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Abstract

:

Agrivoltaic systems (AVS) allow the simultaneous use of land—as a limited resource—for crop production and electricity generation. This paper introduces the development prospects of AVS in Hungary with insights into international trends. The most important part is a complex economic analysis and a unit cost analysis of a 38 MWp capacity AVS, considering the most typical basic data in electricity and apple production. The applied risk analysis is based on a Monte Carlo simulation, the distribution function, and probabilities. To introduce the economic facet of the competitiveness of AVS, a comparative analysis was carried out between AVS, ground-mounted photovoltaic (GM-PV) systems, and conventional apple production systems (ConAPS). In the most probable scenario, the AVS was financially attractive (NPV = 70 million EUR under 30 years). Our correlation analysis shows that feed-in tariff (FIT) price and the role of financing are considered the dominant economic factors. A favorable FIT price enhances the profitability of AVS; however, it makes GM-PV systems more profitable compared to AVS, so it negatively affects the competitiveness of AVS systems. AVS operations result in a more balanced unit cost of apples and of electricity compared to the independent operation of GM-PV systems and of ConAPS; in addition, it allows for land saving and more intensive land use.
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1. Introduction


Photovoltaic (PV) energy is one of the most promising renewable energy sources worldwide, and 2022 was a historic year for newly installed PV capacities globally; it was a 35% growth compared to 2021, which corresponds to 239 GW of new PV capacity. The global trend is expected to increase and reach 8500 GWp capacities by 2050 [1]. Hungary faces challenges in upgrading its electricity networks to accommodate decentralized generation and variable capacity. To meet these challenges, significant investment in grid infrastructure, balancing mechanisms, and energy storage is crucial. Despite government plans to boost energy storage to 1000 MW by 2026 and add 100 MW of demand-side response by 2030, existing energy storage regulations lack the capacity to encourage substantial market-based commercial investments [2]. Tumiwa et al. [3] investigated the effect of integrating Industry 4.0 on fostering smart agriculture and the involvement of micro, small, and medium enterprises (MSMEs) in rural farming. This integration leads to a novel smart village concept, where rural MSMEs leverage technology to improve public services and economic activities. By strategically deploying agrivoltaic solutions, Hungary could alleviate pressure on grid infrastructure while promoting renewable energy generation in a manner that harmonizes with agricultural needs. However, the successful implementation of agrivoltaic systems demands the careful consideration of various factors, including land availability, technological advancements, policy frameworks, and stakeholder collaboration. Moreover, robust research and pilot projects are imperative to assess the feasibility, scalability, and long-term viability of agrivoltaic systems within the Hungarian context.



A more complete understanding of sustainability goes beyond simple economic considerations and must cover additional fundamentals beyond the economic aspect [4]. The distribution of land resources for food and feed production is generally shaped by global dietary preferences and improvements in agricultural yield. A pivotal element in fostering food security lies in implementing measures to reduce the extent of crop losses experienced by farmers [5,6]. The global significance of assessing agrivoltaic systems lies in their potential to address multiple interconnected challenges, including energy and food security, climate change mitigation, rural development, and social equity. Varied opportunities and regulatory landscapes exist across countries worldwide. Consequently, evaluating distinct projects in diverse regions and countries is essential to broaden international knowledge, thereby promoting the implementation of such systems in alignment with overarching sustainability objectives on a global scale. Moreover, it is important to recognize the diverse socio-economic contexts that influence the adoption of agrivoltaic systems in different regions.



Strengths identified by Maity et al. [7] include the potential for renewable energy generation, enhanced crop yield, and economic benefits for farmers. However, weaknesses and threats are also revealed, such as high initial investment costs, land use conflicts, and potential environmental impacts [7]. Agrivoltaics can, on one hand, enhance land use efficiency, while protecting apple orchards from climate change [8,9,10]. There have been both synergies and critical points observed in the recent studies, and the recent pilot projects aim to integrate the agricultural production process in an optimized way into the production of energy so that the focal point would be not yield maximization but an optimal and sustainable balance between the outputs [11]. Among others, land protection against desertification, reduced water consumption and more balanced water use efficiency, improved microclimate for crop growth, heat stress tolerance, and protection against excessively high solar radiation are listed in the literature as the main benefits [12,13,14]. In addition to these, farmers’ incomes can be based on diverse sources, the rural land electricity supply can be generated locally, and land productivity can be increased by up to 70% [8,14,15,16]. Still, the most common contrary arguments are the high investment costs, lack of information on long-term effects, and possible decrease in plant and yield development.



The choice of apple farming in Hungary stems from the country’s significant apple production industry and growing interest in sustainable agricultural practices. Another reason why apples look very promising in agrivoltaics is the large revenues and gross margin per hectare, which makes covering the significant fixed costs (depreciation costs) more possible compared to arable crops, or grazing, which can also be considered as related branches in AVS. According to our hypothesis, the future competitiveness of the production of apples for consumption relies primarily on apple orchards employing intensive and super-intensive cultivation systems, since APV needs very substantial extra investment cost compared to other elements of improving apple production; therefore, APV should be preferred by farmers with extensive apple technology.



Nevertheless, economic challenges hinder the complete harnessing of AVS in apple cultivation. The changing economic landscape of integrating these systems into apple farming, driven by technological advancements and the pursuit of efficient land use and renewable energy, forms the backdrop for this study.



Therefore, this study aims to contribute scholarly insights by examining market dynamics and presenting a comprehensive analysis based on a Hungarian case study. It also analyses the economic facet of the competitiveness of solar energy generation with apple cultivation, emphasizing optimal space utilization and sustainable land use practices. This study focuses on conducting a comparative economic analysis based on a Hungarian case study, forecasting the potential outcomes of an agrivoltaic project set in Hungary and comparing them to the economic results of GM-PV and apple production. The main research questions are as follows: (1) Is it worth it for an investor to finance an AVS system compared to other investment options? (2) How do the unit cost and competitiveness of the final products produced by an AVS system evolve, and which economic factors have the greatest impact on these economic indicators?




2. Literature Review


Agrivoltaic systems (AVS) are the integration of solar power production and agriculture, and they have been gaining traction in numerous countries, not limited to arid regions but also including Germany, the Netherlands, France, China, and Japan [13].



2.1. Exploring Global Agrivoltaics: Case Studies and Research Perspectives


Government-supported programs worldwide have significantly contributed to the growth of agrivoltaics. Since Japan introduced the first scheme in 2012, countries like China, South Korea, France, the United States, and Germany have followed. More nations are expected to support agrivoltaics in the future [17]. This section of the manuscript provides a detailed analysis of global agrovoltaics. It seeks to explore new trends and practices aimed at advancing this field. Furthermore, a detailed description of the current situation and various case studies from different countries and regions can be seen in Appendix A.



The development of agrovoltaics in Japan began after the introduction of the feed-in tariff (FIT) in 2012. The FIT has proven to be significantly effective in terms of policy impact, increasing Japan’s renewable energy supply by 76% from 2012 to 2019. The degree of shading cast by agrivoltaic systems ranges from 10 to 55%, and its median ranges from 30 to 40% [18].



The degree of coupling between China’s PV industry and agriculture was examined in the period from 2007 to 2016 using data from sources such as the China Agricultural Yearbook, China Statistical Yearbook, and various industry reports. The integration of agriculture and photovoltaic (PV) industries in China was explored by assessing the comprehensive development levels from 2007 to 2016. A study measured development levels, analyzed resource impacts, and used traditional and optimized weighting methods to study coupling coordination. The authors assessed the degree of coordination and analyzed the development mode of the PV–agriculture system [19].



Campana et al. [20] validated the efficacy of a developed model by comparing it with the industry standard PVsyst® software, achieving an R2 greater than 90%. The sensitivity analysis reveals a strong correlation between mutual row distance (5–20 m) and crop yield, demonstrating a doubling of yield within this range. The maximum oats and potato yield without shading effects were 5.0 t/ha and 6.9 t/ha, respectively.



A 50 MWp agrivoltaic project in Maharashtra conducted by Fraunhofer ISE in 2018/2019 appears economically feasible, with an expected levelized cost of electricity (LCOE) of INR 2.02 (EUR 0.0243), inclusive of water-related costs. The social impact depends on the institutional arrangement, ranging from high benefits to potential severe poverty among affected farmers. Such land losses were estimated to be 6% for cotton, 4% for tomato, 9% for soybean, and 3% for banana. The agricultural yield assessments suggest a yield increase of 33% for cotton and 11% for tomatoes. Yield reductions can be expected for soybean (17%) and banana (20%). The analysis combines economic and institutional perspectives [21].



An agrivoltaic system was constructed in Bierbeek, Belgium, featuring 7-year-old pear trees with specific planting and inter-row distances. Equipped with a MODBUS RTU-based data acquisition system since July 2021, the system utilizes weather input data from PVGIS for irradiance calculations. In the economic assessment for 2021, a projected pear yield reduction of 10 t/ha would result in a 6000 EUR/ha loss. With an annual energy generation of 600 MWh/ha, the calculated LCOE of 200 EUR/MWh, based on a CAPEX cost of 2.05 EUR/Wp, is higher than the off-take price, indicating the financial nonviability of the project [22].




