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Abstract

:

Decarbonization of electrical power generation is an essential necessity in the reduction of carbon emissions, mitigating climate change and attaining sustainable development. Solar energy as a substitution for fossil fuel-based energy sources has the potential to aid in realizing this sustainable future. This research performs a geographic information systems (GIS)-based assessment of the solar energy potential in the Yangtze River Delta region (YRDR) of China using high-resolution solar radiation data combined with geographical, social, environmental and cultural constraints data. The solar energy potential is evaluated from the geographical and technical perspective, and the results reveal that the YRDR is endowed with rich solar energy resources, with the geographical potential in the suitable areas ranging from 1446 kWh/m2 to 1658 kWh/m2. It is also estimated that the maximum solar capacity potential could be up to 4140.5 GW, illustrating the high potential available for future capacity development in this region. Realizing this significant potential as an alternative for fossil fuel-based electricity generation would result in a substantial mitigation of CO2 emissions in this region, where air pollution is severe. Potential evaluations found that Jiangsu and Anhui provinces provide the most optimal areas for the development of solar photovoltaics (PV) installations, as they have the highest geographical and technological solar energy potential. Further, findings of the case study undertaken at a solar PV plant show disparities between actual generated power and technical solar potential, highlighting the significance of utilizing solar radiation data from local ground-based meteorological stations. This study provides policy makers and potential investors with information on solar energy potential in the Yangtze River Delta region that would contribute to solar power generation development.
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1. Introduction


Air pollution and environmental degradation is set to increase due to continued utilization of fossil fuel-based energy sources for production of electricity [1]. This combined with anthropogenically induced climate change, the associated environmental crisis and the depletion of fossil fuel resources will lead to challenges in electricity supply [2,3]. The decarbonization of electrical power generation is an essential necessity in the reduction of CO2 emissions, mitigating the detrimental impacts of climate change, attaining sustainable development and realizing a sustainable future [4].



Solar energy, particularly solar photovoltaic (PV), can provide a sustainable alternative as it shows the most steady and predictable power supply curves and offers the lowest prices per installed power unit in comparison to other renewable energy sources. In fact, solar energy is the most promising and competitive option among renewable energy sources [5,6]. One of the key advantages that solar PV has over conventional fossil fuel-based power production is the ten-fold reduction in CO2 emissions from   1000      gCO   2  / kWh   to   90      gCO   2  / kWh   [1], which facilitates the critically needed de-carbonization of the global energy supply. Globally, the PV market had a growth rate of   41 %   between 2000 and 2015 [2]. Currently, the total cumulative installed PV capacity stands at about   627    GW    at the end of 2019 [7]. In terms of total capacity, China has a cumulative PV installed capacity of   204.7    GW   , representing   32.6 %   of the global PV installed capacity at the end of 2019 [7], surpassing by a huge margin the government’s target for 2020.



In order to successfully exploit solar energy, it is critical to first evaluate the solar energy potential on the ground [5]. This will allow the identification of suitable areas for the development of solar installations. Geographical information systems (GIS) and remote sensing have emerged as the most popular tools for the potential estimation of renewable sources and identification of optimal sites for renewable energy development [5,6,8,9,10,11]. Sun et al. [8] adopted a grid cell approach to evaluate the geographical and technical potential of solar PV generation in Fujian Province of China. Sun et al. [9] proposed a GIS-based multiregional analytical framework considering interregional suitability differences and inter-renewable energy source competitiveness for different areas in the eastern coastal regions of China to support spatial planning strategies for renewable energy source utilization. Liu et al. [12] used a gray cumulative prospect theory with GIS for the optimal site selection of PV plants in four cities in northwest China. A GIS-based spatial multi-criteria evaluation approach using fuzzy quantifiers was adopted by Charabi et al. [13] to assess the land suitability for large-scale PV farm development in Oman. Doorga et al. [14] used GIS combined with an analytical hierarchy process (AHP); a multi-criteria decision-making technique, to identify the spatial suitability for installations of ground-mounted solar farms in Mauritius and Yushchenko et al. [15] applied the same methodology to estimate geographical and technical potentials for solar electricity generation in rural areas of West Africa.



Agrivoltaics is the concept of co-developing the same area of land for both solar PV power as well as for conventional agriculture. It reduces competition for limited land resources by rising food production demand and energy demand, which are exacerbated by the increasing world population [16]. Limited land resources in the Yangtze River Delta region (YRDR) of China are mainly due to accelerated urbanization, industrialization and intensive agriculture. Scarce land resources attributed to intensive agriculture make agrivoltaics an attractive prospect for application in this region, as it would allow large-scale exploitation of solar energy without displacing agricultural land usage, mitigating the issue of land competition while enhancing high energy and food production. Marrou et al. [17,18] successfully deployed agrivoltaics in the cultivation of lettuce, cucumber and wheat in Montpellier, France, while Schindele et al. [19] applied agrophotovoltaics in the production of organic potato and winter wheat in Germany. Simulation results of the study on agrivoltaics system potential by Dinesh et al. [16] showed an over   30 %   increase in economic value from farms deploying agrivoltaics systems and a   40    GW    to   70    GW    increase in PV power on conversion of lettuce cultivation to agrivoltaics systems in the United States. Barron-Gafford et al. [20] observed that agrivoltaics lead to increased power production, greater food production due to reduced plant drought stress and the plants helped to reduced PV panel heat stress. Dual land usage could alleviate land competition, creating a significant potential for future energy sustainability. Adeh et al. [21] noted that the global energy demand of 21 PWh could be met by solar energy if less than 1% of agricultural land was converted to agrivoltaics systems.



