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Abstract

:

Human civilization depends on energy sources, mainly fossil fuels. An increase in the prices of fossil fuels and their exhaustibility limit economic growth. Carbon dioxide emission causes global environmental problems. Global crises (including COVID-19) have sharpened food and energy supply problems. The decentralized energy supply systems as well as the expedition of the application of renewable energy may solve these challenges. The economic shift to renewable power generation intensifies the competition between food crop production and green energy for land. This paper applied an open-source spatial-based model to quantify the solar power generation (the ground-mounted photovoltaic panels) for the southern regions of Poland (the Opole region) and Ukraine (the Mykolaiv region). The model used technical, economic, and legal constraints. This study compared economic indicators of the solar power generation and the crop production projects for rain-fed land. The net present value (NPV) and the profitability index (PI) were used for the economic evaluation. Additionally, the coefficients of variation were determined to assess investment risks. The use of r.green.solar model to find the spatial distribution of the reduction of carbon dioxide emission was the novelty of this study. The analysis revealed that the PV projects have higher NPV, but lower PI compared to the crop production. The PV projects have lower coefficients of variation. This fact testifies that these projects are less risky.
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1. Introduction


An increase in the use of renewable energy is caused by three primary reasons. The rapid increase in the demand for energy in developing countries is the first reason [1]. The desire of energy importing countries to improve their energy security is another one [2]. Finally, the mitigation of climate change is the most significant reason. To curb greenhouse gas emissions and to achieve the climate neutrality by 2050 is the objective of using renewable energy [3]. The International Renewable Agency revealed that the solar photovoltaics had developed faster than other renewable energy technologies over the last ten years [4]. The photovoltaics is expected to cover 25% of the world’s electricity demand by 2050 [5].



An increase in the use of renewable energy can help human civilization meet its energy demand as well as to curb climate change. In this regard, the solar power generation has a great potential. Moreover, the photovoltaic conversion of sunlight into energy is more efficient than the photosynthesis [6]. Therefore, the solar power production is more effective than the bioenergy production from an energy point of view. The application of the PV plants on agricultural lands results in the land-use conflict between the edible crop production and the solar power generation [7]. This conflict is escalated in countries that have limited land areas [8].



The global supply and demand in energy markets shape energy prices. The supply imbalance has negative impact on the fossil energy prices. Brent crude oil price jumped up from USD70/barrel in November 2021 to almost USD120/barrel in March 2022 (Figure 1) [9]. Natural gas price peaked on 7 March 2022 (Figure 2) [10].



In 2021, a rise of the wholesale electricity prices has occurred in European countries. An increase in the fossil fuel prices and an unfavorable situation in the wind power generation (in 2021 output dropped by 3.15% because of poor winds) were the primary reasons. A significant fluctuation in electricity prices was observed. The wholesale electricity prices were the highest in Germany and Poland. In Poland, the wholesale electricity prices rose from EUR57.77/MWh (January) to EUR179.64/MWh (December) in 2021. They have exceeded their highest level in the last decade [11,12]. In Finland and Ukraine, they were lower (Figure 3) [13,14]. Since the 1960s, Portugal and Spain have established several agreements to interconnect their power lines. This solution allows countries to use their generation resources in a better way. Therefore, these countries have the same electricity prices [15]. The wholesale prices of electricity in the European Union have risen by approximately 30% since 2008 [16]. This situation in the electricity market promotes the development of the renewable energy, such as solar power generation.



In the recent years, the world economy faced crises that have demonstrated an adverse impact on the energy security. Those were COVID-19 and the Russian-Ukrainian war. In the current situation, many scientists insist on the need to speed up the development of the renewable energy sources [17]. Up to February 2022, the European Union had severe dependence on Russian fossil fuels. About 25% of crude oil and 40% of natural gas were imported from Russia [18]. This dependence is a menace for the energy security.



The European leaders have generated the following responses to these challenges. The first reaction was to re-operate coal-fired power plants. The liquefied natural gas supply from the USA and Qatar was the other reaction [19]. The next step was the transition to nuclear power plants. And finally, the Russian-Ukrainian war made European leaders accelerate the development of the renewable power generation, including the photovoltaics [20]. The European Commission plans to increase solar power generation by 15 TWh in 2022. This value of renewable electricity is enough to substitute about 2.5 billion cubic meters of natural gas. By the end of 2022, 25% of European power generation is expected to be covered by the solar energy [21].



