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Abstract

:

Decarbonization and idle cropland reclaiming pose critical policy challenges. Agrivoltaic systems (AVSs), which merge agriculture and photovoltaics, offer a promising solution by reducing land use conflicts between agriculture and energy production. This study develops a GIS-based methodology to identify reclaimable idle croplands and assess the AVS’s contribution to agriculture and photovoltaic energy in Japan’s Kansai region. Using official geographic data and excluding high-risk areas, this study employs GIS for quantitative analysis. Our method detected more reclaimable idle cropland than previous studies. Focusing on food security while limiting AVS installations to reclaimable idle croplands could still generate up to 4564.08 GWh of electricity (0.8% of regional consumption) and 930.82 tons of soybeans (6.2% of regional yield). Under a more stringent scenario that excludes areas less suitable for solar power, 5 of 227 municipalities could achieve 15% electricity self-sufficiency through AVS. This research uncovers the existence of reclaimable idle croplands that could not be detected by existing methods and a decentralized power source available alongside food security maintenance. These insights will inform decarbonization and agricultural policy and guide the development of supportive and regulatory AVS frameworks.
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1. Introduction


Climate change issues are driving the need for decarbonization in various sectors. Decarbonizing the agricultural sector is urgent, as approximately 30% of global greenhouse gas emissions come from agriculture [1]. In May 2021, the Japanese government launched its Strategy for Sustainable Food Systems, “MIDORI”. The strategy includes ambitious plans, such as “zero CO2 emission from fossil fuel combustion in agriculture, forestry and fisheries sectors”, a “30% reduction in chemical fertilizer use”, “electrification and hydrogen battery use for agricultural and forestry machinery as well as fishing vessels”, and the “introduction of renewable energy to Japan’s farming and fishing villages” as targets for the year 2050 [2]. Given its cost-competitive advantage and short lead time, photovoltaic technology is anticipated to play a pivotal role in this transition [3]. Following the enactment of the “Act on Special Measures Concerning the Procurement of Electricity from Renewable Energy Sources by Electricity Utilities” in August 2011, solar power has constituted 8.3% of Japan’s total electricity generation by FY2021 [4]. With targets set to elevate solar power’s contribution to 14–16% of the energy mix by 2030, an escalation in solar power generation is imperative. However, it has been pointed out that approximately two-thirds of Japan’s land area is covered with forests, and there are many steep slopes, which limits the land available for developing ground-mounted solar power plants [3].



In addition, Japanese agriculture faces the problem of idle cropland. The definition of idle cropland in this study is “cropland that is not actually used for cultivation and is not expected to continue to be used for cultivation”. This is an adaptation of the definition under the Cropland Law, which can be classified as reclaimable or not reclaimable depending on the circumstances of the devastation [5]. In Japan, the amount of planted farmland continues to decline due to a lack of labor and feeding damage by wild birds and beasts [6]. In Japan, where the food self-sufficiency rate in terms of production value is only 58%, the expansion of unused farmland and the stagnation of agricultural production and self-sufficiency are serious concerns for food security [7]. Abandoning farmland also poses the risk of loss of biodiversity by reducing the environmental mosaic and attracting damage by wild animals [8,9,10]. In the context of enhancing land utilization efficiency and advancing decarbonization, the conversion of land to ground-based solar power installations is one of the effective ways to fulfill these objectives. In fact, among instances where agricultural land has undergone transformation, approximately 10% has been repurposed for ground-based solar energy facilities [11,12]. However, as previously highlighted, the conversion of farmland into solar energy installations compromises food security, given the low self-sufficiency rate. Moreover, from a legal perspective, the establishment of photovoltaic systems on lands safeguarded by the Cropland Law is prohibited [5]. Although exemptions to this regulation are necessary for the installation of photovoltaic systems, the exemption procedure presents substantial challenges [13].



As a tool to address these issues, the agrivoltaic system (AVS), an initiative to simultaneously implement agricultural production and solar power generation on the same land, has attracted much attention [14,15]. The concept was first proposed in 1982 by Goetzberger and Zastrow of the Fraunhofer Institute for Solar Energy Systems in Germany [16]. With the AVS, farmers can obtain electricity derived from nonfossil fuels, benefit from increased revenues from the sale of electricity, and reduce their own consumption expenses. The AVS also encourages farmers and agricultural corporations to rehabilitate farmland that has been abandoned due to labor shortages or unfavorable farming conditions by making it more profitable.



