiency. Depending on the variant, the calculated NPV in social accounting is 40–80% higher than in microeconomic terms. The highest NPV amounting to EUR 22,920 in macroeconomic accounting and EUR 16,625 in microeconomic accounting was recorded in the case of a type B farm located in the Kujawsko-pomorskie province. In turn, the lowest efficiency was observed for the investment in the case of a type A farm in the Świętokrzyskie province, where NPV was EUR 8240 in macroeconomic accounting and EUR 5550 in microeconomic accounting, respectively. A greater efficiency of this investment in macroeconomic accounting is caused by the incorporation of additional effects resulting from benefits in the form of reduced external costs and savings in public funds, thanks to the decreased subsidies to mining. The value of additional effects offsets the initial difference in the level of investment outlays between these types of accounting. In the case of microeconomic accounting, the value of investment outlays is lower, which results from the potential subsidy to install the PV system.



The NPV calculated in microeconomic accounting may be compared with other data obtained for Poland. According to a study by Drzymała and Korzeniewska [101], the NPV for a 50 kW photovoltaic installation is EUR 19,068 at investment outlays connected with the realisation of investments exceeding EUR 40,000. Thus, a high NPV results from the high value of investment outlays connected with the construction of photovoltaic installation. From the data obtained for Morocco, the case of a much smaller installation (4.08 kWp), is the NPV, depending on the adopted discount rate range from EUR 4000 (in the case of the rate of 0%) to approx. EUR 0 (for the rate of 6%) [102].



Another index in the evaluation of economic efficiency calculated in this study is the payback period. This index is of particular importance for the investor, since it defines the time which needs to pass for all the outlays incurred so far (including the investment outlays) to be reimbursed, thanks to the benefits resulting from this enterprise. The calculated payback period in macroeconomic accounting, depending on the calculated variant, ranges from 4.3 to 6 years. For comparison, the payback period in microeconomic accounting (from the point of view of the investor) is 1–2.4 years longer. Both in macro- and microeconomic accounting, the fastest return of the incurred outlays and expenses is recorded in the case of the PV systems installed in a type B farm (Figure 2). Due to the greatest demand for energy, the mean payback period for such farms in macroeconomic accounting is 4.6 years. For comparison, the period for a type C farm is 5.1 years and for a type A farm is 5.3 years.



The payback period calculated in this study for microeconomic accounting may be compared with values given by other authors. Among the studies conducted for Polish conditions, we need to mention here a paper by Soliński and Kapała [103] which refers to the economic efficiency of a PV system in a small rural household in the southern part of Poland. The payback period established by those authors was 9–10 years when considering subsidies. However, without this support, the analysed investment was not paid back within the 15 years adopted as the investment time horizon. In turn, Bartecka et al. [104] obtained a payback period of 9 years for public buildings. Górnowicz and Castro [10], when studying rooftop photovoltaic systems of 20 and 40 kWp installed in Poland, received the payback period of 6–11 years. For an installation of 100 kW, Knutel et al. [67] showed the potential return of investment within 8.8 up to 14.74 years, depending on whether the investor undertakes the storage of energy. In the case of a photovoltaic farm of 1.4 MW, Gradziuk and Gradziuk [105] reported the payback period of 9 years when a subsidy is granted and 13 years without subsidies. Our results for microeconomic accounting indicate that the payback period for a PV system, which is to satisfy the electricity demand of a farm, depending on its type ranges from 5.4 to 8 years. Shorter payback periods than those cited above are mainly a consequence of reduced costs of photovoltaic systems, increased efficiency of solar panels, and changes in the system of financial support for such investments in Poland. Additionally, we need to mention a study by Ibrik concerning the replacement of energy generated using diesel oil with energy from photovoltaic panels in agricultural areas in Palestine. For such an investment, the payback period is 3.5 years [106]. An equally short return period—3 years—was recorded in the case of a photovoltaic installation mounted on the roof of a university in Jordan, which is composed of tracking modules with the total power exceeding 15,000 kWp [107].



The last analysed index in the evaluation of efficiency of photovoltaic installations covering demand for electricity in a farm is the internal rate of return (IRR). According to Awomewe and Ogundele [108], IRR may be defined as the economic rate of return from a project, thus this index may be used as a criterion in the decision-making process when selecting various alternative investments. The conducted calculations indicate that the internal rate of return in the case of macroeconomic accounting, depending on the farm type, ranges from 21 to 32%, while in microeconomic accounting, it is from 14 to 20% (Table 1). Similarly, as in the case of the previous indexes, the highest economic efficiency was observed for the PV systems installed in a type B farm. Higher rates of return in macroeconomic accounting result from the greater value of social effects compared to the values of effects from the point of view of the investor.