Coal is a primary fuel for power generation in Poland. Polish coal-fired power plants generate about 70% of national electricity [22]. Their operation causes high carbon dioxide emission [23]. Moreover, it is a reason that the country has the highest price of electricity in the European Union [22]. Polish authorities and business are looking for alternatives to solve environmental and economic challenges. As a result, Poland demonstrates the positive dynamics of the solar energy market growth [24]. Moreover, the PV power plants can be an element of vertical integration in agriculture [25,26].



In Ukraine, the share of renewables in energy consumption is 3.31%. It is less than in Europe (42%) and in the world (12.5%). The power generation relies primarily on coal and uranium. In 2020, the share of renewable electricity was 10.7% [27]. It is less than in the world (27.8%). The solar power provides 29% of Ukrainian renewable electricity [28]. Southern regions of Ukraine are promising for the photovoltaics. Due to the state support, farmers increase in the solar power capacity [29].



Photovoltaic may be an effective solution for local power supply systems in rural areas. PV plants are most economically attractive if all the solar electricity is consumed by the owner of the installation [30,31]. However, their development requires public acceptance [32,33] and financial support [34]. Authorities reached the limits of what the public can accept [35]. Incorporating public acceptance into energy policy is a challenge for policymakers [36]. Roddis et al. [37] argued that public acceptance might be a core principle of solar power justice.



The development of the solar power generation is constrained by the following factors: the high investment costs, the high costs of the electricity storage, the strong dependence on climate and geographical conditions, the legislation, and the technical features [38,39]. There are various support mechanisms to increase the capacity of solar power [40]. They seriously affect the attractiveness of investment projects [41]. Feed-in-tariff, tax incentives, green certificates, etc. are a spotlight of numerous studies [42,43].



These power generation systems are explored by many researchers [44,45]. Their studies confirmed that the attractiveness of the PV projects strongly depended on the economy and the geography. The majority of the research was focused on the specific regions [29,46,47]. For example, Brodziński et al. [48] studied photovoltaic farms of the North-Eastern Poland. Therefore, the international application of the results is difficult.



A trade-off between the crop production and the renewable energies such as the photovoltaic (PV) on arable land is a topic thoroughly investigated in the last decade. Different research projects have focused on the land use and the constraints for the installation of the PV plants. For example, Dias et al. [49], as well as Majumdar and Pasqualetti [50], propose the methodologies to evaluate the technical potential of the utility-scale solar PV projects (>1 MW) for Portugal and Arizona (USA), respectively. The Geographic Information Systems (GIS) are tools widely applied to evaluate the best locations for the PV plants.



Calvert and Mabee [51] developed a GIS-based land-suitability modelling and map overlay technique to evaluate the production potential and land-use efficiency. This modelling is used to compare the PV technologies against two short-rotation woody coppice systems (poplar and willow) and two perennial grass systems (switchgrass and miscanthus) in Ontario (Canada). Different investigations often combined GIS with multicriteria evaluation. Marques-Perez et al. [52] used GIS and PROMETHEE (Preference Ranking Organization Method for Enrichment Evaluations) technique to create a map, which shows a ranking of areas with high potential for solar farm development in Valencian communities (Spain). Tercan et al. [53] merged GIS and AHP (Analytic Hierarchy Process) to depict land suitability for the PV plants in central Anatolia (Turkey).



Farmers and decision-makers need practical decision support systems (DSS) to evaluate the best choice for their land and the convenience of traditional agriculture production concerning the PV installation. Therefore, economic appraisal is also required in addition to trade-off analysis. Economic valuation is rarely used to analyse alternative agricultural land application [54].



We set up the following hypotheses.



Hypothesis 1 (H1).

The crop production is more profitable than the photovoltaic power generation.





Hypothesis 2 (H2).

The reduction of carbon dioxide emission in any location is not only a function of the solar radiation. It also depends on the types of the functioning power plants.