In Japan, the Ministry of Agriculture, Forestry and Fisheries (MAFF) launched the AVS support scheme in 2013, which grants exceptions to the Cropland Act’s agricultural land protection regulations under certain conditions, allowing the installation of power generation facilities. The “MIDORI” strategy and the 6th Strategic Energy Plan also indicate a policy of using AVS, the appropriate use of which has become an important policy agenda item [3]. As of March 2022, there were 4349 approved AVS installations [17].



However, in some cases where AVSs have been installed, they have not fully taken advantage of their benefits. For example, in Japan, there are more than 100 cases in which agricultural production affected by AVSs has fallen below 20% of the regional average [18]. Previous studies have pointed to an inappropriate balance between power generation and agriculture as one factor causing these problems [19]. In particular, the overprioritization of solar power projects has led to “pseudo-farming”, in which excessive solar panel installations interfere with agricultural activities, and agriculture has become a nominal activity. To avoid the risk to food security posed by these problems, it is important to design appropriate institutions, such as those that use idle cropland.



Nevertheless, there is currently a lack of academic research contributing to policymaking and institutional design, especially research on the feasibility of AVS installations. Investigations, such as those by Sacchelli et al. [20], analyze the trade-offs between agricultural production and electricity generation, albeit within the Italian context. Similarly, the work by Katkar et al. [21] provides an evaluation of these dynamics in New York State, US, using the GIS-MCDA technique. However, there are few studies in Japan. Within the Japanese purview, studies by Takashima et al. [22] and Shimazaki [23] have explored the potential for photovoltaic systems on idle cropland, yet they did not encompass AVS. Meanwhile, the research by Muroki et al. [24] and Yamada et al. [25] have considered AVS installations but have not adequately engaged with the verification processes necessary to assess idle cropland, thus casting food security into question. Furthermore, research by Nakata et al. [26] and Sato et al. [27] used land use mesh data from the Japanese Ministry of Land, Infrastructure, Transport and Tourism (MLIT) at an approximate resolution of 100 m to identify idle cropland. Given the smaller scale of Japanese agricultural operations, this approach raises concerns regarding data precision [28]. As for public assessments, the Renewable Energy Feasibility Study has been implemented by Japan’s Ministry of the Environment (MOE) since 2009. The AVS was added to the scope of this survey in 2019, but the latest survey (2021) is based on prefecture-level statistics for examining idle cropland, which does not achieve the necessary accuracy [29]. Detailed and accurate install potential assessment is also essential for designing support policies such as subsidies and tax incentives.



Thus, the purpose of this study is to devise a highly precise methodology for the identification of reclaimable idle croplands. Furthermore, with the presumption that such identified reclaimable idle croplands will be revitalized through the installation of AVS, the detection methodology has been applied to the Kansai region of Japan to quantitatively ascertain the potential yield of agricultural products and the generation of electricity. The results are expected to provide policymakers with detailed insights into the distribution of reclaimable idle cropland, insights that remain undisclosed by existing government statistics and prior research, and to contribute to a balanced institutional design and efficient policy formulation.




2. Materials and Methods


2.1. Study Area


The geographical focus of this research is the Kansai region of Japan. Located in the southern-central part of the country, the region comprises 7 prefectures and spans 227 municipalities. As of 2020, its population was 22,311,695, and its area was 33,125.70 km2 [30]. The Kansai region is home to Japan’s second-largest industrial zone, the Hanshin Industrial Region, dominated by manufacturing [31]. Figure 1 presents the global horizontal irradiance in the Kansai region, equivalent to typical solar radiation levels observed across Japan [32].