To develop the solar PV generation in the YRDR, it is crucial to perform a complete solar energy potential analysis. Indeed, such a detailed analysis would provide policy makers and potential investors with information that would contribute to solar power generation development.



Therefore, the objective of this study is to perform a comprehensive assessment of the solar energy potential in the Yangtze River Delta region using high-resolution solar radiation data and the best available geographical, social, environmental and cultural constraints data.



Further, as a case study, the methodology adopted was utilized to obtain the technical potential solar energy of the land area of a solar PV plant in Baima, Nanjing which employs the concepts of agrivoltaics and floatovoltaics. Thereafter, a comparative analysis of the actual generated power of the solar power plant and the technical solar energy potential was undertaken.




2. Study Area


The target region of this research is the Yangtze River Delta region (YRDR) which encompasses Jiangsu, Zhejiang and Anhui provinces and Shanghai municipality [22] in the eastern region of China, geographically located between longitude   115 °    E   and    122 °    E    and latitude   27 °    N   and    35 °    N   . The YRDR has a total land area of 346,814 km2 accounting for 3.69% of total Chinese land area with a total population of 163.3 million people and which generated 20% of China’s total GDP in 2018 [23]. The YRDR is located within the sub-tropical monsoon climate and according to the Chinese meteorological administration (CMA), an average global horizontal irradiance (GHI) of about 5.8 kWh/m2/day is incident on the YRDR during the summer months and 2.5 kWh/m2/day during the winter months. Annual energy consumption was about 1445.3 TWh in 2018, mainly on the account of the industrial sector, with most of the energy derived from fossil fuel-based energy sources. The YRDR is an importer of electricity with about 50% of the energy imported from other regions, which poses a threat to this region’s economic development and energy security.



The provincial administrative boundaries of China illustrating the YRDR as well as the provincial administrative boundaries of the YRDR are as shown in Figure 1.




3. Methodology


The evaluation of solar energy potential is dependent on land cover, local spatial and temporal solar energy resources, economics of solar energy products, available solar power technologies and governmental policies [8]. In light of these factors, a solar energy potential analysis methodology is formulated. Initially, the solar radiation in the YRDR is mapped to determine its spatial and temporal characteristics. Thereafter, a multi-criteria approach is utilized to determine suitable land areas based on geographical, social, environmental and cultural constraints. Finally, the geographical potential and technical potential of solar energy are assessed in the YRDR. The geospatial processes and analysis were performed on a GIS platform: Environmental Systems Research Institute (Esri) software ArcGIS Version 10.8.0.



The large-scale application of solar energy can be taken as a primary measure to address the current and future energy challenges in the YRDR and simultaneously reduce carbon emissions. Therefore, in this study, a combination of ground-mounted PV installations and agrivoltaics systems is adopted. Agrivoltaics leverage the superposition of food and energy production for mutual benefit [21]. The configuration adopted for the deployment of agrivoltaics is the stilt-mounted PV modules. With the limited land resources, this configuration offers efficient land usage as it provides space underneath the PV modules and stilts for agriculture. The stilts’ clearance height and the length and width of the space between adjacent stilts are adequate enough for standard farming machinery and industrial-scale harvesters to operate without any hinderance while maintaining a safe distance from the PV modules. This agrivoltaics configuration has been successfully implemented in France [17,18], Germany [19], Japan [24], USA, Italy, Malaysia and Chile.



3.1. Solar Potential Evaluation


The solar energy potential can be grouped into two categories: geographical potential and technical potential [10]. Geographical potential is defined as the amount of the total annual solar radiation available in a given area, factoring in existing geographical, social, environmental and cultural constraints. The technical potential of a given area is defined as the amount of geographical potential in that area that can actually be translated into electricity, taking into account the solar power technologies employed [10].



3.1.1. Geographical Potential


Social, economic, environmental and cultural constraints were applied to identify suitable locations for solar PV development to avoid biodiversity loss, help in preserving the ecosystem, protect world heritage sites and mitigate against habitat destruction. These unsuitable locations were excluded from the land area. The geographical potential is thereafter determined by averaging the solar radiation intensity in the suitable areas.



The exclusion criteria and constraint analysis undertaken were based on insights from relevant literature and are detailed as follows:



1. Land use and land cover (LULC)



GlobCover 2009 land cover data derived from the European Space Agency (ESA) are utilized to exclude areas of unsuitable land types for PV installations. The land cover data used the UN land cover classification to define 22 global land cover classes with a resolution of 300 m and an accuracy of 73% weighted by class area. As recommended by Jain et al. [25] and Phadke et al. [26], suitable land areas for solar PV were land areas with values of 20, 130, 140, 150 and 200. The details of the land area values are as described in Table 1. In addition, land areas with a value of 11 were also integrated with the deployment of agrivoltaics systems in areas with cropland. It is noteworthy that the power plant used as a case study in this article is located within land area with a value of 11. The other l3 land types are excluded to obtain the suitable land area.