The purpose of this study was to compare the economic efficiency of the PV and the crop production projects in the Mykolaiv region (Ukraine) and the Opole region (Poland). Specific objectives are as follows:




	
The analysis of climate conditions;



	
The economic efficiency of the PV projects;



	
The economic indicators of the crop production and their comparison with the PV projects;



	
The reduction of carbon dioxide emission for the PV projects.



	
The results will be useful to develop a strategy for the regional division of labor.









2. Materials and Methods


This study assessed the economic efficiency and the environmental attractiveness of the photovoltaics in the southern regions of Poland and Ukraine. The Mykolaiv and the Opole regions are characterized by high solar insolation for each country.



2.1. Data Collection


In this study, we analyzed different information to compare the economic efficiency of the conventional farming and the PV power generation. We used Official State Statistical data [55,56,57], research papers, reports [58,59,60,61], weather station records [62,63], and market prices [64,65,66,67] to find the necessary data. For the conventional farming, the data contained the following information: main crops, yield, agricultural land area, market prices of crops, and costs of farming activities. We studied investment costs, local solar radiation, electricity generation, and operational expenses for the PV projects. Additionally, the climate data (precipitation, average air temperature, solar radiation, etc.) were taken from the national meteorological databases.




2.2. Net Present Value and Profitability Index for Crop Cultivation Projects


For the crop cultivation projects, the NPV can be calculated via the following formula:


  N P V c =   ∑  j = 1   L T c        G I  C j  − P  C j        1 + 0.01 ⋅ r    j        − I c , EUR / ha ,  



(1)




where GICj is the gross income for crop production in the jth year, USD/ha; PCj is the crop production costs (operating costs) in the jth year, EUR/ha; r is the discount rate, %; Ic is the investment costs for the crop production project, EUR/ha; LTc is the lifetime of the project year.



The gross income in the jth year is equal to [29]:


  G I  C j  =       ∑  i = 1  n     C R  F i  ⋅  Y i  ⋅ M  P i         j  ,   EUR / ha ,  



(2)




where Yi is the yield of the ith crop, t/ha; MPi is the market price of the ith crop, EUR/t; CRFi is the crop rotation factor for the ith crop; n is the number of crops.



The production costs in the jth year are equal to


  P  C j  = A M  R j  + F  C j  + L  C j  + C  C j  ,   EUR / ha ,  



(3)




where AMPj is the repair costs, t/ha; FCj is the fuel costs, EUR/ha; LCj is the labor costs, EUR/ha; CCj is the chemical costs (fertilizers, herbicides, etc.), EUR/ha.



The profitability index (PI) is a dimensionless indicator. It may be used as a criterion for any investment project. It is calculated via the following formula:


  P I =     ∑  j = 1   L T c        G I  C j  − P  C j        1 + 0.01 ⋅ r    j          I c   .  



(4)








2.3. Coefficient of Variation


The coefficient of variation (CV) is a dimensionless indicator. It measures the relative dispersion. The coefficient of variation allows researchers to compare the data sets with different units. We determined the coefficient of variation for the economic indicators such as the NPV and the PI. The coefficient of variation was calculated via the formula


  C V =  σ  M V   ⋅ 100 ,  



(5)




where σ is the standard deviation of a certain indicator; MV is the mean value of a certain indicator.



The standard deviation is determined as


  σ =    1 n  ⋅     ∑  i = 1  n      x i  − M V      2    ,  



(6)




where n is the number of observations; xi is the ith observed value of a certain indicator.




2.4. R.Green.Solar Model


To compare financial performances of traditional agricultural crops and PV plants, the r.green.solar model was applied [42]. The tool is an open-source spatial-based model capable of quantifying the energy production from the solar photovoltaic (PV) ground-mounted panels from theoretical and economic viewpoints. We introduced socio-economic and environmental constraints (i.e., legal, technical, etc.) in the evaluation. Due to the objective of this study, a simplified version of r.green.solar was applied.



The GIS-based tool integrates different geodata into a territorial information system. The procedure is implemented on GRASS GIS software v.7.8. The variables imported by the model are:




	
Solar radiation;



	
Digital Terrain Model (DTM);



	
Land use and main roads;



	
Boundaries.