The IRR values calculated in microeconomic accounting are higher than those indicated by other authors. The internal rate of return given in a study by Brodziński, Brodzińska, and Szadziun [11] for photovoltaic farms, depending on the installed power, ranges from 9.33% to 11.84%. The results presented by Gnatowska and Moryń-Kucharczyk [109] indicate that the internal rate of return for photovoltaic systems depends on the values of investment outlays, electricity prices, and the share of funds from a bank loan in the financing of the investment. In the case of the system financed solely from the investor’s own funds, IRR ranges from 12% to 18% for investment outlays of EUR 533.3 thousand and from 3% to 6% for the installation worth EUR 777.7 thousand. With an increase in the share of the investor’s capital obtained from a bank loan, the efficiency of this investment decreases. Apart from the factors indicated by those authors as influencing the efficiency of photovoltaics, the internal rate of return from such an investment depends on the adopted financial support system from public funds. According to Klepacka and Pawlik [110], in the case of 60% subsidisisation of investment outlays, the IRR for photovoltaic installations is 7–11%, depending on the level of investment outlays. However, these values were calculated taking into consideration the previous mechanism of purchasing energy generated by PV installations, the so-called green certificate system. In the opinion of Górnowicz and Castro [10], in the case of optimal configuration of a photovoltaic system using the currently binding support system for energy purchase, i.e., net-metering, the internal rate of return may even exceed 17%. The value of the internal rate of return is also dependent on the time horizon of the conducted analyses. The calculations made by Bertsch and Di Cosmo [30] for the evaluation of photovoltaic systems producing electricity in various European countries indicate that a shortening of the analysed period from 20 to 15 years results in a decrease of IRR on average by 2 p.p. In contrast, an extension of the period from 20 to 25 years causes an increase in IRR on average by 1 p.p, while its extension to 30 years leads to an increase by a further 0.5 p.p. In the case of Sudan, the IRR for the variant of an investment realised with no state support was 4% and 10% in the case of government support provided by tariff rates [111].



The economic efficiency of photovoltaic systems producing electricity to cover the needs of farms depends not only on the farm type, but also on its location. Due to different insolation conditions and the diversity of farm size, as well as characteristics of their production, the efficiency of photovoltaic systems varies in Poland. For this reason, the next stage of analysis was to identify homogeneous areas in terms of calculated values of indexes for economic efficiency in macroeconomic accounting. For this purpose, the provinces were grouped using the K-Means method and assuming K = 3 [112]. As a result, for each farm type, these provinces were indicated, in which energy production using photovoltaic panels to cover the needs of farms showed low (group 1), medium (group 2), and high economic efficiency (group 3) (Figure 3).



Based on the conducted calculations, it may be stated that the regions with the highest macroeconomic efficiency of energy production using photovoltaic systems to cover the needs of farms include the Wielkopolskie province (high efficiency for all the three types of farms), as well as the Kujawsko-pomorskie, Pomorskie, Warmińsko-mazurskie, and Opolskie provinces (high efficiency for type B and C farms, and medium efficiency for a type A farm). In turn, the provinces, in which efficiency of photovoltaic systems producing energy to cover the needs of farms is lowest, include the Świętokrzyskie, Lubuskie (low efficiency for all the farm types), and the Zachodniopomorskie province (low efficiency for type A and C farms, as well as medium for a type B farm). The main factor affecting the observed variation between the individual provinces is connected with the size of farms, characteristic to specific regions of Poland. In the regions belonging to group 3 (high economic efficiency), the size of farms determined based on the mean farm area [ha] and stocking rate [LU/farm] is several times greater than that of farms in the Świętokrzyskie province (low economic efficiency). Additionally, the group of regions with the lowest economic efficiency included the Zachodniopomorskie and Lubuskie provinces. In terms of insolation, they are areas with the lowest annual solar irradiance. However, the efficiency of photovoltaic installations producing energy to cover the demand of farms depends to a greater extent on the size of those farms, rather than climatic conditions. This is confirmed by the example of the Kujawsko-pomorskie province, which despite low insolation belongs to the group of provinces characterised by high economic efficiency thanks to the size of its farms.



In view of the above statement, econometric models were constructed to describe the dependence between macroeconomic efficiency and farm size for each farm type. For this purpose, the following variables and ranges of their variability were adopted:



Explained variable Y—NPV in macroeconomic accounting [EUR];



	
Explanatory variables:



	
X1—mean farm area in the province, with the range of variation from 7.5 to 55.4 [ha];



	
X2—mean stocking per farm in the province, with the range of variation from 0.4 to 12.1 [LU/farm].