2. Geographical restriction



The land slope has an influence on the inclination and orientation of solar PV panels, and steep land increases the cost of installation and maintenance of solar PV developments. There is no consensus on the maximum acceptable slope, as there is no exact number at which a slope is considered to be unfeasible for the construction of solar PV installations, with studies adopting a surface slope of between   3 °   to   5 °   [13,27]. Therefore, a cut-off of   5 °   was selected, which was in accordance with the regulations of China’s National Ministry of Land and Resources [28], and land areas with a slope above this cut-off value were considered unsuitable and excluded. The required land surface slope was extracted from the YRDR digital elevation model (DEM) using GIS spatial tools.



3. Water bodies



Water bodies such as rivers, lakes, reservoirs, dams and wetlands were excluded from suitable areas and a buffer of   300   m   was imposed.



4. Built-up area



Urban and major settlements areas with dense populations were excluded due to regulations restricting the deployment of utility-scale solar PV installations in these areas.



5. Rail and road networks



Rail and road networks are deemed to be unsuitable for development and were excluded with a buffer of   300   m   imposed. Airports and other land surface transport infrastructure were also excluded.



6. Protected areas



Protected areas included: nature reserves, land marks, national parks, fish and wildlife areas, sanctuaries, threatened vegetation, religious and touristic sites. In order to preserve these invaluable treasures for the future generations, protected areas were also excluded and considered unsuitable.



The land use land cover and topographical GIS datasets used in this study are as presented in Table 2.




3.1.2. Technical Potential


Solar photovoltaics is based on semiconductor technology that converts sunlight into electricity. According to Lacerda et al. [36] and Tyagi et al. [37], photovoltaic technologies are generally classified into the following groups depending on the raw material utilized:




	
Photovoltaic cells that use the technology of crystalline silicon: monocrystalline silicon and in the multicrystalline form: polycrystalline silicon



	
Thin film cells which are generally grouped into: amorphous silicon, cadmium telluride, copper indium selenide and copper and indium-gallium dieseline.



	
Organic solar cells



	
Dye-sensitized solar cells



	
Compounds III–V solar cells in which nanotechnology is applied in the development of the solar cells



	
Crystal silicon solar cells are predominant in the PV market with the market share of monocrystalline solar cells at about 80% [37].








Technical potential is the amount of geographical potential that can be translated into electricity considering the available solar power technologies and, as such, the evacuated energy levels depend on three main factors: panel efficiency, area factor and performance ratio of the PV system. Panel efficiency is by extension the efficiency of solar cells used in the manufacture of the PV module. The efficiency improvement of solar cells has attracted the attention of many researchers and extensive research has been carried out to that end. Currently, the efficiency of monocrystalline silicon-based PV cells can reach as high as 28% [38], however, for the majority of commercially available monocrystalline cells, the efficiency generally lies between 15% and 17% [37] with the efficiency of polycrystalline solar cells reaching 19.8% [3]. Therefore, in this study, modules from single crystal photovoltaic cells with an efficiency of 16% are utilized and the PV system is assumed to be a fixed mounted system.



The area factor is the fraction of the exploitable land area that can be covered with solar panels, leaving space between the solar panel array rows to minimize shading and accommodate service roads. An area factor of 70% was selected as it offered the optimal value to prevent the shadow effect [13]. This area factor value has been adopted by other studies that employed a similar methodological approach and the geographical locations correspond to the study area in this research [11,39]. The performance ratio of the complete PV system as defined in International Standard of the International Electrotechnical Commission (IEC) 61724 characterizes the total impact of losses on the PV array’s rated output as a result of system component inefficiencies or failures, array temperature and incomplete utilization of solar irradiation, and it ranges from 70% to 85%. Based on the reviewed literature [15,40,41,42,43], a value of 85% was adopted. This is also in agreement with the 2020 US Department of Energy (DOE)—National Renewable Energy Laboratory (NREL) recommended value of 86% [44].



The technical potential of the suitable land areas was computed using Equation (1), which is a modified form of the relationship proposed by Charabi et al. [13], integrating the performance ratio of the PV system, as was undertaken by Yushchenko et al. [15]:


  G P = S R × C A × A F × η × P R  



(1)




where   G P   is the technical solar potential; the electric power generation potential,   S R   is the solar radiation received per unit horizontal area,   C A   the calculated total area of suitable land,   A F   is the area factor,  η  the efficiency of the monocrystalline photovoltaic cells and PR is the assumed performance ratio of the PV system.