2.2. The European and Hungarian Electricity Market


Prices in the European electricity market began to rise slightly in 2020 then skyrocketed (up to tenfold) due to the Ukrainian–Russian war. Although there will be a significant decrease in 2023, prices are still higher than in 2020 in most European countries. The only exception to this tendency is Sweden, where fluctuations have been much smaller, and the rate of price decreases is larger [23], probably supported by the large share of energy from biomass in continuous production [24,25]. In the first half of 2023, the average price of electricity in the EU was 289 EUR/MWh (ranging between 114–475 EUR/MWh), while in Hungary it was 116 EUR/MWh [26].



At the same time, renewable electricity generation is becoming increasingly important for the EU from an environmental and energy policy perspective. The revised Renewable Energy Directive sets a binding target of 32% at the EU level but does not set binding national targets. In principle, this could be made operational on a market basis through the Tradable Green Certificates (TGCs) scheme. Research conducted before the implementation of the aforementioned directive [27,28] predicted that this system could reduce the overall cost of switching to renewables in the EU by up to 70% and make a major contribution to reducing CO2 emissions [29]. However, as there is currently not a sufficient incentive to reach the EU target due to different externalities between countries, Karakosta-Petropoulou (2022) [30] suggests that a re-introduction of mandatory national targets should be considered. Yi et al. [31] proposed a technical conversion coefficient system for each renewable energy source in China; for example, the technical conversion coefficients for hydropower, wind, and PV could be 1, 1.2, and 1.5, respectively.



LCOE (levelized cost of electricity) has long been used as an indicator for calculating the total cost of electricity generated, but it excludes the additional costs related to storing and integrating periodic generation into the system. By taking these into account, the system LCOE indicator proposed by Ueckerdt et al. [32] allows for a more accurate assessment of variable renewable energy sources compared to continuously generating technologies. This would have a significant cost-increasing effect in countries with a high share of wind and solar energy.



According to Bhattacharya et al. [33], energy price regulation could also be achieved through a renewable energy portfolio (REP) system, which would consider the higher value of renewable or continuously generated electricity compared to non-renewable or periodic electricity. Their calculations show that the introduction of the system would significantly increase the price of normal electricity but would have a case-specific effect on the amount of electricity produced, the welfare of consumers, and the profits of electricity producers in the case of green electricity. The direction and extent of this would depend on competition between suppliers, the historical costs of electricity generation, and consumer preferences.



Overall, we believe that there is considerable uncertainty regarding the future economics of solar electricity; technological development and smart systems could allow for cost reductions, and consumer preferences can result in higher prices, but the additional costs of storage could imply an increase in costs.




2.3. Key Facts of the European and Hungarian Apple Production


It is known that the main trend in the advancement of contemporary global horticulture is the establishment of intensive and super-intensive apple orchards, with the level of intensity escalating proportionally to the augmentation of tree density per unit area [34]. The characteristic features of apple orchards under an intensive cultivation system include: weakly growing rootstock, high planting density, a high number of trees per hectare (usually >1000 trees/ha, typically 2000–3000 trees/ha), support structures, and irrigation equipment (possibly including frost protection measures such as hail nets) [35]. Apple growing requires high capital investment and the choice of production system has a direct impact on apple orchard productivity [36]. An increase in planting density results in better economic results [37]. A study conducted in Romania [36] suggests that the super-intensive technological system stands out as the most efficient. This system demonstrates superior productivity and boasts the highest ratio of extra-class apples. Furthermore, the super-intensive approach in apple production yields better returns on investment. The study recommends that future investments in apple orchards should be grounded in the adoption of super-intensive technological systems.



The most common fruit orchard in Europe is the apple [36], with about 500 thousand hectares of apple orchard area [38]. In 2022, the EU-27 produced around 12 million tonnes of apples. The leading apple producer in EU-27 was Poland, with 4.5 million tonnes, followed by Italy (2.1 million tonnes) and France (1.5 million tonnes). Hungary had an annual production of 350 thousand tonnes of apples in 2022 [38].



Historically, Hungary was an important apple producer and exporter, but its share has declined [39]. Despite this, fruit production has an outstanding role in Hungarian agriculture [40]. Apples dominate the Hungarian fruit sector, as according to the Hungarian Central Statistical Office [41], about 31% (24 thousand ha) of the fruit production area was covered by apple trees in 2022. In an average year, Hungary’s apple production is about 530 thousand tonnes, fluctuating between 350 and 780 thousand tonnes over the past 10 years [42]. The distribution of Hungarian apple utilization indicates that two-thirds are industrial apples (of which 80–85% are intended for concentrate production), while one-third is designated for consumption, a rather unfavorable proportion compared to the EU average [43]. Nationally, the weak quality yield and variable production are attributed to the absence of frost protection on 90–95% of apple orchards and only approximately 25–30% being irrigated. Hail nets cover around 2000–2500 hectares, highlighting that a significant proportion of apple orchards are practicing outdated or extensively cultivated and, in many cases, neglected cultivation systems [44]. Of the 41 thousand hectares of apple orchards present in 2002, nearly 24 thousand hectares remain today, signifying a loss of 40% of orchard surface area [41]. The decline predominantly affected apple orchards employing outdated cultivation systems, possessing obsolete varietal structures, and lacking post-harvest and market infrastructure [45]. This trend may persist in the future. Within the domestic 24-thousand-hectare apple orchard surface, approximately 5 thousand hectares are devoted to intensive or semi-intensive cultivation systems for consumption purposes, contributing two-thirds of the total fresh consumption apple amount, while the rest are harvested by the selective harvesting of industrial or old extensive apples. Only about 20% of orchards are considered modern, high-quality, and competitive, providing a solid foundation for Hungary’s apple production. The use of agrivoltaic systems may be a good tool to safeguard flowers from frost damage, particularly in the Hungarian context [44].




2.4. Effect of AV System on Apple Production


Different models of panels not only result in the varying efficiency of electricity production but also change the amount of light and the rate at which plants can utilize light. This can be evaluated as positive, neutral, or even risky, depending on the crop [14,46,47,48]. Weselek et al. [16] found that in the case of species with high demand for light, an agrivoltaic system can lead to crop yield reduction as solar radiation is expected to be reduced by about one-third—the extent of a black hail net—underneath the panels. This extent is used as the standard for construction planning and is considered acceptable in most cases under German and other Western European conditions [14]. In the case of some further species, like strawberries or other berries with lower light demand, even higher shading would be acceptable, while for apples, reduced light availability would result in lower bud and flower numbers and reduced function, lower amount of fruits, about one week later harvest, and complications in fruit coloring [11,14,15,16,49]. In a previous study, the crop yields in agrivoltaic systems were 3.98% to 91.30% lower than the control due to shading. Shading affects the amount of direct solar irradiation received by crops, consequently influencing yield outcomes, particularly in terms of crop weight [50]. In the cheapest APV technology related to grass, Elkadeem et al. [51] showed that despite the fact that photosynthetically active radiation under PV panels was 25% lower in Sweden conditions, it resulted in no reduction in grass yield and 30 times higher NPV compared to typical crop rotation in Sweden. Marrou et al. [46,47] and Miller et al. [49] stated that constant or even partial shading during the day results in reduced trunk and branch diameter, a decrease in the length of the shoots by 7–14%, and a loss in the yield, which is affected by several other factors as well.



Soil and plant temperature can be reduced through partial shading by the panels during the day [12,48,52]. This can be especially beneficial in production areas with high summer temperatures in the middle of the day, which might cause a decrease in photosynthetic activity through heat stress. Agrivoltaic systems are based on the concept that crops can tolerate partial shading, and they might reduce water consumption by evapotranspiration during the summer and under drought conditions [53,54]. Apple varieties that are sensitively reacting toward excessively high solar radiation can be protected against sunburn by shading during the most intensive midday hours [55].



A well-constructed agrivoltaic system can—to some extent—serve as a protective factor against environmental risk factors, like heavy rainfall, hail, or wind. The panels cannot totally replace the hail protection nets, and without additional netting, hail damage of 60% or even higher has been observed. Still, the structure itself is suited for the application of additional hail nets, through which the costs of protection and production risks can be reduced. Furthermore, the risk of foils and plastic waste reaching and polluting the soil can be reduced to a significant extent [10,15,16,52,55]. The shelter may be beneficial as it results in a delayed flowering period, which is a passive way to protect the orchard against frosts. The above-ground coverage can be protective against radiation frosts in the springtime. Still, its efficiency definitely needs further research [14,55].



The wetter microclimate and reduced evapotranspiration produced by AVS may save up to 3–30% of irrigation water [10,14,15,16]. Trommsdorff et al. [52] stated that air circulation gradients may change under the panels, causing lower evaporation and transpiration, as well as wind speed. Still, the tunnel effect—similar to hail nets—shall also be considered. However, there is not yet sufficient information regarding microclimatic heterogeneities and their impact on apple yields.



Changed air circulation through coverage by photovoltaic panels changes apple trees’ susceptibility toward fungal diseases and pests, like woolly apple aphids [56]. Results show that additional tests are required, but so far, apple trees might show higher or even lower susceptibility towards scab and post-harvest diseases, and mildew may occur due to the wetter microclimate. By reducing the leaf wetness duration, a reduction in the required use of fungicides, mainly copper, can be expected [55]. Based on the analysis by Trommsdorff et al. [52] and Trommsdorff [14], even 50% of the amount of applied fungicides, and up to 10% of the labor costs related to pesticide application, can be saved.



Hilbers [56] calculates increased labor to some undefined extent for the maintenance and clearing of the panels from any possible dust and pollution, which might reduce the efficiency of electricity production. However, this shall not exceed the saved cost of opening and closing the hail nets.