As to the solar radiation, the raster data were derived from PVGIS map v.4 [68,69]. The data represent the yearly average global irradiance on an optimally inclined surface (W/m2) for 2007–2016 in Europe, Africa, and South-West Asia. The solar radiation data have been calculated from the operational solar radiation data set provided by the Climate Monitoring Satellite Application Facility (CM SAF). As to Digital Terrain Model (DTM), raster data were obtained from Copernicus Land Monitoring Services [70]. As to the Land use and main roads, a vector map was taken from the OpenStreetMap project [71]. The analysis was focused on the “farmland” areas, excluding other rural, artificial, and protected surfaces. Main roads are considered if their classification code is: primary, primary link, secondary, secondary link, tertiary, tertiary link, or track grade 1 because of their suitability for truck and logistic phase needed for PV installation and maintenance.



As to the boundaries, vector maps represented the boundary of each case study. The investigated areas are the Mykolaiv region in Ukraine and the Opole region in Poland. The study areas have been chosen as they are the southern regions of the countries.



To minimize the spatial error, each map was calibrated and georeferred to a specific region, with EPSG code 6385 (UCS-2000 zone 11) for Mykolaiv and EPSG code 2174 (Pulkovo 1942-58 zone IV) for Opole. Technical energy (TE, expressed in MWh) took into account the actual PV plants’ available surface, altitude, slope, and solar cell efficiency. In particular, the shadow effect and the space for maneuver were considered by a depiction of a suitable percentage on the total surface [54,72]. For all other numerical values, the spatial-independent coefficients applied to the case studies and the explanation of symbols; see Table 1.




2.5. Economic Indicator of a PV Plant


The financial disposal of energy was computed by the quantification of the area with positive Net Present Value (NPV), following the approach applied in Sacchelli et al. [54]. In the first step, revenues (REV) from energy selling can be quantified as:


  R E V = W ⋅   p + i n c   ,   EUR ,  



(7)




where W is the annual electricity generation, MWh.



The actualised value of revenues (RPV) can be computed as:


  R P V = R E V ⋅       1 + 0.01 ⋅ r + 0.01 ⋅ d     l c   − 1     0.01 ⋅ r + 0.01 ⋅ d   ⋅     1 + 0.01 ⋅ r + 0.01 ⋅ d     l c     ,   EUR .  



(8)







The total costs comprise the implementation, the operation and the maintenance expenses as well as the decommission of the PV plants. Specifically, they include purchase and installation, connection to electric grid, surface renting, maintenance, cleaning, administrative and consultancies, insurance, and decommission. They are calculated as reported in Table 1.



Actualised costs can be expressed as:


  C P V = I + g +   R + m + c + a + s   ⋅       1 + 0.01 ⋅ r     l c   − 1   0.01 ⋅ r ⋅     1 + 0.01 ⋅ r     l c     +   0.01 ⋅ d       1 + 0.01 ⋅ r     l c     ,   EUR .  



(9)







Eventually, the Net Present Value can be computed by the following formula:


  N P V = R P V − C P V ,   EUR .  



(10)







The profitability index is equal to


  P I =   R P V   C P V   .  



(11)








2.6. Carbon Dioxide Emissions


The PV power generation substitutes fossil fuels used by conventional power supply systems. That results in the decrease in carbon dioxide emission [74,75]. There is a methodology to find out carbon dioxide emissions savings of a separate PV plant [76,77,78]. However, the selection of the optimal location of solar power plants, taking into account the local characteristics of the area, remains to be an unresolved problem [79]. The spatial distribution of the reduction of carbon dioxide emission based on the r.green.solar model is the novelty of this study. For each element plot, the carbon dioxide emissions reduction was calculated by the following formula:


  C D  S i  = E c E  n i  ⋅ E F ,    kgCO 2  / ( ha · year ) ,  



(12)




where EcEni is the specific PV power generation for ith plot, MWh/(ha·year); EF is the emission factor, kgCO2/MWh.



The emission factor took all life cycle phases of power generations [80,81]. Its value was determined by a national generation mix. We assumed the following emission factors: Ukraine–318 kgCO2/MWh [61,82,83,84,85]; Poland–934 kgCO2/MWh [86].