2.2. Agrivoltaic System Design


The system configuration was established as follows to quantitatively evaluate the feasibility of introducing the AVS. The land area occupation ratio (LAOR) for AVS introduction is capped at 35%. The LAOR represents the ratio between the area covered by solar modules and the total land area used [33]. An LAOR of 35% is considered nonintrusive to the agricultural production of numerous crop species in Japan [34]. The system architecture incorporates an open-field, fixed overhead PV system, known as the rattan-shelf type AVS, which is widely implemented in Japan. The levelized cost of electricity (LCOE) for AVS within this design is projected to be approximately JPY 26.58/kWh (20.47 Euro cents) for installations with a capacity of 50 kWac, representing the typical scale for AVSs in Japan. Under the feed-in tariff system effective as of 2024, the buying price for electricity generated at this magnitude has been established at JPY 10.1/kWh, inclusive of tax. This pricing structure suggests challenges in achieving profitability under the current conditions. Nonetheless, when the electricity generated is either consumed onsite or marketed via the feed-in premium (FIP) mechanism, it is considered to be within the range where profitability is possible [26].



The soybean was selected for this study because of its versatility as a food product, livestock feed, and meat alternative. Additionally, the region’s self-sufficiency rate for soybeans is at just 2.37% [35,36,37]. Predominantly, soybeans harvested in Japan are destined for human consumption; nevertheless, over half of the domestic culinary demand and virtually the entirety of the oilseed and feed requirements are met through imports. Therefore, enhancing this crop’s production is considered vital for national food security [38].




2.3. Selection of the Installation Areas


This study employs a geographic information system (GIS) to quantitatively assess the potential for AVS installation. Table 1 presents the land use classification based on the degree of farmland degradation. This study’s target power generation facility installation area is reclaimable idle cropland in the Kansai region.



Rehabilitating idle cropland via AVS will enhance food security and mitigate the negative environmental impact of neglected farmland. To maintain food security, actively farmed land (current farmland) is excluded from the target area. This approach prevents potential adverse impacts on food production if AVSs engaged in pseudo-agriculture, as previously mentioned, are unfortunately introduced. Furthermore, severely degraded idle cropland, including forested areas, is also excluded from consideration. The cost of rehabilitating lightly degraded (reclaimable) idle cropland is estimated to range between 15,000 and 18,000 euros per hectare [39]. The restoration cost for severely degraded (unreclaimable) idle cropland is expected to be higher than that for reclaimable idle cropland, making the return on investment more challenging. Due to these financial constraints, unreclaimable idle cropland was excluded from the study’s installation area. For these reasons, reclaimable idle cropland is an appropriate target land to consider for AVS installation potential.





 





Table 1. Land use classification in this study.






Table 1. Land use classification in this study.





	Category
	Definition





	Current farmland
	Agricultural land currently used for farming



	Reclaimable idle cropland
	Agricultural land not in use but cultivable with machinery



	Unreclaimable idle cropland
	Agricultural land has already changed to other situations, such as forest land, making cultivation resumption very difficult



	Nonfarmland
	Land covers excluding agricultural use, such as residential, industrial, and water bodies







Source: based on [40].












2.4. Detection of the Reclaimable Idle Cropland


Table 2 presents publicly available datasets for reclaimable idle cropland in Japan. The rows list each dataset, and the columns categorize land use. Idle cropland statistics, published at the prefectural level, provide total areas derived from field surveys and other sources [41]. Limiting this dataset to prefectural data precludes its use for more precise potential calculations, such as those on a municipal scale.



The Agricultural Land Information Disclosure System and Agricultural Land Polygon Data are datasets maintained on a per-parcel basis for individual farmlands. Initiated in 2016, the Agricultural Land Information Disclosure System provides public access to agricultural land information managed by local agriculture committees [42]. Nonetheless, numerous committees have not transitioned from older systems, leading to outdated data [43]. Conversely, the Agricultural Land Polygon Data, released by MAFF, is the product of satellite imagery interpretation, identifying potential agricultural land footprints [44]. This dataset delineates the distribution of agricultural land by parcel, distinguishing between rice paddies and fields. Based on satellite imagery, it incorporates reclaimable idle cropland but excludes obviously unreclaimable idle cropland.