The utility of hail-protecting nets, incurring an additional investment of 6537–10,459 EUR/ha for occasional hail damages [35], is superseded by agrivoltaic system benefits. Comparing the costs of farming and energy systems, setting up solar panels (PV components) is almost ten times more expensive than growing apples. However, regarding day-to-day expenses, running the farm is 75% more costly than maintaining the solar panels. Moreover, when factoring in the costs of the PV system in the calculation of the levelized cost of apples (LCOA), resulting in a value of 3.38 EUR/kg, the production cost of apples is projected to be almost three times higher than that in scenario HN [14].




2.5. Economic Background


The economic assessment of AVS schemes is strongly influenced by the ratio of agricultural and electricity market prices and their changes. In the EU and in Hungary, generation by periodically available renewable energy sources (PV and wind energy) is growing rapidly and already accounts for a significant share of the total. Due to the uncertainty of the time of production of these energy sources and the limited storage capacity, electricity prices are more and more volatile on the spot market (0–500 EUR/MWh). The prognosticated occurrence of extreme electricity prices is expected to increase sharply from 2026 [57], making the revenues from solar electricity generation unpredictable and requiring long-term regulation or storage.



According to Trommsdorff et al. [14], a 20% increase in FIT prices led to a 17% rise in PV revenues; aligning tariffs with electricity market prices resulted in a 53% reduction; and keeping FIT prices constant resulted in a 20% rise in electricity market prices increased PV sector revenues by 3%. Comparatively, PV revenues were over three times higher than farming, and the net present value of investments increased significantly.



References [10,14] highlight the range of costs associated with hail protection systems, providing valuable insights into the financial considerations for apple orchard management. Trommsdorff et al. [14] emphasize the influence of factors like the type and size of the hail net, contributing to the observed variations in costs. This aligns with the understanding that the choice of a hail protection system is a nuanced decision, impacted by multiple variables.



Investment costs for agrivoltaic production may vary depending on the capacity, size, technology, and type of the applied modules, as well as the crop. In the case of permanent crops like fruit trees, which are designed for more than one decade of production, there is a need for special technology for higher-mounted design [54]. Thus, the structure costs of AVS are about the same as for the well-known hail protection systems, but they can replace hail protection systems and reduce costs by about 60%. In the case of high-mounted apple orchards, the construction (243–500 EUR per kWp) and soil preparation (190–266 EUR), just like the maintenance, may increase the costs by up to 10%, which may vary to a higher extent depending on the height and distance between posts. In the past couple of years, there has been a high risk of change in steel prices. Module price depends on the light transmission ability and the design. Trommsdorff et al. [52] calculated a price between 240 and 440 EUR for semi-transparent and 326 Euro per kWp for double glass modules. The extra cost can be compensated for by the higher electricity production per installed capacity. The costs of the planting material and the irrigation system can be calculated as unchanged. There is also a lack of building, nature, and landscape conservation legislation, which may result in increased costs for any possible authorization processes depending on the given country [13,14,52,56].



Considering operational costs, Trommsdorff et al. [52] and Trommsdorff [14] calculated a production cost of 8.15 EUR cents per kWh for high-mounted systems, which is 2.12 EUR cents higher than in the case of ground-mounted design.



The results of Trommsdorff et al. [14] show that the average investment cost of the modelled AV system could be reduced by 26%, which can be attributed to the partial replacement of hail protection equipment. Annual operating costs are reduced by up to 9% through lower costs for land and maintenance work. On the other hand, revenues per year in the model also decrease by about 9% due to the high-quality apple yield reduction. Overall, the cost of apple production under AVS decreases by about 5%, while the electricity cost is only less than 1%.



The results of the aforementioned research also underscore the necessity for additional studies to assess the competitiveness of AVS in comparison to the GM-PV system and ConAPS. Simultaneously, it is crucial to emphasize that competitiveness is a complex concept, and its measurement and interpretation depend on the specific questions for which we seek answers [58]. This study concentrates on the economic aspect of competitiveness, solely comparing the farm-level economics of AVS, GM-PV systems, and ConAPS.





3. Materials and Methods


This study utilizes data regarding a GM-PV system and a hypothetical apple plantation. The calculations are based on an agrivoltaic project set in Mezőcsát (Borsod-Abaúj-Zemplén county, Hungary) and literature data as well as expert interviews.



3.1. Project Description and Objectives


Table 1 provides a detailed snapshot of the APV shed dimensions, apple tree design parameters, and the specifications of the integrated PV system, including reference and estimated values to improve the reliability of the data, providing a more reliable basis for forecasting, and the assumptions of the agrivoltaic project in Mezőcsát, Hungary. Envisioned to cover 42 hectares, the overall capacity of the virtual AVS is 38,269 kWp (calculating with a 911.16 kWp/ha specific peak capacity). The AVS shed is designed to integrate solar PV panels within apple orchards, with a notable capacity of 251.12 kWp. It includes details about shed specifications, investment estimates, apple tree design, and the expected distribution of solar power capacity within the allocated area.



Figure 1 illustrates a basic layout of a single solar PV shed to be erected on an agrivoltaic farm. The solar PV shed stands at a height of 5 m and utilizes classic PV modules. The lengths of the sheds are precisely 3.19 m, supported by heightened structures arranged in two parallel swaths, each consisting of 11 supporting structures. The data are derived from studies by [60], with a focus on the influence of tree spacing on solar energy capture and overall system performance.



In Figure 2, the visual representation captures the extensive deployment of solar PV sheds on an apple farm, emphasizing the scalability and adaptability of agrivoltaic solutions. The multitude of sheds demonstrates the potential for large-scale energy production while maintaining the productivity of the agricultural land.



Table 2 presents basic data for the proposed PV system, which refers to the year 2023. The key components of the economic snapshot include an initial investment (CAPEX) of EUR 23,386,364. This includes costs associated with solar panels, inverters, installation, and other infrastructure necessary for the functioning of the system. The FIT price is EUR 0.087/kWh, indicating the revenue per unit of electricity generated. The feed-in tariff is EUR 0.087/kWh, indicating the revenue per unit of electricity generated, influencing energy output estimates. The system demonstrates a 99% efficiency improvement compared to the previous year. Furthermore, annual costs per kilowatt are delineated, encompassing EUR 2.1 for maintenance, EUR 1.8 for insurance and video-surveillance, and EUR 0.8 for internet fees. These figures represent the expected costs associated with keeping the PV system in optimal working condition, ensuring security, and maintaining internet connectivity for monitoring and remote management.



Table 3 summarizes key basic data about apple production in Hungary for the year 2023. The model assumes a super-intensive orchard characterized by high yields, good product quality, and significant inputs [40]. The investment cost for a super-intensive orchard in Hungary is approximately 42 million EUR, inclusive of 2800 trees (Knipp tree) per hectare, a support system with concrete columns and wires suitable for holding hail netting, hail netting itself, and drip irrigation. Following the planting and initial growth year of the orchard, two additional growth years are considered. By the fourth year, the orchard is expected to reach maturity, with an average yield of 57.5 t/ha assumed for the period from the fourth to the fifteenth year, based on expert opinions and several years of Hungarian professional data.



Given that yield is a crucial variable in the economic performance of apple production, the application of different risk mitigation strategies is essential in practice [43]. The hail net and drip irrigation system within the super-intensive apple orchard play a vital role in reducing weather-related risks. Frost protection is an additional tool to mitigate weather risks, but it is not considered in the presented model, which might lead to an increase in the CAPEX. In a super-intensive orchard, as assumed in our model, the cultivation technology and plant protection are of a high standard, contributing to yield safety.



We decided to focus on the year 2024 for our in-depth analysis. However, we kept in mind that the apple trees are anticipated to start yielding fruit after just two years of growth. Our calculations cover this time frame, considering the period between planting the apple trees and when they start producing commercially. This intentional decision allows us to closely examine how well the solar power system performs in its first operational year, aligning with the timeline of the apple plantation. This approach provides a thorough analysis of both the solar system and the apple plantation during their crucial initial stages.



It is important to note that, at this stage, the entire system is considered as an assumption, and its implementation has not yet been realized. The predictions and assumptions presented in this study serve as an anticipatory framework, offering insights into the potential dynamics of agrivoltaic projects, particularly those utilizing GM-PV systems.




3.2. Economic Indicators for Implementing Agrivoltaic Systems in Hungary


Economic analysis delves into investment evaluations, forecasting expected outcomes under baseline scenarios and exploring sensitivity across varying future assumptions. In addition to assessing the economic viability through NPV (net present value), IRR (internal rate of return), and DPP (discounted payback period) [63,64], this study incorporates an evaluation of unit cost, OPEX (operating expenses), and CAPEX (capital expenditures). These metrics are pivotal in gauging the financial feasibility and sustainability of agrivoltaic systems in apple cultivation. Diverse simulation methodologies are employed to scrutinize the interplay between inputs and outputs.



In the area of risk analysis, this study uses Monte Carlo simulation techniques to account for stochastic changes and deterministic system processes [65]. It was also used in the article by Elkadeem et al. [51] to identify the most important parameters for profitability. These simulations include probability distributions assigned to uncertain factors, generating a range of random values to explore potential outcomes across multiple studies. Using specialized modelling based on specific distributions, this study attempts to integrate the values of variables into various outcomes, offering a detailed understanding of the risks associated with them. The ranges we used are presented in Table 4, and the most likely values were taken to be the mean values of the indicators. In our study, the evaluation of results was conducted using @RISK 7.6, a simulation software distributed by Palisade Corporation. We configured the simulations with carefully chosen input data and utilized appropriate probability distributions to represent uncertainties. The simulations were run with 5000 iterations. Sensitivity tests were performed on the results of the output variables. The standardized regression coefficient and Spearman’s rank correlation coefficient were calculated. The standardized regression coefficient is a standardized measure of the effect of the magnitude of the input variables on the different outputs, which was used to rank the inputs in order of importance. For a positive sign, increasing input moves with increasing output, similar to the methodology of Bai et al. [66].