As a result of the applied least squares method, the following regression equations were obtained:




	
For a type A farm    Y ̂= 365∙X_1    R^2 = 0.85;



	
For a type B farm    Y ̂= 555∙X_2    R^2 = 0.95;



	
For a type C farm    Y ̂= 583∙X_1    R^2 = 0.94;



	
For all the farms regardless of their type:










Y ̂= 346∙X_1 + 256∙X_2    R^2 = 0.92



(3)







An evaluation of the estimation quality of structural parameters for these models indicates that all the parameters are significantly different from zero at the significance level α = 0.05. Moreover, the models were validated by the verification that they meet the criteria of correctness both for the degree of consistency with empirical data and for meeting the assumptions concerning random components. Therefore, it may be stated that under Polish conditions, the macroeconomic efficiency of energy production using photovoltaic systems to cover the needs of farms, measured based on NPV, depends on:




	
Farm size in the case of farms specialising in plant production (type A) and mixed production farms (type C);



	
Stocking rate in the case of dairy cattle farms (type B);



	
Both the farm size and stocking rate in the case of analysis covering all the farms regardless of their type.








With an increase in farm size (an increase in farm area, greater stocking rate), the economic efficiency is growing. This is caused by the fact that with an increase in the volume of agricultural production the demand for electricity on farms is growing, which leads to an increase in the value of social effects resulting from the replacement of coal in electricity production with solar energy. The increase in the social benefits exceeds the increase in the operating costs and investment outlays recorded in the case of the greater installed power of the PV system.




4. Conclusions


The conducted calculations indicate that the production of electricity using photovoltaic installations to cover the needs of farms in Poland shows high efficiency—both in the micro- and macroeconomic accounting. The NPV in macroeconomic accounting, depending on the type of farms, ranges from EUR 8200 to almost EUR 23,000. For comparison, the calculated NPV in microeconomic accounting is 27% to 45% lower. Similarly, the evaluation of efficiency based on the payback period shows that the analysed investment projects show higher efficiency in macroeconomic accounting. The calculated payback period for the macroeconomic accounting, depending on the type of farms, ranges from 4.3 to 6 years and is, approx., 1–2.4 years shorter compared to the payback period calculated in the microeconomic terms. The internal rate of return determined in macroeconomic accounting ranges from 21% to 32% and is, on average, 9 p.p. higher compared to the IRR calculated in microeconomic accounting.



The presented values are slightly higher than those obtained by the other authors concerning the economic evaluation of photovoltaic installations in Poland. This results from the fact that most of the studies conducted to date were limited only to the assessment of a single, specific investment project covering the household demand for energy. An extension of the scope of analysis to include energy consumed in the agricultural production processes resulted in an increased economic efficiency of this investment. With an increase in the demand for energy, both investment outlays and operating costs are growing, while an increase is also observed for the benefits resulting from this PV system. However, since the rate of increase in the value of positive cash flows exceeds the rate of increase in negative cash flows, economic efficiency increases with the growing demand for energy. For this reason, the most preferable farms in terms of the economic evaluation of photovoltaic installations are dairy cow farms (type B). The high demand for electricity resulting from the specific character of milk production technology is reflected in the high economic efficiency of energy production using solar panels on those farms.



The greater economic efficiency in macroeconomic accounting terms compared to the results obtained for microeconomic accounting is due to the greater value of benefits. In microeconomic accounting, a PV installation brings benefits only in the form of savings due to the lower variable costs related to the purchase of electricity. In contrast, in macroeconomic accounting, the production of electricity from renewable sources, including solar energy, produces benefits thanks to the elimination of environmental damage caused by the extraction and processing of conventional energy carriers. This results in lower levels of external costs in the case of PV installations when compared to external costs generated by the production of energy in coal-fired power plants. Additionally, in Poland, an increased share of renewable energy sources in electricity production may contribute to a reduction of public funds expenditure, otherwise incurred for subsidies to coal mining.



By definition, externalities are not included in market price calculations. Therefore, the cost-benefit account presented in the paper differs from the microeconomic point of view from the social valuation. The calculations carried out indicate the legitimacy of identifying the external effects of various energy systems, and determining the level of the related external costs. Only this approach will make it possible to compare external costs with internal costs of energy production and compare competing energy systems, including conventional technologies with renewable energy. As markets by their nature do not internalize external costs, internalisation can be achieved by appropriate policy measures such as taxes, adjusted electricity rates, subsidies or other forms of public support. The calculations presented in this work indicate that the inclusion of external costs and benefits in the economic calculation justifies the support of renewable energy from public funds. The need for public aid is due to the higher costs of producing energy from renewable sources compared to conventional technologies. A comparison of the costs of regulations promoting renewable energy sources with externalities shows that the mechanism introduced in many countries is a response to some market imperfections: Positive externalities of renewable energy, such as reduction of greenhouse gas emissions and other pollutants, contribution to technological progress, and lower production costs over a longer period of time perspective. The results of the work are in line with the theory of welfare economics, which indicate the need to take actions leading to the maximization of social welfare. In this context, the objective of the RES support mechanisms should be to maximize the difference between the benefits and costs caused by taking a given public decision. An alternative, identical decision criterion may be minimization of total costs, being the sum of one’s own costs and external costs.