Land use mesh data and the High-Resolution Land Use and Land Cover Map of Japan (HRLULC) were derived from satellite imagery, focusing on land use classification, including agricultural areas. The land use mesh data, disseminated by the MLIT [45], features a mesh size of approximately 100 m (north–south 1/1200 degree, east–west 1/800 degree). Despite its utility, this resolution may be insufficient to accurately represent Japan’s granular land use patterns, where a significant proportion of farmers (nearly 50%) manage small-scale farms of less than 10 hectares [28].



In contrast, HRLULC, developed by the Japan Aerospace Exploration Agency (JAXA) [46], offers a higher resolution of approximately 10 m (1/12,000 degree in both directions), surpassing the MLIT mesh data’s resolution. This dataset represents land use and land cover based on the average usage from 2018 to 2020 and classifies them into 12 categories, including paddy fields, croplands, and grasslands. HRLULC is based on the Site-based dataset for Assessment of Changing Land cover by JAXA (SACLAJ), consisting of data from ground truthing and other sources, as training data for approximately 25,000 points, and the overall accuracy is reported to be 88.85%. However, due to its mesh-based structure, HRLULC is not optimal for identifying the specific shapes of small-scale agricultural fields (Figure 2).



This study used the Agricultural Land Polygon Data and HRLULC to accurately estimate the distribution of reclaimable idle cropland in this study [47]. The former helps identify the distribution of agricultural land at the parcel level, while the latter excludes current agricultural land. Furthermore, in alignment with the MOE survey methods, a buffer zone of 5 m was established inward from the boundaries of each agricultural plot. In addition, based on the MOE survey, parcels smaller than 16 m2, after this exclusion, were also removed from the analysis (Figure 3). This lower area limit is based on a survey that found that one unit of a typical rattan-shelf type AVS trestle is 4 m square in Japan [29]. Spatial analysis was conducted using ArcGIS Pro 3.1.3 software (Esri: Redlands, CA, USA).




2.5. Exclusion of High-Risk Areas


This study incorporates additional criteria for selecting installation areas to mitigate the high risks associated with sedimentation, flooding, and biodiversity conservation needs. Consequently, two distinct scenarios were developed: the Full-Coverage (FC) Scenario and the Priority-Coverage (PC) Scenario. The FC scenario expects to install AVSs on all detectable reclaimable idle cropland, as identified in Section 2.4 while excluding areas with disaster and environmental risks, as outlined in Table 3. Conversely, the PC scenario adopts a more profitable approach, focusing only on areas within the FC scenario that are more viable for power generation business operations. This scenario integrates additional financial risk factors into its exclusion criteria, as detailed in the lower section of Table 3.




2.6. Evaluation of the Outputs


Upon identifying suitable reclaimable idle cropland, this study proceeded to estimate the electricity and crop yields achievable via the deployment of agricultural voltaic systems (AVS). Solar radiation and temperature data were sourced from the MONSOLA-20 database to calculate electricity generation. Managed by Japan’s New Energy and Industrial Technology Development Organization (NEDO) [32], MONSOLA-20 offers comprehensive datasets on solar radiation, temperature, snow occurrence, etc., derived from a combination of ground-based and satellite observations. These datasets cover the entirety of Japan with a mesh resolution of approximately 1 km, corresponding to the north–south (1/120) and east–west (1/80) degrees. Notably, the database includes information on the tilt angle that maximizes the annual cumulative solar radiation (the annual optimum tilt angle) and the associated slope solar radiation. This study assumed that PV panels would be installed at this annual optimum tilt angle for power generation calculations. The methodology follows the “Estimation method of generating electric energy by PV power systems” established by the Japanese Standards Association [49].



Soybean production agricultural yields were evaluated at 80% of the average per-area harvest in each prefecture based on conventional farming practices [50]. This 80% threshold aligns with the minimum yield criteria set by Japan’s AVS support program, representing a conservative approach [51,52]. Previous research supports this assumption, demonstrating that even with a solar transmittance of 73–75%, yields reaching 85–92% of control scenarios are achievable, validating the prudence of this assumption [53].