The time period of the project is assumed to be from 2023 to 2053. Following the year of investment (2023), a 30-year operation can be planned for a PV system. In terms of apple production, the useful duration of an apple orchard is 15 years. Therefore, the analysis timeframe encompasses two apple orchard cycles. The outputs of the analysis are the following: net present value (NPV), profitability index (PI), internal rate of return (IRR) and the unit cost of electricity and apple production. The NPV and IRR are two fundamental approaches within the discounted cash flow (DCF) techniques used in financial analysis.



The NPV is determined using the following formula:


  NPV = −  C 0  +   ∑   i = 1  t    DCF  i   



(1)




where C0 represents the cost of the initial investment (CAPEX), DCFi is the discounted cash flow in the ith year, and t is the time period of the analysis.



The discounted cash flow is calculated as follows:


    DCF  i  =     CF  i      DF  i     



(2)




where CFi is the annual cash flow in the ith year, and DFi is the discount factor in the ith year.



The annual cash flow is determined by the following formula:


CFi = Revi − OPEXi − Taxi



(3)




where Revi represents the total annual revenue from the PV system and apple production in the ith year, OPEXi is the total annual OPEX of the PV system and apple production in the ith year, and Taxi is the annual corporate tax.



The annual revenue from apple production (Reva) is calculated as follows:


    Rev  a  = (  Y c  ×  P c  +  Y i  ×  P i  + S ) × A  



(4)




where Yc is the annual yield of apples for consumption purposes (class I and II) per hectare, Pc is the price of apples for consumption purposes, Yi is the annual yield of industrial (juice) apples per hectare, Pi is the price of industrial (juice) apples, S is the annual subsidy per hectare, and A is the area of apple orchard.



The annual revenue from electricity (Reve) is determined by the following:


    Rev  e  =   Pc × Sh × Ep   × FIT  



(5)




where Pc is the plant capacity for electricity generation, Sh is the annual sunshine hours affecting electricity generation, Ep is the efficiency compared to the previous year, and FIT is the feed-in tariff, the price paid for electricity fed back into the grid.



When calculating the series of annual revenue and OPEX for the given timeframe, an average of 4% inflation rate is considered, ensuring that cash flows are in current value (nominal value). So, the nominal value of a cash item (revenue or OPEX) in a given year is calculated by the following formulas:


    Rev  i  =   Rev   i − 1   ×   1 + IR    



(6)






    OPEX  i  =   OPEX   i − 1   ×   1 + IR    



(7)




where Revi and OPEXi are the nominal value of the annual revenue and the nominal value of the OPEX in the ith year, Revi−1 and OPEXi−1 are the nominal value of the annual revenue and the nominal value of the OPEX in the previous year, and IR is the inflation rate of the given year.



The calculation of the base for annual corporate tax includes not only the total annual revenue and total annual OPEX but also the annual depreciation of the PV system and apple orchard. In Hungary, the corporate tax rate is 9%.



The discount factor is computed using the following formula:


DFi = (1 + r)i



(8)




where r denotes the discount rate, and i is the specific year within the analysis timeframe.



In evaluating the economic performance of agrivoltaic systems, determining an appropriate interest rate is crucial for conducting dynamic financial analyses. The chosen approach in this study is to employ the weighted average cost of capital (WACC), denoted as w in the analysis [70].



The WACC is calculated using the following formula [66]:


w = C × E + D × (1 − t) × S



(9)




where C is the cost of equity, E is the proportion of equity in the overall capital structure, D is the cost of debt or liabilities, t is the corporate tax rate, and S is the share of debt (total capitalization).



Given that the calculations exclude debt and borrowing, the discount rate (r) is derived solely from the cost of equity using the following formula:


r = R + β × E



(10)




where R is the risk-free rate, often based on government bond yields, β is the beta coefficient, and E is the equity risk premium.



Therefore, the expected nominal return on equity is calculated as follows:


r = 3 + 0.88 × 2.95 = 6.83%



(11)







Here, the risk-free rate of return (R) is set at 3% based on the Statista database [71]. The industry beta (β) for the “Green and Renewable Energy” sector is obtained from [72] as 0.88. The equity risk premium (E) is determined from [73], and the expected equity risk premium is set at 2.95%.



The NPV can be calculated for each year within the given timeframe as the cumulative discounted cash flow (CDCF). The year in which the CDFC changes from a negative value to a positive value signifies the project’s return. The NPV of the project is represented by the CDCF for the year 2053.



The profitability index (PI) is determined using the following formula:


  PI =     ∑   i = 1  t    DCF  i     C 0     



(12)







The internal rate of return (IRR) is the discount rate at which NPV equals zero. The IRR is obtained from the series of annual cash flows using the IRR function in the MS Excel program.



The analysis provides a comprehensive overview of electricity and apple production unit costs, excluding PV systems.



The unit cost of electricity (UCe) is calculated using the following formula:


    UCe  i  =     TC  i  ×   RevSe  i      Ye  i     



(13)




where TCi is the total cost of PV system and apple production in the ith year, RevSei is the share of electricity in total revenues (%) in the ith year, and Yei is the annual yield of electricity in the ith year. The annual total cost is the sum of OPEX and the annual depreciation of the PV system and apple orchard.



The unit cost of apples (UCa) is calculated using the following formula:


    UCa  i  =     TC  i  ×   RevSa  i      Ya  i     



(14)




where RevSai is the share of apple production in total revenues (%) in the ith year, and Yai is the annual yield of apples in the ith year.





4. Results and Discussion


4.1. Investment Analysis


Conventional agriculture is characterized by lower investment costs, no electricity production, susceptibility to weather conditions, and revenue primarily derived from crop sales. On the other hand, agrivoltaic systems offer the potential for additional revenue through electricity generation and can provide some degree of weather protection for crops through the shading effect of solar panels. While GM-PV systems primarily focus on maximizing electricity generation per area, agrivoltaic systems seek to combine agriculture and solar energy generation in the same area. The challenge is finding an optimal design that balances the goals of both aspects. AVS are around 80% more expensive per installed capacity than GM-PV. The PV modules, the substructure, and their installation and surface preparation are responsible for most of the investment costs. These cost shares are also those for which AVS have the largest proportional cost increases compared to the classic GM-PV systems. The reasons for this are that special modules are used, the substructure is more complex and higher, and the installation must be carried out in a way that protects the floor. Such a system’s project planning and development is currently more costly than with conventional GM-PV systems—certain savings result from the elimination of a required fence in the case of AVS. The choice between AVS and conventional PV in the apple horticulture sector in Hungary depends on stakeholders’ specific goals, constraints, and priorities, emphasizing the need for a tailored approach that considers both agricultural and energy generation objectives.



This comparative analysis scrutinizes the capital expenditure (CAPEX) and operational expenditure (OPEX) differentials between AV and GM-PV systems, each covering 42 ha of land area. The AV system demonstrates higher total CAPEX and OPEX compared to the GM-PV system [13]; the reason is the extra capital needed during both investment and operation in apple plantations. The CAPEX and OPEX ratios are similar to the values collected in ref. [13]. A comparison of revenue within the AVS, broken down into agriculture and PV, reveals a strong dominance of PV income [53]. While revenues from agriculture are in the thousands, revenues from PV are in the millions [74]. In some cases, only between 4% and 6% of revenue in the APV system is attributable to agriculture [75].



Table 5 details a comprehensive financial analysis of the proposed agrivoltaic project, and the selected years hold specific significance. In 2024, the project starts PV operations (electricity production) and plant operations. By 2026, the focus will shift to the commencement of apple commercialization, following three years of apple orchard growth. The year 2038 signifies the conclusion of the initial apple orchard, while 2039 marks the beginning of a new apple orchard, ensuring continuity in the agricultural cycle. The year 2046 has been arbitrarily selected for assessment within the project’s overall duration. Finally, 2053 serves as the project’s conclusive year, marking the financial evaluation’s endpoint.



The CAPEX of the AVS project for the total area of 42 hectares amounts to 25,146 thousand EUR, with a notable share of 93% attributed to the PV system. In the first year (2026) when the apple orchard is in a mature state and the PV system is operational, the shares of annual revenue are distributed as 90% for the PV system and 10% for apple production. This share of the PV system decreases to 85% by the end of the analyzed time period due to a 1% annual decrease in its efficiency. In terms of OPEX, apple production commands a higher share, ranging from 60% to 64%.