The higher efficiency in the macroeconomic calculation obtained for each of the analyzed calculation models indicates that the photovoltaic support system applied in Poland does not lead to a reduction in the level of social welfare. Rather, the social cost of regulation is lower than the social benefits resulting from the quality improvement of the natural environment.



Moreover, we need to focus on the results that show a regional diversification in macroeconomic efficiency of investments in photovoltaics generating electricity on farms in Poland. In this respect, the most advantageous provinces include the Wielkopolskie, Kujawsko-pomorskie, Warmińsko-mazurskie, and Opolskie. This results primarily from the large-sized farms found in those provinces. The regions least advantageous, when considering the location of photovoltaic installations producing electricity for the needs of households and to cover the energy demand of agricultural production, include the Świętokrzyskie, Lubuskie, and Zachodniopomorskie provinces. This is caused by the lowest annual irradiance in those regions (the Lubuskie and the Zachodniopomorskie), as well as the small farm size resulting in low demand for electricity (the Świętokrzyskie province).



The econometric models developed based on the obtained results, indicate that in the case of photovoltaic installations producing energy to cover the needs of farms, their macroeconomic efficiency measured by NPV may be determined based on the parameters characterising the volume of agricultural production, such as farm size [ha] and/or stocking rate of the farm [LU/ha].



The presented results concerning micro– and macroeconomic efficiency of energy production using PV installations may be applied to modify the national policy to support photovoltaics in Poland. In microeconomic accounting, the condition ensuring the efficiency of energy production using photovoltaic systems is to apply an adequate level of financial assistance from public funds as subsides to PV installations and an appropriate settlement mechanism for the produced electricity. Adoption of such solutions makes investments in photovoltaics profitable. On the other hand, the calculations presented in this study indicate that the mechanism currently used in Poland to support the development of photovoltaics, which is based on the system of subsidies and settlements on net-metering is economically justified. The value of additional social benefits from the replacement of coal in electricity production with solar energy exceeds the volume of financial support from public funds received by PV installation owners for their investment. However, it needs to be mentioned that these benefits will appear only when energy production using PV systems leads to an adequate reduction of energy generation in conventional power plants. This may be attained in the case of further support for the entire renewable energy sector aiming at increasing its share in the energy balance of Poland. Nevertheless, it needs to be stressed that in Poland, due to considerable differences in insolation in individual solar power, production requires supplementation with energy produced from other sources, including grid energy. This is particularly important in the case of installations covering the demand for energy and for the needs of agricultural production requiring a continuous electricity supply.



The results presented in this study indicate that the economic efficiency of photovoltaic installations in Polish farms depends on the type of economic operations. There may be many factors determining this efficiency. In this situation, it seems to be justified to conduct further studies on the economic efficiency of photovoltaic panels, taking into consideration various calculation variants, including, e.g., the application of different discount rates and different sizes of farms located in the same provinces.
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Figure 1. Statistical values of annual electricity consumption related to agricultural production depending on the farm type. 
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Figure 2. Statistical values of the payback period from investment in macro- and microeconomic accounting depending on the farm type. 
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Figure 3. The division of Poland into regions, homogeneous in terms of economic efficiency of electricity production using photovoltaic systems, depending on the farm type. 
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Table 1. Statistical values of the internal rate of return from investment in macro- and microeconomic accounting depending on the farm type.
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Type of Accounting

	
Value

	
Type of Farms

	
Average




	
A

	
B

	
C






	
macroeconomic

	
Minimum

	
21.3%

	
25.7%

	
22.0%

	
21.3%




	
Average

	
25.1%

	
29.5%

	
26.0%

	
26.9%




	
Maximum

	
27.0%

	
32.5%

	
27.8%

	
32.5%




	
microeconomic

	
Minimum

	
13.6%

	
16.0%

	
14.1%

	
13.6%




	
Average

	
16.6%

	
19.8%

	
17.3%

	
17.9%




	
Maximum

	
18.7%

	
22.9%

	
20.0%

	
22.9%
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