3.1.3. Solar Radiation Data


Clifton et al. [45] adopted solar datasets from the National Aeronautics and Space Administration (NASA) Surface Meteorology and Solar Energy (SSE) program database to assess concentrated solar power (CSP) potential in the wheatbelt region of rural Western Australia and found that the NASA SSE data produced overestimates, therefore, the authors integrated data from the local ground-based meteorological station with the satellite datasets to achieve a fitting correction. Furthermore, NASA SSE satellite GHI datasets tend to be low resolution and utilizing coarse spatial resolution datasets could result in the under- or overestimation of potential estimates, as was noted by Jain et al. [25]. Thus, solar radiation data used in this study were obtained from WorldClim [46]. WorldClim provides a dataset of spatially interpolated, monthly average GHI for global land areas at a high spatial resolution of 1 km2. The monthly GHI data are aggregated across a temporal range of 1970–2000, utilizing data values from between 9000 and 60,000 weather stations, making WorldClim a reliable data source. In consistence with the study of Yang et al. [10], the GHI values for each month are multiplied by the number of days in that month and an estimate of the annual GHI is obtained by summing up all of the monthly GHI values.






4. Results and Discussion


4.1. Land Suitability


The GlobCover LULC of the YRDR is shown in Figure 2A and the excluded LULC areas are as presented in Figure 2B. The excluded areas include urban areas, rainfed croplands, dense grasslands, dense shrublands, thick forests and water bodies which are unsuitable for PV plant development. This is due to the fact that grasslands, shrublands, forests and water bodies are critical ecological elements that need to be preserved to avoid biodiversity loss and maintain the ecosystem, and would be damaged by the construction of PV installations. As illustrated in Figure 3A, areas with land surface slopes greater than   5 °   are excluded as steep slopes would complicate PV systems installation, and increase construction and maintenance costs. Figure 3B shows protected areas that are excluded as unsuitable as there is a need to preserve these protected areas for the future generations. Railroad networks are also illustrated and are excluded as it is impractical to setup PV installations on transport infrastructure. Upon meeting all environmental, economic, social and cultural criteria, the sum of the suitable land area was calculated to be   149 , 120     km  2    accounting for   43 %   of the total YRDR land area. The suitable land area map illustrating the spatial distribution of the exploitable land areas is presented in Figure 4.



Suitable land areas are summarized at the administrative division scale, as shown in Table 3.



It is evident from Table 3 that Shanghai, Jiangsu and Anhui have the highest proportion of suitable land to their provincial total land area, accounting for   66.71 % ,   65.35 %   and   45.77 %  , respectively, mainly due to low slope, as most of the land area in these regions is flat. In contrast, Zhejiang has low availability of suitable land in proportion to its total provincial total land area, at just   15.41 %  , primarily because of land morphology restrictions, with slopes above the cut-off value being prevalent in this region. The fraction of exploitable land areas in Jiangsu, Anhui, Zhejiang and Shanghai relative to the total suitable land area in the YRDR is 43.81%, 43.17%, 10.36% and 2.66%, respectively. The largest exploitable land availability is in Jiangsu, followed closely by Anhui. The low proportion of exploitable land in Shanghai is mainly due to its relatively small total land area, at only 5943.96 km2, coupled with its large urbanized area.



The YRDR encompasses regions with accelerated economic growth and flourishing industries, and as such, development of utility-scale PV installations cannot be isolated from these aspects that usually result in rapid urbanization. The flourishing economy and industries will definitely continue to result in urban growth and the construction of PV installations should be aligned with the government urbanization policies. This will allow for sufficient land area to accommodate the accelerated urban expansion, including other ecological efforts such as afforestation.




4.2. Geographical Solar Potential


The spatial variation of annual GHI incident on the suitable land areas in the YRDR is shown in Figure 5.



Figure 5 categorizes the exploitable land areas according to annual GHI, with estimations showing values ranging from 1446 kWh/m2 to 1658 kWh/m2, showing that the YRDR is endowed with rich solar resources that are feasible for PV installation. A minimum annual GHI of 1000 kWh/m2 was used in the solar energy potential estimation study undertaken by IRENA [47] in rural areas of the Economic Community of West African States Region (ECOWAS) and Anwarzai et al. [48] utilized a threshold minimum annual GHI value of 1278 kWh/m2 for potential assessment in Afghanistan. Generally, annual GHI values higher than 1400 kWh/m2 have been extensively adopted in studies as a threshold for feasible PV development.




4.3. Technical Solar Potential


Employing a land use factor of 8.9 acres/MW, as was recommended by Ong et al. [49], the maximum solar capacity potential in the YRDR can be up to   4140.5   GW  , which is equivalent to 98.85 times the total cumulative installed capacity in the YRDR at the end of 2019. In order to show the potential for further PV development, the ratio of potential to installed PV capacity at the administrative division level was assessed and is presented in Figure 6. Installed solar capacity data for 2019 are obtained from the China Electricity Council (CEC) [50].