3. Results


3.1. Full-Coverage Scenario


Figure 4 and Figure 5 present the municipal-level outcomes. The highest annual electricity generation was identified in Koka City, Shiga Prefecture, where 199.7 GWh of electricity was supplied annually through AVSs installed on reclaimable idle cropland. Moreover, when examining the ratio of electricity generated to electricity consumed (referred to as the AVS electricity self-sufficiency rate), 53 municipalities were identified as capable of achieving a 15% AVS electricity self-sufficiency rate. This percentage aligns with the Japanese government’s proposed energy mix target for 2030, a range from 14% to 16% for solar power generation. Notably, in seven municipalities, the annual electricity generation from AVSs exceeded annual electricity consumption. Among these, Minamiyamashiro Village in Kyoto Prefecture exhibited the highest AVS electricity self-sufficiency rate of 393.4% out of the 227 municipalities assessed.



Table 4 and Figure 6 and Figure 7 illustrate the results at the prefectural level. Mie Prefecture was the highest electricity generator in the first year, producing 1267.87 GWh, while Osaka Prefecture generated the least electricity in the Kansai region, with 322.23 GWh. Regarding the proportion of electricity covered by AVS, Wakayama Prefecture led with 12.7%, whereas Osaka Prefecture was at the lower end with 0.6%.




3.2. Priority-Coverage Scenario


In the PC scenario, the assessment of potential is confined to the areas most suited for AVS installation, resulting in a reduced installation scale. This reduction is evident when comparing Figure 4 and Figure 5 with Figure 8 and Figure 9, with a noticeable overall decrease in the red areas, indicative of high potential zones. The highest annual power generation at the municipal level was observed in Yokkaichi City, Mie Prefecture, with the potential of AVS on reclaimable idle cropland suitable for power generation projects to supply approximately 95.1 GWh of electricity annually. Regarding AVS power self-sufficiency, the PC scenario identified five municipalities capable of achieving a 15% AVS electricity self-sufficiency rate, just under one-tenth the number found in the FC scenario. Unlike the FC scenario, where seven municipalities exceeded 100% in AVS electricity self-sufficiency, no municipalities that could achieve this benchmark were found in the PC scenario.



Table 5 and Figure 10 and Figure 11 present these results, collated at the prefectural level. Following the exclusion of areas with slopes ranging from 10 to 20 degrees and those facing north, the identified reclaimable idle cropland for installation significantly diminished across the Kansai region. Mie Prefecture continued to have the largest area of reclaimable idle cropland at 12.81 km2, whereas Nara Prefecture had the smallest, with its area shrinking by 82% from 12.75 km2 in the FC scenario to merely 2.31 km2. In terms of electricity generation, the prefectural output in the PC scenario fell between 10% and 40% of that in the FC scenario. Nonetheless, Mie and Wakayama prefectures still demonstrated the potential to supply approximately 2% of their annual electricity consumption through solar power within the constraints of the PC scenario.




3.3. Comparison of Methods for Detecting Reclaimable Idle Cropland


The objective of this research is to develop a method with high precision for identifying reclaimable idle croplands. To evaluate the accuracy of this detection method, we conducted a comparative analysis between the extent of reclaimable idle croplands identified in each municipality through the FC scenario and that determined by the MOE survey methodology. The latter estimates reclaimable idle cropland area within each prefecture by apportioning it according to the expanse of arable land. The prefectural idle cropland data draws upon field investigations by the agricultural committees of respective municipalities, which have been criticized for inaccuracies in reporting idle cropland due to manpower shortages, among other factors [55]. In addition, it is important to acknowledge that this approach does not incorporate geographic information systems and fails to omit zones identified as high-risk, including disaster-stricken areas.



Figure 12 illustrates the disparity in the quantified reclaimable idle cropland area across municipalities, contrasting the results derived from the methodology of this study with those from the MOE’s survey methodology. The vertical axis represents the difference in reclaimable idle cropland area identified under the FC scenario from that calculated via the MOE’s method, while the horizontal axis showcases the reclaimable idle cropland area recognized under the FC scenario for each municipality, plotted on a logarithmic scale. This graphical representation reveals that the greater the area of reclaimable idle cropland detected in a municipality according to the FC scenario, the more substantial the deviation from the MOE’s survey results.