As a result, the positive NPV (net present value) of +70,157 thousand EUR and PI (profitability index) of 3.79 indicate that the project is considered financially attractive; these metrics are higher than the typical data of apples [39,40] and lower than data from GM-PV projects. The IRR (internal rate of return) of 25% further supports the feasibility and attractiveness of the agrivoltaic project in apple farming in Hungary. Comparing our findings with a German case study on an agrivoltaic project in apple farming [14], the NPV was significantly higher in Germany than in Hungary. The difference could be attributed to various factors, including the different agricultural practices in Germany, the higher FIT price, and the legal background, despite the climatic conditions. It is crucial to consider each technology’s unique characteristics and adaptability to the specific conditions of the respective regions. On one hand, this ratio shows how insensitive AVS are to agricultural revenue; therefore, the risk involved in AVS is that the incentive to continue farming within the system is low [76], but also, farmers can gain substantially from this revenue. Malu et al. [75], for example, show that revenue from PV can increase more than fifteen-fold for farmers growing grapes in India, but there is still a need for research into how strong this effect is. Furthermore, the interaction between external factors, such as market dynamics and environmental aspects, may also contribute to variations in economic performance. The positive NPV, high PI, and favorable IRR suggest that agrivoltaic projects in apple plantations are economically viable and have the potential for significant financial returns, especially when considering land savings and government subsidies. However, it can be stated that the growth of investment indicators is more moderate compared to AVS systems related to grass production, due to the differential economic characteristics of the plants in question.



The descriptive statistics of the output variables applied in the simulations are shown in Table 6.



The tpider diagram in Figure 3 intricately illustrates the nuanced influence of input variations on the net present value (NPV) within agrivoltaic systems integrated into apple orchards. Electricity prices exhibit significant growth in 40% of cases when measured by investment indicators; however, higher discount factors (more expensive financing) result in a continuous decrease in electricity prices. The influence of additional economic indicators on the phenomenon under study seems to be insignificant. Simulations use stochastic processes to calculate inputs and outputs, characteristics which are inherent to each simulation run. Unlike deterministic simulations, where inputs lead to linear changes in outputs, stochastic simulations introduce nonlinearity, showcasing trends influenced by the respective input distributions. This underscores the intricate and probabilistic nature of the relationship between input variations and NPV outcomes in agrivoltaic systems.



The tornado diagram, as illustrated in Figure 4, shows the magnitude of the impact of various factors on the net present value. The FIT price emerges as the most influential determinant, showing a strong positive correlation with NPV (correlation coefficient: 0.87). Accordingly, the discount rate (−0.26) and net investment costs (−0.11) show a weaker negative correlation. These observations highlight the importance of FIT price, financing, and state subsidization in explaining changes in the net present value of agrivoltaic systems.



As illustrated in the tornado diagram in Figure 5, changes in input and output prices per unit exhibit varying impacts on NPV, quantified as +0.91, −0.31, and +0.09, respectively. These coefficients signify the direction and magnitude of influence, highlighting the intricate relationship between price fluctuations and NPV in agrivoltaic systems.



The statistical results highlight the significant risk at the entrepreneurial level, as shown in Figure 6. A low probability suggests that the economic viability of the enterprise, as measured by NPV, is relatively stable under different simulated conditions. The 25% probability of a scenario resulting in zero or less NPV highlights the stability of the conditions being assessed, thereby providing valuable information for decisionmakers and stakeholders. It is understood that, within the framework of a Monte Carlo simulation, the estimated parameters demonstrate resistance to adverse changes that could jeopardize the economic viability of the business activity in question.



In summary, securing financing, particularly through channels like public or low-cost equity and state-subsidized credit facilities, is indispensable for the entrepreneurial implementation of agrivoltaic systems. Additionally, a reduction in the risk premium or industry beta has the potential to enhance predictability, thereby positively impacting the economic perception of agrivoltaic investments. This underscores the intricate connection between financial variables and the overall economic feasibility of agrivoltaic ventures, highlighting the potential for strategic financial modulation to mitigate challenges and optimize economic outcomes.




4.2. Unit Cost of Electricity and Apple Production


4.2.1. Unit Cost of Apple Production


In our paper, sensitivity analyses were conducted on FIT and electricity prices, revealing significant impacts on PV revenues.



Taking into account both Hungarian [35,39] and German [14] case studies, our results reveal that in the mature phase (4th to 15th year), apple yields are 51.75 t/ha for Class I and II apples along with 5.75 t/ha for industrial or juice apples. Pricing dynamics indicate unit prices of 0.29 EUR/kg for Class I and II apples and 0.10 EUR/kg for industrial apples. Financially, revenues without subsidy reach 15,488 EUR/ha, rising to 15,671 EUR /ha with subsidies.



Table 7 provides a comparative analysis of the unit costs of AVS, GM-PV (without apple), and apple (without PV) in the six selected years of operation, with the same reasons as described regarding Table 4. The unit costs are presented for both electricity production and apple cultivation. The data calculated were the total production cost, the share of electricity and apples in revenues to calculate the shared production costs of electricity and apples (in the case of AVS), and the unit costs for both components. All models show lower unit costs compared to expected prices; however, there is a very important difference between the three competitive technologies, namely that AVS significantly reduce the fluctuations in unit costs, resulting in higher values in electricity and lower values in apple, compared to the unit costs of GM-PV and apples only. These findings are in agreement with the statements and results of refs. [14,54].



Our results show that unit costs strongly fluctuated over the years due to the growing production costs, the differential price ratios between apples and electricity, and the years without apple yields (and operation costs) after plantings in the 1st, 2nd, 16th, and 17th years. The method used to calculate unit costs was based on the proportion of revenues and the 15-year-long lifetime of the apple plantation, taking into account the expected inflation, too. The growth in the 2026 and 2038 electricity unit costs is mainly due to the additional operational costs incurred in apple plantations compared to the previous years (without any apple yield). The share of electricity revenue is 100% in the years without harvested apples, but it is also near 90% in most other years, whereas the share of apple revenues varies from 9% to 15%. This indicates a significant dependence on electricity as a revenue generator. The share of apples in income also depends on the change in the price hike of apples and electricity. Unit costs show an intriguing pattern: in 2039, the cost of electricity will temporarily increase significantly. Then, the unit cost of apples will fluctuate, peaking in 2053, possibly reflecting growing costs associated with both sides of AVS. However, higher output prices are expected in the future, so the increase in unit cost probably will not result in a profit reduction. The unit cost of electricity in the years without apple harvest is significantly lower, thanks to the saved apple operation costs. Another important output is that unit cost of apples without electricity production would range between 196–399 EUR/t, while the unit cost of electricity without apple production would be between 0.013–0.029 EURc/kWh; however, both unit costs are substantially nearer to each other and more balanced in the APV systems (56–161 EUR/t and 0.015–0.040 EURc/kWh). This is more favorable for apple producers, which might make APV systems more attractive for the farmers with apple plantations. An important uncertainty in the unit cost is the weather, which strongly affects both electricity and apple yields and the shadow effect, which might be different in different apple species. Other case-sensitive factors are location and the applied technology. In the optimal case, a hillside with a 30–35% inclination would be optimal for PV (since all the surfaces could be covered by solar cells); however, the shadow effect is disadvantageous for AVS projects. Under Hungarian conditions, a 35–40% inclination can be regarded as the best for electricity production, and the number of possible panels per hectare, but the risk of wind damage in AVS (and PV) equipment is also higher in this case. These dynamics require strategic considerations to ensure sustainable financial viability and highlight the complex interaction between technological, operational, and market factors in agrivoltaic projects.



The spider diagram in Figure 7 illustrates that the unit cost of apple production is predominantly influenced by the FIT prices, with a significant correlation observed in 20% of cases. However, in the absolute majority of cases, the FIT price results in just a slight effect on unit price (around 50 EUR/t). Conversely, the yield of apples in a mature state, net investment cost, consumption purpose ratio, and sunshine hours per year have minimal impact, registering negligible influence on unit cost. This emphasizes the FIT price’s primary role in driving variations in the cost structure of apple production across the analyzed input values.



In Figure 8 and Figure 9, correlation coefficients (Spearman rank) and regression coefficients elucidate the relationships affecting the unit cost of apple production. Figure 8 underscores a significant inverse correlation (−0.90) between the FIT price and unit cost (because of revenue-based cost sharing with apples, which was calculated based on the distribution of revenues of electricity and of apple production), with the net investment cost showing a moderate positive correlation (+0.33) and other factors exhibiting weaker associations. Meanwhile, Figure 9 quantifies the same trends in key variables, including the following: a substantial negative coefficient for the FIT price (−0.84), a modest positive coefficient for net investment cost (+0.09), and a marginal negative coefficient for the yield of apples in a mature state (−0.06). Together, these findings provide concise insights into the economic factors influencing the unit cost of apple production.



The Monte Carlo simulations visualized in Figure 10 show a significant standard deviation in unit cost values, ranging across the 90% confidence interval. Product prices exert a greater influence on unit cost than the cost of investment, constituting 25% of the variation. However, the regression coefficient for the relationship between individual prices and unit cost is relatively low, indicating difficulty in pinpointing specific years that significantly impact unit cost predictions.




4.2.2. Unit Cost of Electricity


The spider diagram in Figure 11 shows that the unit cost was influenced mainly by two items (in opposite directions)—the net investment cost and the sunshine hours per year—while the impact of the FIT price of electricity was practically zero.



The findings indicate a predominant influence of the net investment cost, supported by correlation and regression coefficients of +0.87 and +0.93, respectively. Additionally, sunshine hours emerged as the second most influential factor, with a correlation coefficient of −0.51 and a regression coefficient of −0.35, significantly impacting the unit cost (Figure 12 and Figure 13).



The most probable unit cost of electricity ranges in the 0.011–0.016 EUR/kWh interval, and the chance for other values was near zero (Figure 14). Considering [14] predictions regarding FIT prices, this interval is sufficient to achieve profit.