3. Results and Discussion


3.1. Climate Conditions and the Status of Agriculture


The weather conditions in the Mykolaiv and Opole regions were as follows. Despite the significant fluctuation of atmospheric precipitation (from 240 to 750 mm), there was a drop in the Mykolaiv region (Figure 4). Since 1970, precipitation has decreased from 450 mm to about 380 mm (or 12%). In the Opole region, an increase in the precipitation level took place [62,63]. In the Mykolaiv region, the average atmospheric temperature has increased from 9.6 °C to 11.25 °C (Figure 5). It constitutes 17%. During the same time period, the average atmospheric temperature in the Opole region also rose. However, its value was less than in the Mykolaiv region [62,63]. The mean annual precipitation sums in the Opole region were from 10% (1992) to 50% (2020) more than in the Mykolaiv region. The weather monitoring revealed that the mean annual temperature in the Mykolaiv region was 10% higher than in the Opole region. These data are important both for the crop production and the solar power generation projects.



The agricultural features of the regions are given in the Table 2 [55,56,87,88]. The Mykolaiv region has almost four-fold more arable land than the Opole one. Its farmers use more powerful agricultural tractors due to the fact that 77.1% of Ukrainian farms own more than 1000 ha of arable lands [87,88].



Wheat, barley, corn, sunflower, and rapeseed are the main crops in the Mykolaiv region [87,88]. In the Opole region, wheat, barley, corn, triticale, cereal mixed, and rapeseed are the main crops. Their share ranged from 69.18% to 87.07% of the total land area (Figure 6) [55,56]. Their mix provide the gross income up to EUR902/ha. In Mykolaiv region, corn has the highest average yield. Sunflower has the lowest average yield (Table 3). In our study, we used official statistical data [57,87,88]. In Opole region, corn also has the highest average yield. Rapeseed has the lowest average yield. However, the average yields are 50–80% higher in Poland than in Ukraine. This can be explained by the higher rainfall.




3.2. Economic Indicators of PV Projects


The solar radiation in the Mykolaiv region ranges from 165 to 200 W/m2. It constitutes 121.6% to 129.8% compared to the Opole region. The use of r.green.solar model gives the following results. In the Mykolaiv region, NPV ranges from EUR220,000/ha to EUR910,000/ha. The average NPV is EUR771,829/ha (lifetime is 20 years, and a discount rate is equal to 3%). More than 333,108 ha have a positive net present value. In the Opole region, the average NPV is EUR71,938/ha. 28,039 ha of farmland can provide the positive NPV. The differences (averaging one order of magnitude) are mainly due to the different irradiation values and the electricity prices (the Ukrainian feed-in tariff is almost twice more than the Polish one). The results are depicted in Figure 7 and Figure 8.




3.3. Economic Indicators of Crop Cultivation Projects


The initial investment costs are a function of the necessary agricultural machinery. The statistics show the following results for farmers in the Mykolaiv region. The average capacity of tractor engine was 94.9 kW. The number of agricultural machinery is presented in Table 4. In Ukraine, farmers use about 57.69 kg of diesel fuel per hectare and about 101 kg of mineral fertilizer per hectare [87,88].



We determined and analyzed the gross income and the gross profit for the crop production to calculate the NPV and the PI. Our calculation was based on the Official State Statistical data, reports, and current prices [59,60,64,65,66,67]. Actual prices in December 2021 were as follows: wheat–from USD251/t to USD330/t; barley–from USD256/t to USD290/t; corn–from USD225/t to USD294/t; sunflower–from USD580/t to USD716/t; rapeseed–from USD530/t to USD710/t [64]. In recent three years, in the Mykolaiv region, farmers got a gross annual income in the range of EUR506/ha to EUR1389/ha (Table 5). This variation is the result of weather conditions and market prices. Its average value was estimated at EUR863/ha [29]. According to our calculations, the NPV of a crop growing project ranged from EUR47.59/ha to EUR7111.59/ha. Its average value is anticipated to be about EUR2903.59/ha.



Polish farmers utilize agricultural tractors about 600 h per year. The normative lifetime of tractors is 12,000 h. Therefore, farmers use them for 20 years [89,90]. The economic indicators for the Opole region are presented in Table 6. The results of our calculations are similar to other researchers [48]. The crop cultivation projects have less NPV, but higher PI compared to the PV projects.