As can be seen in Figure 6, Anhui has the highest potential for further development largely because it has the lowest installed capacity, upon exclusion of Shanghai, at 12.54 GW and the second largest capacity potential in the YRDR. Jiangsu also has a high potential for future development, with a ratio of 122.06, despite the fact that it has the largest installed capacity at 14.86 GW. This is attributed to the fact that it has the highest capacity potential in the YRDR. Despite having the lowest capacity potential, Shanghai has ratio of 101.02 mainly because it has the lowest installed capacity in the YRDR at 1.09 GW. This highlights the available potential for future development in this region, but this may not be fully realized due to the rapid urbanization in this region that would lead to limited exploitable areas. Zhejiang records the lowest degree for future development, with a ratio of just 32.03, due to the fact that it has one of the largest installed capacities at 13.39 GW but has the lowest potential capacity; this is a result of scarce suitable areas stemming from land morphology limitations.



The estimated annual technical potential of the suitable land areas in the YRDR is estimated to be   7550   TWh   which represents 5.22 times the total electricity consumption in the YRDR in 2018. These results depict the significant solar energy potential available which can meet the YRDR power needs and turn the YRDR into an exporter of electricity if the potential is realized. Achieving this potential as a replacement for fossil fuel-based electricity generation would result in a significant reduction of     CO  2    emissions. This reduction in greenhouse gas (GHG) emissions would be in accordance with two government action plans [51,52] to cut air pollution in the Beijing, Tianjin and Hebei region, YRDR and Pearl River Delta area, where air pollution is severe, and China’s emission reduction commitment in the 2015 Paris Agreement [4].



To highlight the potential distribution, the technical potential is evaluated together with the 2018 electricity consumption at the administrative division level and illustrated in Figure 7. Annual electricity consumption data for 2018 are obtained from the China Statistical Yearbook 2019 [53].



There is a variation in the technical potential at the administrative division level, with Jiangsu and Anhui having the highest potential, primarily because of a higher proportion of exploitable areas, as the technical potential is significantly determined by the suitable land area. Conversely, Zhejiang and Shanghai have significantly lower technical potential due to the fact that they have a lower proportion of suitable land areas. As seen in Figure 7 Jiangsu registered a low ratio of 5.39 primarily because it recorded the highest electricity consumption. Zhejiang closely followed Jiangsu with high electricity consumption but recorded a ratio of just 1.84, as it has a low potential stemming from the fact that it has a low percentage of suitable area. Anhui had a relatively lower electricity consumption in comparison to Jiangsu and Zhejiang, but it has the second highest technical potential in the YRDR, which resulted in the highest ratio at 14.99. The ratio of technical potential to electricity consumption for Shanghai is the lowest at 1.24, largely because it has scarce exploitable land area but has a large electricity consumption.



The potential solar capacity and annual technical potential obtained of 4140.5 GW and 7550 TWh is about 20.29 times and 25.17 times higher, respectively, than estimates by He et al. [54], who assessed solar energy potential in China at the provincial level. The assessment included evaluations for different solar power technologies and the estimates for solar PV yielded a solar capacity potential and a technical solar potential of about 204 GW and 300 TWh, respectively, in the YRDR. This disparity is mainly on account of different land selection criteria on slopes and croplands, as the estimated potentials are directly correlated to the exploitable land areas. The authors utilized a slope cut-off of 3% as compared to 5% used in this study and excluded irrigated croplands, which were the basis of agrivoltaics systems in this research. This disproportion in the potential solar capacity and annual technical potential further underscores the potential of leveraging agrivoltaics systems in the achievement of a sustainable energy future, corroborating conclusions by Adeh et al. [21].



In summary, Jiangsu and Anhui have the greatest potential for solar energy development as they have the highest geographical and technological solar potential, making them the most optimal for the construction of utility-scale solar PV installations. In contrast, Zhejiang and Shanghai have relatively lower geographical potential which, coupled with the smaller exploitable land areas, results in a significantly reduced technological solar energy potential. The YRDR has adequate solar energy generation potential to meet its power demand by aggressively developing solar installations as an alternative for current conventional fossil fuel-based electricity generation. The technical potential exceeding the power needs and the associated substantial mitigation of CO2 emissions highlight the significant economic and environmental benefits that the YRDR can derive from PV electricity.



Dispatchability is the last link in the energy chain. The YRDR encompasses one of the most developed regions of China, with a well-developed grid network. Integration with the national grid would facilitate the dispatch and transmission of power, and eliminate the need for energy storage systems whose cost contributes approximately   50 %   of off-grid PV power installations. Moreover, proximity and access to an existing power grid and transmission system can substantially reduce the capital cost of PV installation and minimize transmission power loss.



The YRDR also has an advanced road and rail network, and proximity to road and rail networks would reduce the development costs of PV installations by eliminating the additional cost of transport infrastructure development and the associated environmental damage. Inadequate transportation networks impose a restriction on PV development and its subsequent maintenance.