The varying unit costs of electricity production in the agrivoltaic project are significantly influenced by the FIT structure. As observed by refs. [77,78], the unit cost of electricity ranges from EUR 0.015 to EUR 0.068 per kWh; the lower estimation is similar to our results. The competitive edge of the agrivoltaic project in apple orchards becomes more pronounced, especially when the FIT price is set at a higher rate. Higher FIT prices enhance the economic attractiveness of the project, potentially making it more competitive than traditional GM-PV systems.



Regarding the competitiveness of AVS, not only is the size of profit relevant but also its relative importance. For instance, it is important whether the economic outcome of AVS is superior to that of alternative activities. If better economic results can be achieved with PV systems without apple production or with apple production without PV systems, then investors will choose these systems instead of AVS. AVS entail an additional investment compared to both alternatives. According to one of our studies [79], in plain conditions, PV has a comparative advantage with higher profits and slightly lower investment costs; meanwhile, apples have a lower profit capacity, which goes hand in hand with significantly lower investment cost and uncertain repayment.



Another issue in the competitiveness of agrivoltaics projects in apple orchards is inextricably linked to FIT prices. Higher FIT prices increase the attractiveness of the APV project, but result in even higher profit in PV systems, which might reduce the competitiveness of AVS. Another problem might be that agricultural integration mitigates land-related challenges, especially for smallholder farmers. With FIT prices playing a critical role, policymakers and stakeholders might consider tariff structures to encourage the widespread adoption of agrivoltaics in apple farming. The possible reason for the special subsidization of AVS systems could be the more efficient use of land (higher profit per hectare compared to conventional agricultural activities), improving the livelihood of small farmers, and land savings in agriculture (compared to the PV systems).



Combining apple production with the solar–agriculture–water (SAW) nexus represents a holistic approach to sustainable land use practices. This approach aligns with multiple 2030 Sustainable Development Goals (SDGs) for apple production; AVS directly contributes to generating eco-friendly electricity (SDG 7) and producing food (SDG 2). It also supports SDGs 5 and 8 by engaging women in social development, aligns with SDG 15 (Life on Land), and promotes responsible consumption (SDG 12) [74,80,81,82].






5. Conclusions


This study underscores the significance of mitigating critical component costs while emphasizing the positive impacts of improved electricity pricing and reduced discount rates on the overall economic performance of the proposed agrivoltaic system.



This study undertakes a thorough economic analysis of agrivoltaic systems in apple cultivation, extending its examination beyond conventional metrics to encompass unit costs, operating expenses (OPEX), and capital expenditures (CAPEX). The application of advanced Monte Carlo simulations in this research effectively addresses uncertainties and yields valuable insights into risk management. With a specific focus on a hypothetical agrivoltaic project in Mezőcsát, Hungary, with a 38,269 kWp solar PV capacity, the study’s findings underscore the importance of optimal space utilization and sustainable land use practices in enhancing the economic viability of such initiatives.



The investment analysis outlined in Section 4.1 shows that under the most probable scenario, the project can be considered financially attractive; 75% of the iterations in the Monte Carlo simulation resulted in a positive NPV. According to the correlation and regression analysis, the FIT price is considered the dominant economic factor, the role of financing (discount rate) is the second most dominant, and the others (inflation rate, sunshine hours, and net investment cost) can be regarded as negligible.



In Section 4.2, the unit cost of electricity and apples produced in AVS and their competitiveness were analyzed. Another very important advantage of AVS is that it significantly reduces the differences in unit costs of the twin products (higher values in electricity and lower values in apple), compared to their independent production. In this way, it moderates the financial risk of production. The last part of our economic analysis highlights a critical dependence on the FIT price and state subsidies for the competitiveness of the analyzed system. While subsidies may currently contribute to the competitiveness of the agrivoltaic system in apple farming, a careful evaluation of the long-term economic feasibility is necessary. Without external support, both the return on investment and the cost-effectiveness of apple and electricity production fall short of industry standards. Since the profitability of GM-PV systems seems to be higher and the related agricultural branch capital needs are lower than the respective values in AV systems, state support is essential for the future growth of AVS. However, this subsidization can be justified if the effective use of land has great importance. The GM-PV system cannot be used for agricultural purposes, which might cause food supply problems and the long-term use of high-quality land.



The results indicated both in Section 4.1 and Section 4.2 highlight the primary importance of agricultural yield in determining the economic viability of an agrivoltaic system. Even marginal improvements in agricultural yield can substantiate higher costs within the PV sector. Adapting these modules to the unique needs of the agrivoltaic market, characterized by a higher willingness to pay, could contribute to the overall economic viability of agrivoltaic initiatives.



In the context of Hungary’s vigorous development of renewable energy, the country should combine good policy and market factors, increase energy infrastructure investment, promote the coordinated development of centralized energy supply and distributed energy according to local conditions, and develop and utilize lower-cost renewable energy.



The novelty of this work stems from its focus on innovative apple orchard management strategies designed to meet the unique needs of agrivoltaic stakeholders. This study aims to help promote sustainable and economically viable practices in the agrivoltaic sector by addressing the specific needs of facility managers, investors, and farmers.



Economic studies on agrivoltaic systems face limitations due to a lack of reliable data encompassing both agricultural (shadow effects on crops) and financial aspects of agrivoltaics projects. The scarcity of data arises from the low number and short-term operation of agrivoltaics projects. Future challenges include ensuring economic viability and informing potential investors. Calculations are based on literature, expert interviews, and specialist exchanges, with validation planned through real data collection in a Hungarian agrivoltaics project. However, the dataset’s limitations and geographic differences with other European countries restrict generalizability. Uncertainties arise from the observation period and impact, producer prices, electricity rates, weather conditions, and apple productivity. The complex integration of AVS adds another layer of complexity requiring further investigation. Future research should address these limitations to enhance the understanding of apple cultivation dynamics and costs within agrivoltaics practices. It would make sense to collect the yields of several apple orchards at different locations and compare them with the wholesale prices of the respective years.



Considering the broader concept of sustainability, future studies could analyze the long-term environmental and social benefits of APS projects alongside their economic feasibility. One area for improvement in our study is the absence of environmental and social impact variables. Integrating these factors could provide a more holistic perspective on evaluating APS projects, aligning with sustainability goals. Future research should consider incorporating these variables for a comprehensive assessment of economic, environmental, and social dimensions in this field.
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	AVS
	Agrivoltaic systems
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	Capital expenditure



	CDCF
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	ConAPS
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	Kilowatt



	kWac
	Kilowatt alternating current
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	kWh/a
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	kWp
	Kilowatt-peak



	LCOE
	Levelized cost of electricity



	MW
	Megawatt



	MWp
	Megawatt peak



	NPV
	Net present value
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	Operating Expenses
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	Profitability index



	PV
	Photovoltaic



	SPV
	Solar photovoltaic



	UCa2027
	Unit cost of apples in 2027 (first harvest year)



	UCe2025
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Appendix A


Appendix A.1. Agrivoltaics in Asia


Appendix A.1.1. Japan


The advent of open field agrivoltaics in Japan began in 2004 with Akira Nagashima’s demountable structures, facilitating crop rotations and adaptability. As of March 2019, the Ministry of Agriculture, Forestry, and Fisheries recorded 1992 registered agrivoltaic farms, covering 560 hectares across 46 prefectures nationwide, except for Toyama. These farms have successfully cultivated over 120 diverse crop varieties, with myoga ginger, Sakaki, paddy rice, shiitake mushroom, and blueberry ranking among the top ten most popular crops [18,83,84]. This widespread implementation and economic potential underscores the viability and agricultural diversity achieved through the adoption of agrivoltaics in Japan.



The development of agrivoltaics in Japan began after the introduction of the feed-in tariff (FIT) in 2012. The FIT has proven to be significantly effective in terms of policy impact, increasing Japan’s renewable energy supply by 76% from 2012 to 2019. The degree of shade cast by agrivoltaic units ranges from 10 to 100%, and its median is from 30 to 40% [18,83].




Appendix A.1.2. China


China’s PV agriculture sector has seen significant growth in power station construction in recent years. Starting from an installed capacity of less than 0.001 GW in 2009, the number of agricultural PV power plants in China has expanded considerably, reaching 1.18 GW in 2014 [19]. These innovative structures facilitate the concurrent cultivation of tea, grapes, assorted vegetables, and diverse mushroom varieties [85]. This growth demonstrates the rapid development and scaling of photovoltaic projects integrated into the agricultural sector within China.



The study performed by Jiang et al. [86] assessed the effects of different PV shading levels on kiwifruit growth and yield in agrivoltaic systems. The experiment was conducted in the experimental kiwifruit base in Fuxing township, Pujiang County, located in Chengdu Plain, China. Shading levels of 19.0% (T1), 30.4% (T2), and 38.0% (T3) were compared to a full sun control treatment. Results showed reduced solar radiation by 43.8%, 50.5%, and 55.0%, respectively, compared to the control. Shading improved leaf light use efficiency and crop water productivity, with T1 being optimal, causing minimal impact on kiwifruit growth (−7.3% to 5.5%) and yield (−6.5% to −2.6%). Water productivity increased by 8.2% (T1) and 5.8% (T2) but significantly dropped by 9.8% in T3. This suggests that 19% PV coverage (T1) is favorable for maintaining crop yield and enhancing water productivity in agrivoltaic systems [86]. The trade-offs between shading and crop yield, particularly evident at the highest shading level (T3), warrant further investigation into the optimal balance between maximizing energy production and maintaining crop productivity in such systems.