The coefficients of variation for the economic indicators (NPV and PI) were calculated. They are used to evaluate investment risks. The coefficients of variation allow financial analysts to compare alternative investment projects and make better decisions. They were determined for the PV and crop growing projects. The projects (the photovoltaic plant and the crop cultivation) have different coefficients of variation.



Let us consider NPV. In the Mykolaiv region, the coefficient of variation for a solar power plant is equal to 47. The same indicator for the crop production is higher (it is 80.3) (Figure 9). The determined coefficients of variation are more than 47. Obtained values indicate that net present values have a wide range of fluctuations. It confirms that the NPVs are formed under various factors, including cyclical, seasonal, and random. Comparing the risks for some investment projects, the preference should be given to the one for which the value of the coefficient of variation is the lowest. (It indicates that this project has the best ratio of the profitability and risk.) In our case, the results can be interpreted as follows. Investments in solar power plants are less risky as they have a lower coefficient of variation. In the Opole region, the coefficients of variation are lower than in the Mykolaiv region. Despite projects in Ukraine having better average NPV and PI, they are riskier.




3.4. The Reduction of Carbon Dioxide Emission


An emission factor of any country is formed by the available power plants, their technologies, and fuels (energy sources). The Ukrainian power supply system uses almost all power generation technologies: nuclear, thermal, hydropower, and renewables (wind, photovoltaic, biomass). Given the generation mix (Figure 10), the average emission factor is 318 kgCO2/MWh [61,65,80,81,82]. Carbon dioxide intensity in Ukraine was less than the average value in the European Union (407 kgCO2/MWh). In Poland, the emission factor is 934 kgCO2/MWh, because about 70% of electricity is produced by coal-fired power plants [86].



The PV power plants do not emit carbon dioxide at all. The carbon dioxide emissions occur only during the manufacturing process. Their values vary from 170 to 360 kgCO2/kWp [76,91]. The novelty of our study is the use of the r.green.solar model calculation the reduction of carbon dioxide emissions and their spatial distribution. As to the crop production, the modern agriculture is mechanized and uses a lot of chemicals. Farmers use tractors, combine harvesters, trucks, etc. Their internal combustion engines burn fossil fuels. Thus, agricultural activity results in carbon dioxide emissions due to the utilization of energy (diesel fuel, petrol, electricity, etc.), chemicals, etc. These emissions are a function of such factors as crop cultivar, climate zones, practice, etc. They vary from 50 to 3200 kgCO2/ha [92,93,94,95,96,97]. The results obtained are depicted in Figure 11, Figure 12 and Figure 13. Despite the higher solar radiation in the Mykolaiv region, it has lower carbon dioxide savings. The lower emission factor is a reason for the above. In the Opole region, the PV power generation can save up to 601 tCO2/ha per year. Therefore, the photovoltaics in Poland can play a primarily environmental role.



Therefore, photovoltaics aligns with the sustainable development goals of the United Nations [98]. The use of solar energy complies with the following goals: affordable and clean energy, climate action, sustainable cities and communities, and responsible consumption and production. Due to abundant solar energy potential, photovoltaics plays a significant role in transitioning toward a sustainable energy system. Our study confirms that agriculture has a great potential to make this transition.





4. Conclusions


The photovoltaics is the fast-growing renewable power generation technology in the world. Poland and Ukraine are no exception. A dynamic increase in the solar power generation improves energy security, curbs greenhouse gas emissions, and provides sustainable economic development. In this study, Polish and Ukrainian regions with the best solar radiation were analyzed. The r.green.solar model was applied to determine energy potential and carbon dioxide savings for the PV systems on rain-fed arable land.



Farmers of the Mykolaiv region and the Opole region cultivate grain and oilseed crops. Despite the fertile soil in the Mykolaiv region, its crop yields are almost half of Poland’s yield. Lower annual precipitation and the consumption of fertilizers are the primary reasons. Ukrainian farmers use more powerful tractors. Their average nominal engine power is 97.3 kW. It is almost twice as higher as in Poland. In the Mykolaiv region, an average tractor cultivates 265 ha or 1778% compared to the Opole region. It allows the Ukrainian farmers to consume less diesel fuel (65% compared to Poland).