4. Discussions


4.1. Detection of Reclaimable Idle Cropland


Within this research, we have developed a methodology utilizing Agricultural Land Polygon Data and the HRLULC database to pinpoint reclaimable idle croplands with precision. Employing this approach, we discerned 130.19 km2 (0.39% of the study area) under the FC scenario and 38.71 km2 (0.12% of the study area) under the PC scenario of reclaimable idle cropland in the Kansai region of Japan. A comparison of the detection methods used in this study with those employed in the MOE survey (refer to Figure 12) reveals that the methods of this study identified a larger area of reclaimable idle cropland than those utilized in the MOE survey. Moreover, in municipalities where this study’s detection method detected a larger area of reclaimable idle cropland, a notable difference was observed in the area of reclaimable idle cropland detected between the two methods. This divergence may primarily stem from the agricultural boards’ resource constraints in conducting comprehensive idle cropland assessments in alignment with MOE’s protocols. Specifically, municipalities with substantial idle croplands confront significant challenges, including insufficient workforce for thorough cropland evaluations, leading to substantial discrepancies between actual conditions and reported statistics. Leveraging geographic data derived from satellite imagery, our method has potentially uncovered reclaimable idle croplands previously unrecorded in surveys by the Board of Agriculture or MOE. Furthermore, with the precise distribution, location, and configuration of reclaimable idle croplands now elucidated, it facilitates the integration of this data with other geographic information, such as land use maps and sediment disaster alert areas, and to establish appropriate separation distances to minimize the impact on adjacent parcels.




4.2. Electricity Output


This study estimated the AVS installation potential with a focus on reclaimable idle cropland in the study area. This analysis was conducted in light of previous studies’ limitations in terms of accuracy and trade-offs between food and energy security. The results of the GIS validation showed that the capacity for augmenting open-field, fixed overhead AVS on reclaimable idle cropland within the study area, identifying potential capacities of 3962.24 MWac under the FC scenario and 1050.44 MWac under the PC scenario (Table 4 and Table 5). The Kansai Electric Power Co., Inc.(Osaka, Japan), a principal utility in the region’s energy supply network, has set a goal to add 5000 MW from renewable energy sources domestically by the year 2040 [56]. The projected scale of AVS deployment on reclaimable idle cropland, as indicated, represents 21–79% of this target, underscoring the substantial significance of the validation results.



As for electricity generated, through the installation of AVSs on reclaimable idle cropland, an additional 4564.08 GWh of electricity per year could be supplied under the FC scenario, while 1212.26 GWh of electricity per year could be supplied under the PC scenario (Table 4 and Table 5 and Figure 6 and Figure 10). The amount of electricity generated is equivalent to 3.1% and 0.8% of the annual electricity consumption of the study area (Table 4 and Table 5 and Figure 7 and Figure 11). Furthermore, regarding AVS electricity self-sufficiency, in the FC scenario, seven municipalities could supply more electricity than they consume annually through AVS installations on reclaimable idle cropland. Under the FC scenario, 53 of the 227 municipalities in the target region (about 23%) could achieve a 15% PV share in their energy mix through AVS (Figure 5). This means that the AVS potential is distributed over a wide geographic area, which is a policy selling point for improving energy and food security.



However, the results also underscored substantial regional variations in the AVS electricity self-sufficiency rates. In rural municipalities, the findings suggest that the contribution of AVS to decarbonization policies might be more substantial than previously believed. While this outcome aids in achieving carbon neutrality, the potential for loss of farmland due to pseudo-farming cannot be overlooked. Improving the AVS approval process by promptly establishing guidelines and zoning, both based on agroecology, in the concerned areas could effectively mitigate these risks and expedite the approval of exemplary AVS projects. Conversely, urban areas, notably Osaka, with limited agricultural land and higher electricity demands, had lower AVS electricity self-sufficiency rates. In Japan, the adoption of photovoltaic systems on the roofs and walls of residential and commercial buildings, in addition to agricultural land, has been identified as a solution to the shortage of suitable sites for ground-mounted photovoltaic systems [57]. In urban settings, where farmland is scarce, simultaneously considering AVS and deploying photovoltaic installations on buildings may offer effective energy solutions that adapt to the unique urban landscape.