Appendix A.1.3. South Korea


South Korea requires an estimated 80–180 km2 for efficient photovoltaic systems at 33° latitude, representing 18.3% efficiency. However, AVS implementation only commenced in 2017 for research purposes, with plans to scale up [87]. Policymakers in South Korea envision 100,000 AVS projects, each with 100 kWp, by 2030, targeting a market size of 10 GWp [13].




Appendix A.1.4. India


This reference highlights a comprehensive report by the Indo-German Energy Forum Support Office (IGEF-SO) and the National Solar Energy Federation of India (NSEFI), summarizing multiple major pilot projects across India. Currently, the report identifies a total of 22 operational and 3 upcoming plants, all primarily dedicated to experimental purposes [88].



Agrivoltaic farms demonstrate cost efficiency compared to conventional solar farms, with lower per-unit area costs (e.g., cost per acre) due to reduced spacing between rows. Capital costs for a one-acre agrivoltaic farm vary based on the installation costs per unit of power, analyzed through a sensitivity analysis, ranging from 2 USD/W (∼INR 132) to 0.25 USD/W (∼INR 16.5) [75]. Economic indicators for turmeric farming, such as a benefit–cost ratio of 1.71 and a price–performance ratio of 0.79, suggest project viability and feasibility. The land equivalent ratio and payback period for the agrivoltaic project with turmeric cultivation stands at 1.73 and 9.49 years, implying good production capacity and a quick return on investment for AVS [89].





Appendix A.2. Agrivoltaics in Europe


Numerous upcoming agrivoltaics projects focused on cultivating pears, apples, and various fruits are slated to reach a combined capacity of 35 MW in Europe by 2022 [90]. A study found that across Europe, 16.2% of the total land area (equivalent to 1.7 million km2) is eligible for AVS installation. The distribution of eligible land varies significantly, with most countries in Europe having between 12% and 29% of their land suitable for AVS, while some countries have as low as from 1% to 9%. However, Hungary (58.6%), Denmark (53.9%), and Ireland (63.9%) have larger percentages of eligible agrivoltaics areas [91]. Moreover, the disparities in land eligibility emphasize the need for strategic planning and policy frameworks to optimize agrivoltaic systems deployment across diverse European landscapes.



Appendix A.2.1. Germany


In Germany, eight agrophotovoltaic (APV) power plants have been operational since 2004, with three specifically constructed for research purposes [13]. In Germany, agrivoltaics crop trials by the Fraunhofer Institute for Solar Energy Systems ISE have been ongoing since 2014, involving winter wheat, celery, potatoes, and grass clover. A recent initiative started in 2021, led by BayWa r.e. and the Fraunhofer Institute for Solar Energy Systems ISE in Gelsdorf, Rhineland-Palatinate, aims to research agrivoltaics using eight different apple varieties over a five-year period. This project will compare apple production under four crop protection systems: foil roofing, hail protection nets, AVS with light-permeable PV modules, and tracking PV modules [92].




Appendix A.2.2. Italy


The agrivoltaic solar tracking system, Agrovoltaico®, was developed by REM Tec in collaboration with the University of Piacenza. It assesses its integration with maize crop production and evaluates its economic and environmental performance. Installed in Castelvetro Piacentino and Monticelli d’Ongina in 2012, these systems cover 7 ha and 20 ha, respectively, showcasing their scalability in the northern region of Italy [93].




Appendix A.2.3. France


France has a strong focus on agrivoltaics, with several key companies and their initiatives being supported by the national government.



Partnering with Agrosolutions, Total Quadran is implementing various PV solutions over 200 hectares of agricultural land. They are setting up an R&D unit to define economic models and overcome challenges [94].



EDF Renewables and Cero Generation acquired Green Lighthouse Development, possessing 2.4 GW of the agrivoltaic systems capacity in France. Cero Generation has sizable agrivoltaics projects in Italy as well, totaling over 1.5 GW [95].



The French Energy Regulatory Commission (CRE) allocated a total of 104 MW of generation capacity spread across 39 projects by Sun’Agri, with approximately 40 MW designated for agrivoltaic projects. These initiatives are expected to sell power at an average rate of 0.0828 EUR/kWh [96]. They aim to assist farmers in enhancing yield and tackling climate change challenges.





Appendix A.3. Agrivoltaics in the United States


Within the United States, the advancement of agrivoltaics is gradually unfolding through extensive research conducted at prominent national laboratories, esteemed academic institutions, private enterprises, and agricultural practitioners. The following outlines instances of these projects.



University of Massachusetts Amherst researchers are analyzing how combining solar panels with farming impacts economics and society. They are conducting on-site trials with various crops like pumpkins, strawberries, greens, squash, cranberries, hay, and more. This study aims to guide farmers and communities in making informed choices about solar integration in agriculture [97].



Jack’s Solar Garden, the largest commercial agrivoltaics research site in the United States, spans 24 acres in Boulder County, Colorado. This research, in collaboration with the National Renewable Energy Laboratory (NREL), Colorado State University, and the University of Arizona, aims to understand how the microclimates created by solar panels impact vegetation growth. Under the solar arrays, they are cultivating around forty plant types, including blackberries, herbs, and tomatoes, while planting 3000 trees, shrubs, and pollinator-friendly plants around the arrays [98,99].



The pioneering solar grazing initiative at ReVision’s Skowhegan solar farm in Maine involves integrating sheep grazing beneath solar panels. The project, led by ReVision Energy in collaboration with Michael Dennett of the Crescent Run Farm, features 39 ewes, 1 ram, and 42 lambs grazing under 10,500 solar panels spanning a 24-acre plot. This innovative approach not only minimizes fossil fuel use for grass maintenance but also benefits sheep farming profitability [100].



Sun Raised Farms leads North Carolina’s sustainability movement by offering solar farms a livestock-based ground maintenance solution using locally sourced sheep. This practice promotes pasture-raised lamb locally, reducing import dependency [101].



Dual-use systems integrate agriculture and solar PV panels on the same land, such as the Massachusetts SMART program, established in 2018. Requirements of the program mandate that land is designated as land for agricultural use or as important agricultural farmland. System parameters include a maximum capacity of 2 MW AC, specific panel height, and shading limitations of up to 50%. Financial compensation ranges from $0.14 to $0.26 per kWh for solar PV systems, with an additional $0.06 per kWh for qualifying dual-use systems. Annual reporting obligations encompass crop productivity, management details, and potential future changes for system optimization throughout the 20-year SMART program period [102].



Table A1 shows the main characteristics of APV systems using different plant species.





 





Table A1. Global case studies of agrivoltaic systems in diverse crop cultures.
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	Crop
	Shading Rate Range
	Influence on Crop Yield
	Electricity Production
	Location
	Capacity of AVS
	Investment Cost
	Ref.





	Rice
	27% to 39%
	Sustains at least 80% of yield
	28% density: 284 million MWh/yr. (29% of Japanese electricity demand, 2018)
	Japan
	231 million kW
	NA
	[83]



	Corn
	NA
	Control: 3.35 kg/m2

Low Density: 3.54 kg/m2

High Density: 3.23 kg/m2
	HD: 2974 kWh/a

LD: 1487 kWh/a
	Ichihara City, Chiba Prefecture, Japan
	4.5 kW
	NA
	[103]



	Soybeans
	NA
	Crop production decreased by less than 20%.
	LAOR: 35% generate 17.8 GWh/year
	Kyoto Prefecture,

Japan
	50 kWac
	320,000 JPY/kWac
	[104]



	Lettuce
	70%

50%
	No significant effect on crop yield

Significant effect on crop yield
	6.5 to18 kWh/m2
	Montpellier,

France
	NA
	NA
	[46,105,106]



	Lettuces and cucumbers
	
	Lettuce: 32% in FD and 48% in HD

Cucumber: 37% in FD and 62% in HD
	NA
	Montpellier,

France
	NA
	NA
	[46]



	Potatoes
	50%
	Potato plants beneath the PV modules had more leaves than those in the reference area.
	2447 kWh
	Belgium
	NA
	NA
	[107]



	Winter wheat, potatoes, celeriac
	NA
	Winter wheat yields increased by 3%.

Potato yields increased by 11%.

Celeriac yields increased by 12%.
	246 MWh
	Germany
	194.4 kW
	NA
	[108]



	Apple
	NA
	NA
	996 kWh/kWp/a
	Germany
	700 kWp
	1387 k EUR/ha
	[14]



	Tomato transplants (Solanum lycopersicum var. Legend)
	NA
	Control Fully Irrigated (a): 88.42 (kg/row)

Control Fully Irrigated (b): 68.13 (kg/row)

Row Full Irrigated (a): 53.59 (kg/row)

Row Full Irrigated (b): 32.76 (kg/row)

Panel Full Irrigated (a): 33.61(kg/row)

Panel Full Irrigated (b): 21.64 (kg/row)
	NA
	Oregon State University Vegetable Farm (Corvallis, OR, USA)
	482 kW
	NA
	[109]



	Soybean
	AV1 = 27%, AV2 = 16%, AV3 = 9%,

AV4 = 18%
	Total pod number decreased by 13% on average in all AV conditions compared to open field conditions.
	NA
	Monticelli d’Ongina, Italy
	NA
	NA
	[110]



	Turmeric (Curcuma longa)
	70–75% shading of SPV
	Crop production decreased by approximately 15% due to underneath cultivation.
	1120 kWh
	Jatni campus, Odisha, India
	0.675 kWp
	742.92 USD
	[89]



	Apple
	50–55%
	Reductions in yield by 32% and 27% in 2019 and 2020.
	NA
	La Pugère, France
	NA
	NA
	[10]



	Maize (Zea mays L.)
	