The maintenance of PV installations is crucial for efficient operation and to enhance the achievement of maximum power generation. The YRDR has abundant water resources which are significant as they would provide the required water resources needed to clean the PV modules. Large quantities of anthropogenic particulate pollutants [55] and dust [56], usually soil, adhere to the PV modules, diminishing the transmittance of the transparent collectors on the PV module surface, resulting in a reduction in solar power generation output [55,56]. In fact, Li et al. [57] investigated the reduction of solar resources to solar photovoltaics due to severe air pollution in China. Therefore, it is essential to regularly clean PV modules to be able to achieve the maximum solar power generation output, as was concluded by Mani et al. [58]. Indeed, Huang et al. [59] considered the areas with a higher water resources availability as having a high weighted priority to develop large-scale PV power stations because poor water resources impose a constraint on the construction of PV installations. On the contrary, some studies argue that the employment of dry-cleaning techniques would allow for efficient water usage and propose alternative self-cleaning methods that use electrostatic, chemical, robotic cleaning technologies and dust accumulation mitigation strategies. However, with no large-scale application, the technical and economic feasibility of these technologies is yet to be determined [60].



One of the challenges that the implementation of this significant solar energy potential will face is the environmental impact of the PV installations. These environmental impacts include and are not limited to habitat fragmentation, obstruction of wildlife passage, biodiversity damage, human health and social wellbeing, air quality, water resource pollution and the alteration of the bio-physical properties of land cover [61]. Therefore, a holistic life cycle assessment (LCA) is recommended and the life cycle impact assessment (LCIA) would provide an understanding of the impact scale of the PV installation on the environment. Besides the LCA, active environmental monitoring is also suggested to provide invaluable data on the influence of operational utility-scale PV installations on the ecosystem, which can give insight and guidance for future installations. Nevertheless, introducing proper policies and regulations can minimize and mitigate against these negative impacts.



The deployment of agrivoltaics has its drawbacks, and these include: (1) increased construction outlay from higher racking costs due to a high mounting height, (2) higher maintenance costs and (3) intermittent shade cast by the PV modules could affect crop yield output. Grains and vegetables are the main crops cultivated in the YRDR. Researchers have successfully cultivated lettuce [18], biogas maize [62], aloe vera [63], pasture grass [64] and tomatoes [65] in experimental agrivoltaics systems. Wheat, peanut, yam, cassava, sweet potatoes, broccoli and cabbage have also been evaluated for agrivoltaics applications [16]. These studies concluded that the shading effect does not necessarily diminish agricultural yield output, as was also noted by Marrou et al. [17], who found that some varieties of lettuce produced basically the same yield under the shading effect of the PV modules and under full sunlight. Nonetheless, the intermittent shade cast can be eliminated by utilizing semi-transparent PV modules [66].



Despite these drawbacks, agrivoltaics systems also present benefits that include: (1) increased output generation in comparison to conventional PV installations due to the fact that crops in agrivoltaics improve the temperature of the PV module and reduce panel heat stress, as was observed by Barron-Gafford et al. [20]. PV module output is dependent on the operating temperature of a PV module; this is correlated to the air temperature, wind speed, solar insolation and relative humidity [67]. (2) The shading effect of PV modules can be beneficial to crops. Marrou et al. [17] observed that under the shading effect, certain lettuce varieties produced greater yields in comparison to those under the open sky. In addition, Marrou et al. [68] found that shading resulted in a 14% to 29% water saving depending on the degree of shade. This was mainly attributed to the fact that the shading reduced water evaporation during summer and dry periods. This reduction in moisture evaporation has also been seen to mitigate against soil erosion [16]. Temperature-sensitive crops could also be protected from excessive heat by the shading effect, particularly during the summer periods. (3) The PV modules can be instrumental in efficient water usage by draining off water used to clean the modules directly onto the crops, which can be particularly important during dry seasons [16].





5. Case Study: Shenzhen Energy Solar PV Power Plant


The Shenzhen Energy solar PV power plant provides a framework for the exploitation of historically unsuitable land areas that are usually considered as constraints to PV development. The constraints in this case are croplands and wetlands. An agrivoltaics system was deployed in the croplands and floating PV was employed on a swamp. Presently, although dams and reservoirs are generally not considered as exploitable areas, advancements in floatovoltaics technology could allow for the exploitation of water surfaces. The potential of floating PV was investigated by the National Renewable Energy Laboratory (NREL) that estimated that installing floatovoltaics on the more than 24,000 man-made US reservoirs had the possibility to generate about   10 %   of the US annual electricity production [69]. Water–food–energy nexus synergies [70] and efficient water surface usage [71] are some of the areas of interest that have attracted the deployment of floating PV.



The PV plant is located in Baima, Lishui District, Nanjing, Jiangsu Province, China (31°37′22″ N, 119 ° 10′39″ E), as shown in Figure 2A. The ground-mounted PV modules occupy an area of   186 , 000      m   2   , the agrivoltaics system is on an area of   40 , 000      m   2    and the floating PV modules occupy an area of   3200      m   2    on the   16 , 000      m   2    swamp located in the north of the grounds. PV modules from polycrystalline cells were used in the plant and the current efficiency of the polycrystalline cells is about   16.7 %  . An aerial view of the PV plant showing the PV modules and a   3400      m   2    greenhouse is illustrated in Figure 8.