4.3. Agriculture


The results of the GIS validation showed that through the installation of AVSs on reclaimable idle cropland, an additional 930.82 tons of soybeans per year could be supplied under the FC scenario, while 274.19 tons of soybeans per year could be supplied under the PC scenario (Table 4 and Table 5). This augmentation corresponds to 6.2% and 1.8% of the soybean harvest recorded in the study area for the year 2021, respectively, and would enhance the region’s self-sufficiency rate by 0.15 and 0.04 percentage points [35,36,37]. Although the uplift in self-sufficiency rates appears nominal, its implications for food security are significant, as the baseline self-sufficiency rate was notably low at 2.37%, and the activation of reclaimable idle cropland will expand the expanse of cultivable farmland.




4.4. Limitations and Future Prospects


Although not explored in depth in this study, a critical aspect of social implementation is the issue of diversity in agriculture and photovoltaic power generation systems. This study focuses on combining growing soybeans with conventional farming methods and rattan-shelf AVS. However, from an agroecological perspective, incorporating more complex farming systems, such as various mixtures, crop rotation, and crop–livestock integration, is warranted. In addition, a wide variety of options exist concerning power generation systems, including single/two-axis tracking systems, vertical bifacial setups, PV greenhouse systems, and spectrally selective photovoltaic modules. Because this study focused on scenarios using orthodox systems, these advanced systems have not been discussed. However, their integration could provide synergistic benefits within an agroecological framework. Furthermore, when establishing an AVS project, it is essential to consider the agricultural and social characteristics of the target area to optimize the system combination. Consequently, the subsequent phase of this research ought to entail an in-depth analysis that concentrates on these unique regional aspects and economic feasibility.





5. Conclusions


Japanese agriculture is currently confronted with the pressing challenges of advancing decarbonization efforts, revitalizing underutilized agricultural lands, and enhancing food security. In this context, the initiative to install AVSs on reclaimable idle croplands presents an effective solution that addresses these issues simultaneously. However, the potential of this initiative remained unclear because of the limitations of previous statistical and survey methods, which failed to accurately map the distribution of reclaimable idle croplands.



This research developed a highly precise method utilizing Agricultural Land Polygon Data and the HRLULC database to detect reclaimable idle croplands. Consequently, we unveiled the detailed distribution of reclaimable idle croplands, including precise locations and configurations previously undetected by previous survey methods. A quantitative assessment of the AVS output was conducted, focusing exclusively on low-risk reclaimable idle croplands within the Kansai region of Japan. The findings confirmed the potential annual production of 4564.08 GWh of electricity—accounting for 0.8% of the region’s yearly electricity consumption—and 930.82 tons of soybeans, equating to 6.2% of the area’s annual soybean yield. Furthermore, 5 of 227 municipalities were shown to be capable of achieving 15% electricity self-sufficiency through reclaimable idle cropland AVS alone, even under the PC scenario, which omits areas deemed low suitable for solar power generation. The realization of such outputs, despite stringent conditions, underscores the critical importance of revitalizing idle cropland and the value of utilizing AVS for policymakers in decarbonization and agriculture within each municipality. In particular, municipalities with high AVS electricity self-sufficiency rates, as identified in this study, may need to establish rules, such as screening guidelines, as soon as possible to promote the proper introduction of AVS. Future research should examine more innovative frame structures and farming practices, focusing on economic viability.
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Figure 1. Map of global horizontal irradiance in the Kansai Region. (Source: mapped from [32]). 
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Figure 2. Datasets of HRLULC in the Kansai region. (Source: mapped from [46]). 
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Figure 3. Description of the Agricultural Land Polygon Data and AVS installation area. 
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Figure 4. Annual electricity generated by municipality in the full-coverage scenario (first year). 
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Figure 5. Electricity rates generated compared with prefecture consumption by municipality in the full-coverage scenario. 
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Figure 6. Annual electricity generated by prefecture in the full-coverage scenario (first year). 
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Figure 7. Electricity rates generated compared with prefecture consumption in the full-coverage scenario. 
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Figure 8. Annual electricity generated by municipality in the priority-coverage scenario (first year). 
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Figure 9. Electricity rates generated compared with municipality consumption in the priority-coverage scenario. 
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Figure 10. Annual electricity generated by prefecture in the priority-coverage scenario (first year). 
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Figure 11. Electricity rates generated compared with prefecture consumption in the priority-coverage scenario. 
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Figure 12. Differences in areas of reclaimable idle croplands detected by the two methods. 
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Table 2. Datasets on reclaimable idle cropland and the focus of this study.
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	Datasets
	Current Farmland
	Reclaimable