	29.5% and 13.4% for double-density and single-density, respectively.
	NA
	Po Valley, Northern Italy
	NA
	NA
	[15]
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Figure 1. Basic layout of a single solar PV shed on an agrivoltaic farm. Source: The result of the authors’ calculations using SOLIDWORKS® 2022 and Table 1 (2024) data. 
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Figure 2. Solar PV sheds on an agrivoltaic apple farm. Source: The result of the authors’ calculations using SOLIDWORKS® 2022 and Table 1 (2024) data. 
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Figure 3. Change in output means across range of input values, regarding NPV. Source: own calculation (2024). 
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Figure 4. Correlation coefficients (Spearman rank) of the influence of analyzed input and output data on the NPV. Source: own calculation (2024). 
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Figure 5. Regression coefficients of the influence of analyzed input and output data on the NPV. Source: own calculation (2024). 
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Figure 6. The summary of the Monte Carlo simulations regarding the value of NPV. Source: own calculation (2024). 
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Figure 7. Change in outputs means across a range of input values, regarding the unit cost of apple production. Source: own calculation (2024). 
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Figure 8. Correlation coefficients (Spearman rank) of the effects of the analyzed input and output data on the unit cost of apple production. Source: own calculation (2024). 
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Figure 9. Regression coefficients of the effects of the analyzed input and output data on the unit cost of apple production. Source: own calculation (2024). 






Figure 9. Regression coefficients of the effects of the analyzed input and output data on the unit cost of apple production. Source: own calculation (2024).



[image: Sustainability 16 02325 g009]







[image: Sustainability 16 02325 g010] 





Figure 10. The summary of the Monte Carlo simulations regarding the value of unit cost. Source: own calculation (2024). 
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Figure 11. Mean change in outputs across a range of input values regarding unit cost (EUR/Nm3). Source: own calculations (2024). 
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Figure 12. Correlation coefficients (Spearman rank) of the effects of analyzed input and output data on the unit cost. Source: own calculations (2024). 
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Figure 13. Regression coefficients of the effects of analyzed input and output data on the unit cost. Source: own calculations (2023). 
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Figure 14. The summary of the Monte Carlo simulations regarding the value of unit cost. Source: own calculations (2023). 






Figure 14. The summary of the Monte Carlo simulations regarding the value of unit cost. Source: own calculations (2023).



[image: Sustainability 16 02325 g014]







 





Table 1. Project overview.
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APV Shed

	
Basic APV Shed






	
Area (ha)

	
42 *

	
Basic APV Shed (kWp)

	
251.12 *




	
Length (m)

	
1.64 *

	
Basic APV Shed (width)

	
26 1




	
Width (m)

	
1 1

	
Basic APV Shed (length)

	
106 1




	
Weight (kg) of PV

	
18.2 1

	
Basic APV Shed (Area ha)

	
0.2756 *




	
Area of each panel (m2)

	
1.64 *

	
Total N° APV Shed

	
239 *




	
Design of apple tree

	
kWp/ha

	
911.16 *




	
Height of structures (m)

	
5 1

	
PV capacity installed in each of the seven

6 ha plots (kWp/plots)

	
5467 *




	
AVS width over the apple row (m)

	
1.7 1

	
Number of PV models

	
866 *




	
Space within rows (m)

	
1 1

	
The overall module surface area (m2)

	
866 *




	
Row to row distance (m)

	
3.6 1

	
GCR

	
31% *




	
Available space for PV system within rows

	
2.6 *

	
kW plant capacity

	
5467 *








Note: 1 [10,59,60,61,62], * Own calculation.













 





Table 2. Basic economic data for the proposed PV system in Hungary (2023).
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	Indicators
	Value





	Investment cost (CAPEX) (EUR)
	23,386,364



	FIT price (EUR/kWh)
	0.087



	Sunshine hours per year
	2000



	Efficiency compared to the previous year (%)
	99



	Annual maintenance and repair (EUR/kW/year)
	2.1



	Annual insurance and video surveillance (EUR/kW/year)
	1.8



	Annual internet fee (EUR/kW/year)
	0.8







Source: [60].













 





Table 3. Basic data for a super-intensive apple orchard in Hungary (2023).
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	Indicators
	Value





	Investment cost (CAPEX) (EUR/ha)
	41,885



	Cash flow in the 2nd year (revenue − cost) (EUR/ha)
	−1047



	Cash flow in the 3rd year (revenue − cost) (EUR/ha)
	−262



	Average yield in the mature state (from the 4th year) (t/ha/year)
	57.5



	Ratio of apple for consumption purposes (%)
	90



	Yield (class I and II) (t/ha/year)
	51.75



	Yield (industrial, juice apple) (t/ha/year)
	5.75



	Price (class I and II) (EUR/t)
	288



	Price (industrial, juice apple) (EUR/t)
	105



	Subsidy (Single area payment scheme) (EUR/ha/year)
	183



	Direct production cost (EUR/ha/year)
	11,518



	OPEX (direct production cost without depreciation) (EUR/ha/year)
	7853







Source: own data collection based on expert opinion and [40,44].













 





Table 4. Intervals and distribution types of indicators and market factors used in the simulation.
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Indicators

	
Intervals Used in the Simulation

	
A Short Explanation of the Value

	
Type of Distribution






	
Investment analysis




	
Net investment cost of PV system (million EUR)

	
14–23.4

	
Subsidized (40%): EUR 14 million (by the current Hungarian tender), non-subsidized: EUR 23.4 million.

	
Discrete uniform distribution




	
FIT prices (EUR/kWh)

	
0–0.08–0.087–0.16

	
Electricity prices may drop to zero or negative due to factors like surplus renewable energy, changing demand or supply conditions, grid constraints, and government policies. Large-scale storage of electricity cannot be economically stored.

	
Discrete uniform distribution




	
Sunshine hours per year

	
1700–2000–2300

	
Hungarian geographical conditions [67,68]

	
Triangle distribution




	
Discount rate (%)

	
0–6.8–8

	
Hungary’s discount rate range (0% to 6.8% to 8%) is influenced by the current 6.8% yield on 20-year government debt. The upper limit of 8% is considered as a ceiling.

	
Triangle distribution




	
Inflation rate (%)

	
3–4–6

	
Current core inflation in Hungary (6%) is expected to decrease significantly to 4% in the short term and around 3% in the long term [69].

	
Triangle distribution




	
Yield of apple in mature state (t/ha)

	
45–57.5–65

	
sourced from expert opinions and references [40,44]

	
Truncated normal distribution




	
Ratio of apple for consumption purposes (%)

	
80–90–95

	
sourced from expert opinions and references [40,44]

	
Truncated normal distribution











 





Table 5. Investment analysis for agrivoltaics project in apple plantation.
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Financial Planning: Expenditures and Revenues

(Unit of Measurement: Thousand EUR):

	
Investment

Year

	
Operational Years




	
2023

	
2024

	
2026

	
2038

	
2039

	
2046

	
2053






	
1. Capital Expenditure (CAPEX) for PV System

	
23,386

	

	

	

	

	

	




	
2. CAPEX for Apple Plantation

	
1759

	

	

	

	

	

	




	
3. CAPEX after 15 Years for New Apple Plantation

	
-

	

	

	

	
3168

	

	




	
4. Annual Operating Expenses (OPEX)

	

	

	

	

	

	




	
Operation and Maintenance costs

	
PV System

	
-

	
180

	
198

	
354

	
375

	
567

	
889




	
Apple

	
-

	
44

	
357

	
571

	
0

	
782

	
845




	
Total Annual OPEX

	
-

	
224

	
555

	
925

	
375

	
1348

	
1735




	
5. Annual Revenues

	

	

	

	

	

	




	
Outputs and revenues

	
PV Energy Generated

	
-

	
6592

	
6988

	
9917

	
10,211

	
12,524

	
15,361




	
Apple

	
-

	
0

	
713

	
1490

	
0

	
2374

	
2668




	
Total Annual Revenues

	
-

	
6592

	
7701

	
11,407

	
10,211

	
14,898

	
18,029




	
Corporate Tax

	

	
492

	
498

	
729

	
519

	
925

	
1146




	
Annual CF (after taxpaying)

	
−25,146

	
5876

	
5935

	
8263

	
6149

	
10,526

	
12,481




	
(Cumulative) Discount Factors (DF)

	

	
1.068

	
1.219

	
2.694

	
2.878

	
4.570

	
7.258




	
Discounted Cash Flow (DCF)

	
−25,146

	
5500

	
4868

	
3067

	
2136

	
2,243

	
1720




	
Cumulative Discounted Cash Flow (CDCF)

	
−25,146

	
−19,645

	
−9455

	
36,464

	
38,601

	
56,648

	
70,157








Source: authors’ own calculation (2024).













 





Table 6. Descriptive statistics of the simulated output variables.
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	Output Variables
	Mean
	Variance
	Standard Deviation
	Coefficient of Variation (%)





	NPV
	102.6 (Million EUR)
	11,114,267,648.2
	105.4 (Million EUR)
	102.77



	UCa2027
	170.58 (EUR/t)
	49,927.84
	223.45 (EUR/t)
	130.99



	UCe2025
	0.0128 (EUR/kWh)
	0.0003
	0.0161 (EUR/kWh)
	126.08







Legend: UCa2027—the unit cost of app