The average monthly GHI for Baima is derived from the WorldClim dataset daily average GHI values and utilized to estimate the monthly potential electric generation power (potential GP), which is the technical solar potential of the land area occupied by the PV power plant. The estimated potential GP is thereafter illustrated alongside monthly actual electric generated power (actual GP) of the PV power plant for the years 2018 and 2019. The capacity of the solar PV plant was   19.05886    MW    and   19.40606    MW    in 2018 and 2019, respectively. A similar solar PV capacity is assumed. Despite this direct comparison, it is noteworthy that there are many factors that influence the amount of electric power evacuated, including: sunshine hours, cloud cover, weather (rain, snow, etc.), solar cell efficiency and so forth. Figure 9 illustrates the estimated monthly potential GP and the monthly actual GP. Monthly sunshine hours derived from daily sunshine hour values recorded at the location of the plant are also illustrated as they have an influence on the amount of electric power generated.



Figure 9 indicates that the estimated potential GP was about   1.08   to   1.93   times the actual GP in 2018, and   1.21   to   2.43   times the actual GP in 2019. The potential GP is a theoretical value and differs from the actual excavated solar energy on account of photoelectric losses and weather. In addition, solar radiation data play a significant role in the accuracy of the evaluated potential GP. Fick et al. [46] noted that solar radiation data had a particularly low number of stations meeting the highest criteria, thus, satellite-derived data were integrated. This may have resulted in accuracy issues in the model applied to obtain the WorldClim solar radiation data, which probably over- or underestimated the potential GP. Accuracy concerns in the solar radiation data highlight the significance of using local ground-based solar radiation measurements for the estimation of potential GP, as this would eliminate errors, as was noted by Clifton et al. [45].



As expected, the trend of the sunshine hours tracked the actual GP, with higher sunshine hours resulting in higher actual GP and lower sunshine hours leading to reduced actual GP. The significance of sunshine hours to the actual GP is evident in that, despite a higher solar capacity of 0.35 MW in 2019, the actual GP in 2019 is slightly lower that the actual GP in 2018 on account of reduced sunshine hours.



The monthly energy consumption of the   3400      m   2    greenhouse in 2019 is depicted in Figure 10.



The seasonal variation of energy consumption is significant as it provides information that is essential for greenhouse energy management. As can be seen in Figure 10, the peak periods with high energy consumption are mainly during the winter and summer period, with the lowest in the spring and autumn months.



As illustrated in Figure 10, the 3400 m2 greenhouse had an annual energy consumption of 47.82 × 104 kWh, which equates to a consumption of approximately 140 kW/m2/yr. This annual energy consumption is a mere 2.06% and 2.08% of the total actual GP of the PV plant in 2018 and 2019, respectively. The rest of the generated electricity is sold to the national grid, constituting the solar energy contribution to the energy mix in Jiangsu.



Employing a similar greenhouse, a similar ventilation system installed in the greenhouses, utilizing just 30% of generated electricity in 2019 and holding all other variables constant, a cluster of 15,3400 m2 greenhouses can be sustainably supported annually. It is commonplace in China to set up clusters of greenhouses as opposed to having one greenhouse with a large ground area. Greenhouses in the southern and eastern regions of China consume an estimated 300 MWh/ha/year of electricity derived from fossil fuel-based energy sources, for ventilation and cooling, and those in northern China consume an estimated 1499 tonnes to 2998 tonnes of coal annually to provide optimal plant growth conditions. In China, greenhouses are mainly concentrated in the YRDR, the Huanghai region, northwest regions and the Bohai Bay region. The YRDR accounts for approximately 20% of the total land area under horticultural cultivation in the entire country [73,74]. Adopting solar energy usage in the greenhouses located in the YRDR, as a replacement for fossil fuel-based energy sources, would: (1) mitigate against air pollution and environmental degradation, (2) provide solutions for current and future challenges of high energy costs and (3) enhance sustainable agricultural production systems. Nevertheless, policies that favor incentive programs will be pivotal to encourage growers to switch from fossil fuel-based energy sources. Moreover, the development of PV installation will allow proximity to the greenhouses in the YRDR; this will constitute part of the load demand, thereby reducing power losses due to long-distance electricity transmissions and mitigating the need to expand the power grid, as was the case with the PV power plant and the 3400 m2 greenhouse in this study.




6. Conclusions


In this study, a multi-criteria approach was applied to extract the suitable land area from the YRDR total land area using the best available geographical, social, environmental and cultural constraints data. Thereafter, the geographical and technical solar energy potential of the YRDR were estimated using high-resolution solar radiation data.



Despite the enormous solar energy potential estimated, it would be impossible to commission utility-scale solar installations on the entire suitable area calculated, nonetheless, the scale of available solar energy potential that can be exploited in the YRDR by the adoption of a combination of ground-mounted PV installations and agrivoltaics systems is provided in this research.



The highlights of the research are summarized as follows:




	(1)

	
The YRDR is endowed with rich solar resources with geographical solar energy potential in the suitable areas varying spatially from 1446 kWh/m2 to 1658 kWh/m2, illustrating the sufficient solar energy resources available.




	(2)

	
The maximum solar capacity potential could be up to 4140.5 GW, which is equivalent to 98.85 times the total cumulative installed capacity in the YRDR at the end of 2019, showing the large potential that still exists for future development.