The results of this study have proved the advanced hypothesis 1. The Net Present Values of the photovoltaic projects exceed ones of the crop cultivation projects. However, they have lower Profitability Indexes than the widespread farm practices. This is a general tendency.



The second hypothesis has been proved too. Despite the less solar radiation, the PV power generation in the Opole region has higher carbon dioxide savings than in the Mykolaiv region. The higher carbon dioxide intensity of the Polish power generation system is the main reason for the above.



The Mykolaiv region is preferable for the solar power plants. The PV plants can provide a higher NPV and PI. In the Mykolaiv region, the crop cultivation has almost the same average PI as in the Opole region. However, in the Opole region, the coefficients of variation are less than in the Mykolaiv region. Therefore, business in Poland is less risky.



The analysis of the so-called “agrophotovoltaic systems” in which the crop production and the PV power generation are integrated into one production system in the same area is a promising development [99]. Even if economic evaluation was developed in an agrivoltaic system [100], it was rarely used to investigate alternative use of agricultural land [54]. In addition, future research can focus on the positive and negative impacts of a PV system on arable land from multiple ecosystem services prospects.
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Figure 1. Brent crude oil price. 
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Figure 2. EU natural gas price history. 
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Figure 3. The evolution of the wholesale electricity price in Ukraine and selected EU countries in 2021. 
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Figure 4. Precipitation for the Mykolaiv and Opole regions. 
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Figure 5. The average annual air temperature in the Mykolaiv and Opole regions. 
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Figure 6. Land area of primary crops. 
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Figure 7. The average yearly solar radiation and the Net Present Value in the Mykolaiv region. 
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Figure 8. The average yearly solar radiation and the Net Present Value in the Opole region. 
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Figure 9. The coefficients of variation. 
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Figure 10. The generation mix in Ukraine. 
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Figure 11. Carbon dioxide emissions savings, the Mykolaiv region. 
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Figure 12. Carbon dioxide emissions savings, the Opole region. 
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Figure 13. Carbon dioxide emissions footprints and savings, tCO2/(ha·year). 
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Table 1. Numerical values, coefficients and quantification of the costs for the case studies.
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	Symbol

(If Present)
	Description
	Unit
	Value or Calculation





	
	Resolution of raster maps
	squared pixel, m
	100



	
	Upper limit of slope
	%
	20



	
	Upper limit of altitude
	m a.s.l.
	800



	
	Hypothesised hours of sun per day
	hour
	10



	
	Hypothesised days of sun per year
	day
	300 for Mykolaiv region;

280 for Opole region



	k
	Net available surface for PV plants installation
	%
	20



	η
	PV plant efficiency
	%
	75



	p
	Price of PV power
	EUR/MWh
	107 for Mykolaiv region;

57 for Opole region



	inc
	Additional optional incentives for PV energy
	EUR/MWh
	



	r
	Discount rate
	%
	3



	d
	Yearly decay of performance of photovoltaic modules
	%
	1



	lc
	Lifetime for PV plants
	years
	20



	P
	Installed PV power
	MW/ha
	1



	u
	Unit cost for fixed ground-mounted PV panels installation
	EUR/MW
	1,180,000



	I
	Purchase and installation cost
	EUR/ha
	I=P·u·k



	g
	Cost for PV plants connection to electric grid
	EUR
	Costs for the connection to the grid are differentiated according to the distance. In the absence of a regional dataset on geographic distribution of grid, a first approximation considered the distance (D) from i-th pixel to roads: 620 + (if D ≤ 200: EUR186; if 200 < D ≤ 700: EUR279; if 700 < D ≤ 1200: EUR836; if D > 1200: EUR1950).



	R
	Cost for rent of not irrigated arable land
	EUR/(ha year)
	150 for the Mykolaiv region;

266 for the Opole region



	m
	Maintenance cost for PV plants
	EUR/(ha year)
	  m = 0.01 ⋅ I   [61]



	c
	Cleaning cost for PV plants
	EUR/(ha year)
	  c =       1000 i f 0.01 ⋅ I < 1000       0.01 ⋅ I i f 0.01 ⋅ I > 1000         [73]



	a
	Administrative and consultancies costs for PV plants
	EUR/(ha year)
	  a =       3000 i f 0.01 ⋅ I < 1000       0.01 ⋅ I i f 0.01 ⋅ I > 3000         [73]



	s
	Insurance cost for PV plants
	EUR/(ha year)
	  s =       2000 i f 0.0015 ⋅ I < 2000       0.0015 ⋅ I i f 0.01 ⋅ I > 2000         [73]



	d
	Decommissioning cost for PV plants
	EUR/MW
	331,200 [58]
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Table 2. The Mykolaiv and Opole regions: agricultural features.