Idle Cropland

(Install Area)
	Unreclaimable Idle Cropland
	Nonfarmland
	Resolution





	Idle cropland

Statistics (MAFF)
	
	✓
	✓
	
	Prefecture level



	Agricultural Land Information Disclosure System (MAFF)
	✓
	✓
	✓
	
	Individual field (Point)



	Agricultural Land Polygon Data (MAFF)
	✓
	✓
	
	
	Individual field (Polygon)



	Land use mesh data (MLIT)
	✓
	✓
	✓
	✓
	Mesh (100 m square)



	High-Resolution Land Use and Land Cover Map of Japan (HRLULC) (JAXA)
	✓
	✓
	✓
	✓
	Mesh (10 m square)







“✓” means that the dataset (row) contains data for that land classification (column).













 





Table 3. High-risk areas were excluded from consideration in this study.
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Risk Category

	
High-Risk Areas






	
Disaster risks (excluded in both scenarios)

	
Sediment disaster alert areas




	
Steep slope failure hazard areas




	
Flood disaster alert areas




	
Areas with steep slopes (≥20 degrees)




	
Environmental risks (excluded in both scenarios)

	
Natural parks




	
Landscape districts




	
Wildlife protection areas




	
Financial risks (excluded only in PC scenario)

	
Areas with moderate slopes (10–20 degrees)




	
Areas with northern maximum slope directions








Source: adapted from [45,48].













 





Table 4. Results of the full-coverage scenario analysis.
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	Indicators of

Performance
	Unit
	Mie
	Shiga
	Kyoto
	Osaka
	Hyogo
	Nara
	Wakayama
	Total





	Reclaimable idle cropland area
	km2
	33.74
	13.21
	15.21
	10.47
	25.14
	12.75
	19.68
	130.19



	Rate of reclaimable idle cropland areas to total area
	%
	0.58
	0.33
	0.33
	0.55
	0.30
	0.35
	0.42
	0.39



	System capacity
	MWac
	1075.69
	432.11
	484.48
	280.29
	660.57
	392.31
	636.79
	3962.24



	Annual electricity generation

(1st year)
	GWh
	1267.87
	486.72
	526.48
	322.23
	764.14
	441.08
	755.58
	4564.08



	Rate of electricity generated compared to consumption 1
	%
	6.8
	4.3
	3.3
	0.6
	2.3
	7.0
	12.7
	3.1



	Food production (soybeans)
	t
	199.71
	161.65
	104.65
	59.46
	170.98
	95.85
	138.52
	930.82







1 Source: FY2021 electricity consumptions [54].













 





Table 5. Results of the priority-coverage scenario analysis.
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	Indicators of

Performance
	Unit
	Mie
	Shiga
	Kyoto
	Osaka
	Hyogo
	Nara
	Wakayama
	Total





	Reclaimable idle cropland area
	km2
	12.81
	4.17
	3.64
	3.05
	8.65
	2.31
	4.09
	38.71



	Rate of reclaimable idle cropland areas to total area
	%
	0.22
	0.10
	0.08
	0.16
	0.10
	0.06
	0.09
	0.12



	System capacity
	MWac
	393.43
	120.35
	96.79
	70.75
	205.00
	52.22
	111.90
	1050.44



	Annual electricity generation

(1st year)
	GWh
	462.49
	134.67
	104.35
	81.19
	237.71
	58.77
	133.09
	1212.26



	Rate of electricity generated compared to consumption
	%
	2.5
	1.2
	0.7
	0.1
	0.7
	0.9
	2.2
	0.8



	Food production (soyb