	(3)

	
The technical solar energy potential is very high, at an estimated value of 7550 TWh, which corresponds to 5.22 times the total electricity consumption in the YRDR in 2018, characterizing the significant potential available that can meet the YRDR power needs, turn the YRDR into an exporter of electricity and substantially mitigate CO2 emissions if the potential is fully realized.




	(4)

	
Jiangsu and Anhui provinces provide the most optimal areas for the construction of utility-scale solar PV installations as they have the highest geographical and technological solar energy potential.




	(5)

	
The disparities between actual GP and potential GP observed in the PV plant used as a case study highlight the significance of utilizing solar radiation data from local ground-based meteorological stations for the estimation of technical solar energy potential.









The results obtained in this study are promising and this methodological approach could be relevant in regions and countries in Sub-Saharan Africa, Southeast Asia and Latin America practicing intensive agriculture and facing the challenge of energy poverty but seeking to mitigate land competition while enhancing high energy and food production.



In future, an economic solar potential and life-cycle assessment of the proposed PV installations is recommended.
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Figure 1. The provincial administrative boundaries of: (A) China and (B) Yangtze River Delta region. 
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Figure 2. Yangtze River Delta region (YRDR): (A) land use land cover; (B) excluded land use land cover. 
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Figure 3. Yangtze River Delta Region: (A) reclassified slope and (B) road, rail network and protected areas 
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Figure 4. YRDR suitable and unsuitable areas. 
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Figure 5. YRDR geographical solar energy potential. 
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Figure 6. Ratio of potential solar capacity to total installed solar capacity in 2019. 
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Figure 7. Ratio of technical energy potential and 2018 electricity consumption. 
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Figure 8. Aerial view of the Shenzhen Energy solar photovoltaics (PV) power plant [72]. 
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Figure 9. Potential generation power (GP) and actual GP of the solar PV power plant alongside monthly sunshine hours for: (A) 2018 and (B) 2019. 
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Figure 10. Monthly energy consumption of the   3400      m   2    greenhouse in 2019. 
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Table 1. GlobCover land use land cover.
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	Value
	GlobCover Legend





	11
	Irrigated croplands (or aquatic)



	14
	Rainfed croplands



	20
	Mosaic cropland (50–70%)/vegetation (grassland/shrubland/forest) (20–50%)



	30
	Mosaic vegetation (grassland/shrubland/forest) (50–70%)/cropland (20–50%)



	40
	Closed to open (>15%) broadleaved evergreen or semi-deciduous forest (>5 m)



	50
	Closed (>40%) broadleaved deciduous forest (>5 m)



	70
	Closed (>40%) needle-leaved evergreen forest (>5 m)



	100
	Closed to open (>15%) mixed broadleaved and needle-leaved forest (>5 m)



	110
	Mosaic forest or shrubland (50–70%)/grassland (20–50%)



	120
	Mosaic grassland (50–70%)/forest or shrubland (20–50%)



	130
	Closed to open (>15%) (broadleaved or needle-leaved, evergreen or deciduous) shrubland (<5 m)



	140
	Closed to open (>15%) herbaceous vegetation (grassland, savannas or lichens/mosses)



	150
	Sparse (<15%) vegetation



	170
	Closed (>40%) broadleaved forest or shrubland permanently flooded—saline or brackish water



	180
	Closed to open (>15%) grassland or woody vegetation on regularly flooded or waterlogged soil—fresh, brackish or saline water



	190
	Artificial surfaces and associated areas (urban areas >50%)



	200
	Bare areas



	210
	Water bodies



	220
	Permanent snow and ice
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Table 2. Topographical and land cover datasets used to evaluate suitable land areas.






Table 2. Topographical and land cover datasets used to evaluate suitable land areas.





	Theme
	Dataset





	Digital elevation model (DEM)
	NASA SRTM 90 m, version 4 [29]



	Administrative boundary
	GADM, version 3.6 [30]



	Water bodies
	WWF [31]



	Protected areas
	WDPA [32]



	Urban built-up areas
	Natural Earth [33]



	Road and Rail networks
	DIVA-GIS [34]



	Land use land cover
	GlobCover [35]







SRTM: Shuttle Radar Topography Mission, WWF: World Wide Fund, WDPA: World Database on Protected Areas.
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Table 3. Suitable areas in each administrative division in the Yangtze River Delta region (YRDR).






Table 3. Suitable areas in each administrative division in the Yangtze River Delta region (YRDR).





	Administrative Division
	Suitable Area (km2)
	1 Total Land Area (km2)
	Proportion of Suitable Area to the Total Suitable Area (%)
	Proportion of Suitable Area to Total Land Area (%)





	Anhui
	64,370.97
	140,627.14
	43.17
	45.77



	Jiangsu
	65,330.24
	99,965.79
	43.81
	65.35



	Shanghai
	3965.75
	5943.96
	2.66
	66.71



	Zhejiang
	15,450.49
	100,277.12
	10.36
	15.41



	Total area
	149,117.45
	346,814.01
	-
	-







1 Total land area: this is the total land area of each administrative division.
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