Table 2. The Mykolaiv and Opole regions: agricultural features.











	Specification
	Unit
	Mykolaiv Region
	Opole Region





	Sown area
	thousand ha
	1699.7
	466.8



	Agricultural land area per tractor
	ha per unit
	265
	14.9



	Average nominal tractor engine power
	kW
	97.3
	46.5



	Consumption of fertilizers
	thousand tones
	171.7
	98.2



	
	kg per ha
	101
	210.4



	Diesel fuel consumption
	kg/ha
	57.59
	161.57
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Table 3. Crop yields, t/ha.






Table 3. Crop yields, t/ha.





	
Crop

	
Mykolaiv Region

	
Opole Region




	
Minimum

	
Maximum

	
Average

	
Minimum

	
Maximum

	
Average






	
wheat

	
1.64

	
4.20

	
3.08

	
4.20

	
6.57

	
5.34




	
barley

	
1.29

	
3.77

	
2.56

	
3.23

	
5.24

	
4.29




	
corn

	
2.49

	
5.17

	
3.91

	
4.24

	
9.39

	
7.07




	
sunflower

	
1.35

	
2.17

	
1.80

	
-

	
-

	
-




	
rapeseed

	
1.31

	
2.58

	
1.94

	
2.14

	
3.94

	
2.96




	
triticale

	
-

	
-

	
-

	
3.00

	
4.95

	
4.13




	
cereal mixed

	
-

	
-

	
-

	
2.94

	
4.05

	
3.48
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Table 4. Investment costs.






Table 4. Investment costs.










	Machine
	Number per 1000 ha
	Costs, EUR/ha





	tractor
	3.77
	169.43



	combine harvester
	0.80
	184.92



	truck
	3.12
	82.68



	plough
	1.89
	4.88



	cultivator
	2.69
	22.10



	harrow
	6.98
	33.63



	drill
	2.55
	26.41



	machines for plant protection
	0.80
	5.00



	fertilizer spreader
	0.84
	2.31



	Total:
	
	531.35
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Table 5. The economic indicators for alternative projects (the PV and the crop cultivation in the Mykolaiv region).
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	Indicator
	Unit
	PV
	Crop Cultivation
	PV to Crop Cultivation Ratio





	Investment costs
	thousand EUR/ha
	729.24
	0.531
	1373.3



	Lifetime
	year
	20
	8
	2.5



	NPV
	thousand EUR
	
	
	



	
	
Minimum





	
	220.00
	0.0476
	4621.8



	
	
Maximum





	
	910.00
	7.111
	127.9



	
	
Average





	
	771.83
	2.904
	265.8



	Profitability index
	-
	
	
	



	
	
Minimum





	
	1.302
	1.090
	1.19



	
	
Maximum





	
	2.248
	14.384
	0.16



	
	
Average





	
	2.057
	6.465
	0.32
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Table 6. The economic indicators for alternative projects (the PV and the crop cultivation in the Opole region).






Table 6. The economic indicators for alternative projects (the PV and the crop cultivation in the Opole region).












	Indicator
	Unit
	PV
	Crop Cultivation
	PV to Crop Cultivation Ratio





	Investment costs
	thousand EUR/ha
	729.24
	1.539
	



	Lifetime
	year
	20
	20
	1



	NPV
	thousand EUR
	
	
	



	
	
Minimum





	
	10.7
	6.5
	1.65



	
	
Maximum





	
	97.0
	9.8
	9.89



	
	
Average





	
	71.9
	8.3
	8.66



	Profitability index
	
	
	
	



	
	
Minimum





	
	1.01
	5.22
	0.19



	
	
Maximum





	
	1.13
	7.39
	0.15



	
	
Average





	
	1.10
	6.37
	0.17
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